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The great success of the first edition of this book, Essentials of Neurosurgical Anesthesia & 
Critical Care, encouraged the editors, the authors, and the publisher to publish this second 
edition. It appeals to a wide variety of readers, including anesthesiologists, intensivists, neuro-
surgeons, neurologists, physician assistants, perioperative/advanced practice nurses, trainees, 
or even colleagues, interested in the “neuro” field. The essentials of neuroanesthesia and criti-
cal care are presented in a concise manner, guiding the reader from anatomical/pathophysio-
logical backgrounds to scientific-based anesthetic treatment. It considers many special aspects 
of individual care, covering a wide variety of problems which may occur in patients with or 
without comorbidities over the whole perioperative period.

To my knowledge, there no other book on the market which in 100 chapters covers almost 
all aspects pertinent to modern neuroanesthesia and neuro-critical care. The editors are to be 
commended on gathering worldwide renowned experts as authors to present the state of the art 
for understanding neurosurgical/neurological diseases and their respective anesthetic/intensive 
care treatments of standard “and complex” neuro patients. For this second edition, each chap-
ter has been rigorously updated with nine more chapters added. In addition, the problem-ori-
ented approach helps the daily practitioner to understand not only the development of a 
patient’s condition during the course of treatment, but also the acutely changing situation of the 
patients, which may need a precise intervention, to ensure optimized treatment and recovery. 
All of this can be achieved only by a multidisciplinary approach which is reflected by the 
authors from different disciplines.

The new edition of Essentials of Neurosurgical Anesthesia and Critical Care closes the gap 
between classical textbooks and other available sources on neuroanesthesia/neuro-critical care 
and the need for a scientific-based reference guide with a focus on a day-to-day clinical 
practice.

Munich, Germany Eberhard Kochs

Foreword
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Today, treatment decisions are expected to be evidence-based, and the pursuit of excellence in 
clinical practice is an essential element for achieving success in the current healthcare 
environment.

Perioperative care of patients with central nervous system diseases is evolving rapidly as 
increasing numbers of operative interventional techniques and strategies are developed. 
Physicians, nurses, nurse practitioners, and physician assistants treat patients throughout the 
immediate perioperative period, including during diagnostic procedures and interventional 
radiology procedures, and frequently participate in critical care treatment for this patient 
population.

We believe that the broad spectrum of neuroanesthesiology and neurocritical care providers 
should have a clear understanding of (1) the disease process including pathophysiology, spe-
cific diagnostics, and treatment options, (2) the concepts and relevant details of the available 
neurosurgical interventions and techniques, and (3) the means necessary to provide safe and 
comfortable anesthesia and perioperative care for these patients.

This book, Essentials of Neurosurgical Anesthesia & Critical Care, is intended to serve as 
a quick reference guide for those involved in the perioperative care of neurosurgical patients. 
It is not meant to substitute for a full-length textbook in this field.

As a guide, this book focuses on day-to-day clinical practice and supports the first-line 
healthcare provider by anticipating problems and complications in neurosurgical anesthesia 
and critical care, and by suggesting solutions and appropriate management. All chapters are 
dedicated to a single area of concern and are designed to walk the reader from the problem to 
the solution, using a structured, algorithmic approach. In addition, each chapter summarizes 
key knowledge for the practitioner in the field as necessary, and tables and illustrations are 
included for quick and easy reference. At the end of each chapter, the most important elements 
are highlighted, and references for further reading are provided.

Our book is conceived and edited out of the strong belief that perioperative medicine is a 
true multi-specialty discipline and that patient care is best delivered with a genuine collabora-
tive approach. Therefore, we hope that it will be useful for all healthcare providers involved in 
the perioperative treatment of neurosurgical patients, including trainees in anesthesiology and 
neurosurgical critical care as well as faculty members in both fields, physician assistants, nurse 
practitioners, nurse anesthetists, and perioperative nurses.

We believe the reference guide format is best because it allows the clinician to have imme-
diate access to solutions to problems in the operating room, post-anesthesia care unit, intensive 
care unit, or wherever they may occur. Even if the practitioner has the best text on the office 
shelf, it is not helpful when acute problems occur at the bedside. This book, however, will be 
portable to every place of practice and will make it easy for the practitioner to identify or 
quickly review several good solutions for a given problem at any time.

We have been fortunate that so many international leaders in the field agreed to contribute 
to our project, and we are convinced that clinicians in both private practice and academic medi-
cine will benefit from the concise information provided by authorities from multiple institu-
tions worldwide.

Preface
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We hope that this book may help to improve further the safety and comfort of our patients 
who must undergo risky procedures to receive relief from diseases affecting the central ner-
vous system.

New York, NY, USA Ansgar M. Brambrink
Portland, OR, USA Jeffrey R. Kirsch

Preface
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The editors wish to express their great respect and gratitude for the contribution of  
W. “Scott” Jellish, MD, PhD to the field of anesthesiology and perioperative medicine in general, 
and to this book in particular. Scott was a gifted physician who served in multiple leadership 
positions at the Loyola University Medical Center/Stritch School of Medicine. He retired 
from Loyola as one of the longest serving Chairs in Anesthesiology in the United States. With 
his direction, anesthesia services across the disciplines flourished at Loyola. Scott was a 
highly regarded neuro-anesthesiologist, and a national leader with numerous prominent roles 
including President of the Illinois Society of Anesthesiologists and Full Examiner for board 
certification with the American Board of Anesthesiology. He also was an innovative researcher, 
a warm and generous educator, a talented editor, and a prolific writer. Above all, as a clinician, 
Scott had remarkable expertise in intraoperative management and critical care, and he sup-
ported patients with the most complex conditions through surgical procedures with grace and 
kindness.

The editors are tremendously grateful to Jennifer Young for her amazing dedication in 
developing and finalizing the second edition of this book. Her commitment to keeping us on 
track, tirelessly communicating between authors, editors, and the publisher, and skillfully 
managing the complex process of revising existing chapters and supporting new authors were 
of paramount importance in making this new publication possible.
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The Adult Central Nervous System: 
Anatomy and Physiology

Punita Tripathi and Frederick Sieber

 Overview

The human brain consists of three basic subdivisions – the 
cerebral hemispheres, the brain stem, and the cerebellum. 
Speech is represented by two main areas – Broca’s area in 
the inferior frontal lobe (expressive speech) and the 
Wernicke’s area in the temporoparietal cortex (interpreta-
tion of language) (Fig. 1.1). Language localization is found 
in 96% of population in the left. The basal ganglia are a col-
lection of nuclei deep in the white matter of cerebral cortex 
and contain the substantia nigra. A decrease in function of 
the dopaminergic neurons located in the substantia nigra 
causes Parkinson’s disease. The cerebral hemispheres are 
connected together medially by the corpus callosum. The 
limbic areas of the brain include the hypothalamus, amyg-
dala, hippocampus, and limbic cortex. Optic nerve (second) 
leaves the retina of the eye and travels to the optic chiasm, 
located just below and in front of the pituitary gland. In the 
optic chiasm, the optic nerve fibers arising from the nasal 
half of each retina cross over to the other side; but the nerve 
fibers originating in the temporal retina do not cross over. 
The nerve fibers become the optic tract and the optic radia-
tion and reach the visual cortex in the occipital lobe of the 
cerebrum.

The brain stem is located at the juncture of the cerebrum 
and the spinal column. It consists of the midbrain, pons, 
and medulla oblongata. Two cranial nerves are associated 
with the midbrain, the oculomotor (third) which emerges 
from the interpeduncular fossa and the trochlear (fourth) 
cranial nerves which emerge from the dorsal surface of the 
brain stem. The cranial nerves associated with the pons are 
the trigeminal (fifth), abducens (sixth), facial (seventh), and 
the two components of the auditory (eighth). The fifth cra-
nial nerve passes through the rostral part of the middle cer-
ebellar peduncle. The sixth lies on the floor of the fourth 

ventricle, is partially encircled by the seventh cranial nerve, 
and emerges from the ventral surface of the brain stem at 
the junction between the pons and medulla. The seventh 
and eighth cranial nerves emerge from the lateral surface 
of the pons at the cerebellopontine angle. The red nucleus 
is a structure in the rostral midbrain involved in motor 
coordination. It is less important in its motor functions for 
humans than in many other mammals because, in humans, 
the corticospinal tract is dominant. The reticular formation 
is composed of a number of diffuse nuclei in the medulla, 
pons, and midbrain. The ascending reticular formation is 
also called the reticular activating system (RAS) and is 
responsible for the sleep–wake cycle. The descending 
reticular formation is involved in posture, equilibrium, and 
motor movement. It is also responsible for autonomic ner-
vous system activity (vasomotor center), and stimulation 
of different portions of this center causes either a rise in 
blood pressure and tachycardia (pressor area) or a fall in 
blood pressure and bradycardia (depressor area). Medulla 
is the most caudal part of the brain stem. The cranial nerves 
associated with the medulla are the glossopharyngeal 
(9th), vagus (10th), accessory (11th), and hypoglossal 
(12th) (Fig. 1.2).

The cerebellum is a trilobed structure, lying posterior to 
the pons and medulla oblongata and inferior to the occipital 
lobes of the cerebral hemispheres, that is responsible for the 
regulation and coordination of complex voluntary muscular 
movement as well as the maintenance of posture and bal-
ance. In contrast to the neocortex, cerebellar lesions produce 
ipsilateral disturbances.

The skull consists of the anterior, middle, and posterior 
cranial fossa. Anterior cranial fossa accommodates the ante-
rior lobe of the brain. Middle cranial fossa contains the two 
temporal lobes, the parietal and part of the occipital lobe of 
the brain. The posterior cranial fossa is part of the intracra-
nial cavity located between the foramen magnum and tento-
rium cerebelli. It contains part of the occipital lobe, brain 
stem, and cerebellum. The brain is covered by the dural 
membranes which enclose the venous sinuses.
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The cavernous sinuses are paired, venous structures 
located on either side of the sella turcica (Fig.  1.3). They 
contain the carotid artery, its sympathetic plexus, and the 
third, fourth, and sixth cranial nerves. In addition, the oph-
thalmic branch and occasionally the maxillary branch of the 
fifth nerve traverse the cavernous sinus. The nerves pass 
through the wall of the sinus, while the carotid artery passes 
through the sinus itself. The pituitary gland is located inside 
the sella turcica, a round bony cavity that is separated from 
the sphenoid sinuses by a thin bone, the floor of the sella, 
which forms part of the roof of the sphenoid sinuses.

The circle of Willis provides the blood supply to the 
cerebrum. It is formed by the two internal carotid arteries, 
which are responsible for 80% blood supply to the brain, 
and the vertebral artery, which is responsible for about 20% 
blood supply to the brain. The internal carotids and verte-
bral arteries anastomose together at the base of the brain. 

The circle of Willis is associated with frequent anatomical 
variations, and a complete circle of Willis is found only in 
50% of the population. The anterior and middle cerebral 
arteries, which originate from the circle of Willis, form the 
anterior circulation and supply the forebrain. Each gives 
rise to branches that supply the cortex and branches that 
penetrate the basal surface of the brain, supplying deep 
structures such as the basal ganglia, thalamus, and internal 
capsule. The lenticulostriate arteries arise from the middle 
cerebral artery and supply the basal ganglia and thalamus. 
The posterior circulation of the brain supplies the posterior 
cortex, the midbrain, and the brainstem and comprises arte-
rial branches arising from the posterior cerebral, basilar, 
and vertebral arteries. Midline arteries supply medial struc-
tures; lateral arteries supply the lateral brainstem; and dor-
sal–lateral arteries supply dorsal–lateral brainstem 
structures and the cerebellum (Fig. 1.4).
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Fig. 1.1 Lateral surface of the brain
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Most of the blood in the brain can be found in its venous 
system. Blood is drained into superficial and deep cerebral 
veins and veins of the posterior fossa. The superficial veins 
drain the surface of the brain cortex and lie within the corti-
cal sulci. The deep cerebral veins drain the white matter, 
basal ganglia, diencephalon, cerebellum, and brain stem. 
The deep veins join to form the great cerebral vein. The veins 
of posterior fossa drain blood from the cerebellar tonsils and 

the posteroinferior cerebellar hemispheres. In addition, the 
diploic veins drain the blood between layers of the bone in 
the skull. Emissary veins connect the veins near the surface 
of the skull to the diploic veins and venous sinuses. All the 
blood is drained into the meningeal sinuses, which mainly 
drain into the internal jugular vein. Usually, the right jugular 
vein is the dominant one, receiving most of the blood from 
the brain. The veins and sinuses of the brain lack valves. 
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Pressure of drainage vessels in the neck is directly transmit-
ted to intracranial venous structures (Fig. 1.5).

The vertebral column is composed of 33 vertebrae. Each 
vertebra is composed of a vertebral body, neural arch, 
 pedicle, and lamina (Fig. 1.6). The two laminae join together 
posteriorly to form the spinous process. The ligaments stabi-
lizing the vertebral column from exterior to interior are the 
supraspinous, interspinous, ligamentum flavum, posterior 
longitudinal, and anterior longitudinal ligaments (Fig. 1.7). 
The ligaments provide flexibility without allowing excessive 
movement which could damage the cord. The human spine is 
also affected by aging. The intervertebral disks become drier, 
more fibrous, and less resilient.

The spinal cord is a long cylindrical structure covered by 
membranes which lies in the vertebral canal. The spinal cord 
is the continuation of the medulla. It extends from the fora-
men magnum to the lower border of first lumbar vertebral. It 
has two enlargements, cervical and lumbosacral, correspond-
ing to the innervation of the upper and lower extremities. It 
ends in the conus medullaris. The anterior portion of the spi-
nal cord contains the motor tracts, while the posterior cord 
contains the sensory tracts. The mean spinal cord blood flow 
in the cervical and lumbar segments is 40% higher than the 
thoracic segment. The watershed area of the spinal cord blood 
flow is the mid-thoracic region. The spinal cord receives its 
blood supply principally from three longitudinal vessels. The 
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single anterior spinal artery is formed by the two vertebral 
arteries which supply the anterior 75% of the cord and the 
two posterior spinal arteries formed by the posterior inferior 
cerebellar artery and supply the posterior 25% of the cord 
(Fig. 1.8). The anterior and posterior arteries alone can only 
supply enough blood to maintain the upper cervical segments 
of the spinal cord. The blood supply to the lower levels of the 
spinal cord is provided by the radicular arteries which anasto-
mose with the anterior and posterior spinal arteries. The artery 
of Adamkiewicz, a major radicular artery located in lower 
thoracic or upper lumbar region, provides most of the blood 
supply to the lower cords. Autoregulation maintains spinal 
cord blood flow by altering vascular resistance in response to 
changes in the mean arterial blood pressure (MAP).

The ascending spinal tracts are contained in the poste-
rior column of the spinal cord and terminate in the medulla. 
They are sensory in nature. After decussation in the 
medulla, the second-order neurons form an ascending bun-
dle and terminate in the thalamus from where they reach 
the postcentral gyrus via third-order neurons (Fig. 1.9). The 
descending tract, called the corticospinal tract, is motor in 
nature. Corticospinal tract fibers originate in the cerebral 
cortex in the precentral gyrus, and 90% decussate at the 
level of the medulla. Lesions above the medullary decussa-
tion cause contralateral paralysis, and those below medul-
lary decussation cause ipsilateral paralysis (Fig. 1.10).

The ventricular system of the brain is composed of two 
lateral ventricles and two midline ventricles called the 
third and fourth ventricles which contain the cerebrospinal 
fluid (CSF). The chambers are connected to allow the flow 
of CSF between two lateral ventricles to the third ventri-
cles through the foramen of Monro. This then communi-
cates through the aqueduct of Sylvius (mesencephalic 
aqueduct) to the fourth ventricle (Fig.  1.11). The CSF 
flows out into the subarachnoid spaces of the brain and the 
spinal cord through the medial foramen of Magendie and 
lateral foramen of Luschka. The chambers of the ventricu-
lar system are lined with ependymal cells and are continu-
ous with the central canal enclosed within the spinal cord. 
CSF is a dynamic medium, which is produced and absorbed 
constantly, and functions as the brain’s drainage system. 
Under normal circumstances, a human being produces 
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approximately 0.35 ml/min (500 ml/day) of CSF. The total 
volume of CSF at a given time is 150 ml, which means that 
the CSF is replaced approximately four times a day. The 
majority of CSF is formed in the choroid plexus of the lat-
eral ventricles by filtration of plasma through fenestrated 
capillaries and also by the active transport of water and 
dissolved substances through the epithelial cells of the 
blood–CSF barrier. CSF may also be formed by the lymph-
like drainage of the brain’s extracellular fluid. Reabsorption 
of CSF takes place mostly in the arachnoid villi and granu-
lations into the circulation. The mechanism behind the 
CSF reabsorption is the difference between the CSF pres-
sure and venous pressure. CSF formation is reduced by 
decreased blood flow through the choroid, hypothermia, 
increased serum osmolarity, and increased ICP. The main 
compensatory mechanism for an increase in CSF volume 
includes displacement of CSF from cranial to spinal com-
partment, increase in CSF absorption, decrease in CSF 
production, and a decrease in cerebral blood volume 
(mainly venous).

The blood–brain barrier (BBB) isolates the brain from the 
plasma and is formed by the interaction of capillary endothe-
lial cells with astrocytes in the brain. Water, gases, glucose, 
and lipophilic substances are freely permeable through the 
BBB.  Proteins and polar substances are poorly permeable 
through the BBB. The brain is protected from the circulating 
toxins by the BBB.

The brain tissue has a high energy requirement and is 
responsible for about 20% of total body oxygen consump-
tion. The cerebral metabolic rate, expressed as oxygen 
 consumption (CMRO2), averages 3.5 ml/100 g/min in adults. 
CMRO2 is greatest in the gray matter of the cerebral cortex. 
Brain oxygen consumption supports two major functions – 
basic cellular maintenance (45%) and nerve impulse genera-
tion and transmission (55%). Glucose is the main substrate 
for energy production in the brain.

Normal cerebral blood flow (CBF) varies with the meta-
bolic activity. Blood flow in gray matter is about 
80 ml/100 g/min and in white matter is 20 ml/100 g/min. 
The average CBF is about 50 ml/100 g/min. There is cou-
pling between the CBF and CMRO2. The precise mecha-
nism responsible for this coupling has not been identified, 
but it has been suggested that local by-products of metabo-
lism (K+, H+, lactate, adenosine) are responsible for this 
coupling. Nitric oxide, a potent vasodilator, has also been 
suggested to play a role. Glial processes may serve as a con-
duit for the coupling.

Cerebral autoregulation maintains CBF relatively con-
stant between cerebral perfusion pressures of 50 and 
150 mmHg (Fig. 1.12). The mechanism of autoregulation is 
not understood but is probably due to myogenic and meta-
bolic factors. Cerebral perfusion pressure (CPP) is calculated 
by subtraction of intracranial pressure (ICP) from mean arte-
rial pressure, CPP = MAP − ICP.
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The cranial vault is a rigid structure with fixed total vol-
ume, consisting of brain (80%), blood (12%), and CSF (8%). 
An increase in one component must be offset by an equiva-
lent decrease in another to prevent a rise in the ICP. Intracranial 
compliance is measured by change in ICP in response to a 
change in intracranial volume (ΔV/ΔP). Intracranial elas-
tance (ΔP/ΔV) is high because a small change in intracranial 
volume, ΔV, can cause a large change in ICP, ΔP. The pres-
sure–volume relationship between ICP, volume of CSF, 
blood, and brain tissue and CPP is known as the Monro–
Kellie hypothesis (Fig. 1.13).

Anatomical changes that occur in the brain during normal 
aging are reduction in brain weight and volume with ven-
triculomegaly and sulcal expansion. The white matter vol-
ume of the cerebrum, cerebellum, corpus callosum, and pons 
remains fairly intact across all ages. Global CBF decreases 
about 10–20% because there is less brain mass to perfuse as 
we age.
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 Implications for the Neurosurgical Patient

Brain anatomy is important in identifying the different non- 
silent areas of the brain with respect to the surgical procedure 
being performed and helps to prevent devastating deficits. For 
instance, awake craniotomy or cortical mapping may be per-
formed when tumors or epileptic foci are close to cortical 
areas for speech or motor function or temporal structures criti-
cal to short-term memory. The Wada test determines the domi-
nant lobe for suitability of temporal lobectomy. Deep brain 
stimulation of the globus pallidus interna or subthalamic 
nucleus improves many features of advanced Parkinson’s dis-
ease. In addition, surgical approach and intraoperative events 
have anatomical implications. A frontotemporal craniotomy is 
used to approach anterior circulation aneurysms. Aneurysms 
originating from the posterior circulation require a subtempo-
ral exposure, suboccipital exposure, or a combined subtempo-
ral and suboccipital exposure. Brain stem stimulation can 
cause ventricular and supraventricular arrhythmias. Profound 
arterial hypertension can result from stimulation of the fifth 
cranial nerve. Significant bradycardia and escape rhythms can 
be caused from the stimulation of vagus nerve. Arterial hypo-
tension can result from pontine or medullary compression. 
Brain stem lesions may result in abnormal breathing patterns.

Cranial nerve injury is a significant risk in surgery of the 
cerebellopontine angle and brain stem; therefore, intraopera-
tive stimulation, monitoring, and recording of electromyo-
graphic potential of the cranial nerve with motor component 
are utilized to preserve the integrity of these nerves. Direct 
injury to portions of the RAS located within the pons, mid-
brain, or diencephalon (hypothalamus and thalamus) pro-

duces unconsciousness. Locked-in syndrome occurs with 
focal injury to the ventral pons and is often associated with 
basilar artery stroke. It results in patients who are quadriple-
gic, nonverbal, but awake and alert as the RAS is spared and 
volitional eye blinking is preserved.

The signs of corticospinal pathway dysfunction include ini-
tial weakness, followed by flaccid paralysis and then decorti-
cate rigidity. Extensor (Babinski) toe response indicates acute 
or chronic injury of the corticospinal tracts in the brain and 
spinal cord. A Hoffman’s response, which is the upper extrem-
ity equivalent of a Babinski response, can also provide addi-
tive lateralizing information. When damage involves 
subcortical structures (basal ganglia), decerebrate rigidity 
occurs. Basal ganglia damage may also lead to athetoid or 
choreiform movements. The absence of vestibuloocular and 
oculocephalic reflex suggests brain stem damage in the pons 
between the vestibular nuclei (CN VIII) and oculomotor (CN 
III) and abducens (CN VI) nuclei, which control lateral eye 
movements. Flexor posturing (decorticate) indicates brain 
dysfunction above the level of the red nucleus in the midbrain 
(the area which mediates flexor response). Extensor posturing 
(decerebrate) indicates brain stem dysfunction below the level 
of the red nucleus. A hemispheric injury presents with contra-
lateral hyporeflexia. Patients with acute spinal cord shock are 
hyporeflexive below the level of involvement (Table 1.1).

During spinal surgery, evoked potential monitoring may 
be used to evaluate spinal cord integrity. Sensory evoked 
potentials (SEP) evaluate the functional integrity of the 
ascending sensory pathways, mostly ending in the somato-
sensory cortex. Motor evoked potentials (MEP) test the func-
tional integrity of the corticospinal tracts, which mainly 
originate in the motor cortex. The wake-up test is also 
 utilized to document the anterior motor component of the 
spinal cord (anterior column).

CBF is linearly related to PaCO2 from 20 to 70  mmHg, 
when the autoregulation is intact. Hypocapnia causes cerebral 
vasoconstriction. Hypercapnea causes vasodilatation and 
increases the CBF. This change is mainly dependent on the pH 
alteration in the extracellular fluid of the brain. Change in 
PaO2 from 60 to over 300 mmHg has little influence on CBF 
(Fig. 1.12). Hematocrit alters blood viscosity and affects blood 
flow; a low hematocrit increases blood flow by decreasing vis-
cosity. Hypothermia decreases neuronal metabolism and 
reduces CBF, whereas hyperthermia has the opposite effect. 
CMRO2 decreases by 6–7% for each reduction in 1 °C.

Increased ICP may occur through one of several mecha-
nisms: increase in CSF volume (due to blockage in CSF 
circulation or absorption), increase in brain tissue volume 
(tumor or edema), or increase in cerebral blood volume 
(intracranial bleed or vasodilatation). Communicating 
hydrocephalus occurs when the obstruction is at the point 
of CSF absorption (arachnoid granulation) and herniation 

80

60

40

20

0

Intracranial volume

In
tr

ac
ra

ni
ca

l p
re

ss
ur

e 
(m

m
H

g)

Fig. 1.13 Intracranial compliance curve  – initial change in volume 
causes a slight rise in ICP; further increase causes a marked rise in ICP

1 The Adult Central Nervous System: Anatomy and Physiology



12

is less likely to occur. In noncommunicating hydrocepha-
lus, obstruction occurs within the ventricular system, and 
herniation syndrome may be seen. Once there is a critical 
increase in ICP, brain herniation may occur. Ventriculostomy 
may be performed to decrease ICP in such cases. If drain-
age of CSF is performed via lumbar puncture in the pres-
ence of increased ICP, there is a risk of brain stem herniation 
through the foramen magnum. Aging increases intracranial 
CSF volume due to cerebral atrophy and creates nonpatho-
logical low-pressure hydrocephalus.

 Concerns and Risks

Spinal cord lesions above C 3 lead to diaphragmatic paraly-
sis, and the patient is totally ventilator dependent. This is 
because the phrenic nerve, which is the principal nerve sup-
ply of the diaphragm, is formed by C 3, 4, and 5 nerve roots. 
Acute spinal cord injury at the level of C 6 presents as spinal 
shock from a total loss of impulses from the higher centers. 
Epidural hematoma (EDH) is a traumatic accumulation of 
blood between the inner table of the skull and the stripped- 
off dural membrane. EDHs are usually arterial in origin with 
70–80% located in the temporoparietal region where skull 
fractures cross the path of the middle meningeal artery or its 
dural branches. Expanding high-volume EDHs can produce 
a midline shift and subfalcine herniation of the brain result-
ing in compression of cerebral tissue and impingement on 
the third cranial nerve. This results in ipsilateral pupillary 
dilation and contralateral hemiparesis or extensor motor 

response. On the other hand, subdural hematomas are gener-
ally the result of venous bleeding of bridging veins (between 
the cortex and venous sinuses).

The brain is vulnerable to ischemic injury because of its 
high oxygen consumption and near-total dependence on aero-
bic glucose metabolism. Prolonged reduction of CBF below 
20–25 ml/100 g/min is associated with cerebral impairment 
(slowing of EEG) and between 15 and 20 ml/100 g/min pro-
duces a flat EEG, while values below 10  ml/100  g/min are 
associated with irreversible structural brain damage. 
Autoregulation is impaired by hypoxia, ischemia, hypercap-
nia, trauma, and certain anesthetic agents. A rightward shift in 
the autoregulatory curve occurs with chronic hypertension and 
sympathetic activation (shock or stress). A leftward shift 
occurs in hypoxia, hypercarbia, and vasodilators. When CPP 
exceeds the upper limit of autoregulation, the BBB may be 
disrupted, leading to cerebral edema.

Any increase in ICP is initially well compensated; how-
ever, once the compliance is exhausted, a small increase in 
volume causes an exponential rise in ICP leading to her-
niation (see Fig. 1.14). Herniation syndromes (Table 1.2) 
can be reversible if treated immediately and effectively 
and are encountered when the pressure in one compart-
ment of the brain results in extrusion of the contents into 
an adjacent compartment with accompanying mechanical 
damage. Depressed level of consciousness with dilated 
pupils is the first clinical sign of a herniation syndrome 
and is usually accompanied by a Cushing response (eleva-
tion in the systolic blood pressure with accompanying 
bradycardia).

Table 1.1 Diagnosis of cranial nerve damage in ICU

Cranial nerve Test cranial nerve Cerebral lobe affected Presentation
Cranial nerve 1 
(olfactory nerve)

Not practical in ICU Frontal lobe, pituitary tumor, anterior cranial 
fossa fracture

Loss of sense of smell (anosmia)

Cranial nerve 2 (optic 
nerve)

Limited in unconscious 
patient

Distal to optic chiasm
Lesion pressing on optic chiasm
Lesion proximal to chiasm

Monocular blindness
Bitemporal hemianopia
Homonymous hemianopia

Cranial nerve 3 
(oculomotor nerve)

Pupillary exam Uncal and temporal lobe herniation Ptosis, divergent squint, pupillary 
dilatation, loss of accommodation, 
and light reflexes

Cranial nerve 4, 5, 6 
(trochlear, trigeminal, 
abducent)

Lightly poking the patient’s 
cheeks with a sharp object or 
stimulating the nasal cavity 
with a cotton swab (CN V)

Cavernous sinus lesion, injury to the base of 
skull

Loss of corneal reflex 5 (corneal 
damage), convergent squint 6

Cranial nerve 7 (facial) Facial movement Large cerebellopontine tumors Muscles of face, anterior two-thirds 
of tongue

Cranial nerve 8 
(auditory)

Cerebellopontine tumors, acoustic neuromas Unilateral deafness

Cranial nerve 9, 10 
(glossopharyngeal, 
vagus)

Gag reflex by tongue blade or 
suction catheter

Posterior third of tongue and pharynx Absence of gag reflex (increased risk 
of aspiration), nasal speech, vocal 
cord paralysis 10

Cranial nerve 11 
(accessory)

Limited Central branch arising from the medullary 
nuclei and spinal accessory branch arising in 
the first five to six cervical spinal segments 
from the lateral portion of the ventral horn

Central branch supplies the larynx 
and spinal accessory to trapezius and 
sternocleidomastoid – inability to 
shrug

Cranial nerve 12 
(hypoglossal)

Limited in unconscious 
patient

Muscle of tongue, damaged during carotid 
surgery

Aspiration

P. Tripathi and F. Sieber
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Fig. 1.14 Potential sites of brain herniation (A) uncal, (B) central, (C) 
subfalcine, (D) tonsillar. Transcalvarial is not shown in this figure

Table 1.2 Herniation syndromes and their clinical manifestations

Herniation of uncus 
of temporal lobe

Supratentorial Pressure on ipsilateral 
oculomotor nerve, posterior 
cerebral arteries and cerebral 
peduncle–pupillary 
abnormalities, contralateral 
hemiplegia, possible 
ipsilateral medial occipital 
lobe infarction

Central herniation 
(midline structure)

Supratentorial Downward movement of 
diencephalon through 
tentorial notch against 
immobile basilar artery may 
cause brain stem hemorrhage

Subfalcine (when the 
brain is pushed into 
the opposite half of 
the cranium under 
the falx cerebri)

Supratentorial Cingulate gyrus injury, 
ischemia in anterior cerebral 
artery distribution

Tonsillar herniation Supra- or 
infratentorial

A rapid and fatal event unless 
it is recognized immediately 
and treated; the cerebral 
tonsil descends through the 
foramen magnum leading to 
the compression of brain 
stem and respiratory arrest; 
rarely posterior fossa mass 
pushing the posterior fossa 
contents through the 
tentorium cerebelli into the 
supratentorial compartment

Transcalvarial 
herniation

Supra- or 
infratentorial

Any area beneath a defect in 
the skull

Key Points
• In the corticospinal tract, lesions above the medul-

lary decussation cause contralateral paralysis, and 
those below medullary decussation cause ipsilateral 
paralysis.

• Brain anatomy is important in identifying the dif-
ferent non-silent areas of the brain with respect to 
the surgical procedure being performed and helps to 
prevent devastating deficits.

• Cranial nerve injury is a significant risk in surgery 
of the cerebellopontine angle and brain stem.

• Lumbar puncture for drainage of CSF is performed 
below the L1 vertebra to prevent damage to the spi-
nal cord. Most spinal cord injuries occur at the mid- 
cervical or thoracolumbar region. The watershed 
area of the spinal cord blood flow is the mid- thoracic 
region.

• CBF is linearly related to PaCO2 from 20 to 
70  mmHg when the autoregulation is intact. 
Hypocapnia causes cerebral vasoconstriction and 
can lead to brain ischemia. Hypercapnea causes 
vasodilatation and increases the CBF.

• Increased ICP may occur through one of several 
mechanisms: increase in CSF volume (due to block-
age in CSF circulation or absorption), increase in 
brain tissue volume (tumor or edema), or increase 
in cerebral blood volume (intracranial bleed or 
vasodilatation).

• The brain is vulnerable to ischemic injury because 
of its high oxygen consumption and near-total 
dependence on aerobic glucose metabolism.

• Any increase in ICP is initially well compensated; 
however, once the compliance is exhausted, a small 
increase in volume causes an exponential rise in 
ICP leading to herniation.

1 The Adult Central Nervous System: Anatomy and Physiology
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 Introduction

By supporting the control of volume status, blood pressure, 
cellular metabolism, and intracellular signaling, hormonal 
signaling systems are critical to basic homeostatic functions. 
The hypothalamic–pituitary–adrenal (HPA) axis, in particu-
lar, contains systems that regulate sodium and water balance, 
steroid hormone production, glucose metabolism, and thyroid 
function. Each hormonal system is controlled via negative 
and positive feedback loops with the goal of maintaining 
homeostasis. However, these feedback mechanisms often 
cloud accurate hormonal measurement and diagnosis in the 
critically ill patient. Any intracranial pathology including 
traumatic brain injury (TBI), stroke, or cerebral hemorrhage 
disrupts the HPA axis resulting in deleterious clinical 
sequelae. In addition, endocrine disorders unrelated to neuro-
pathology have significant impact on neurophysiology. 
Dysfunction of the HPA axis and other endocrine systems 
must be recognized and carefully managed during the periop-
erative period.

 Overview

 Sodium and Water Balance

The extracellular fluid volume reflects total body sodium. Under 
healthy physiologic conditions, the plasma sodium concentra-
tion reflects total body water. Plasma osmolality is sensed by the 
hypothalamus and tightly regulated. Abnormalities of serum 
sodium are common in neurocritical care patients. Hypo- or 
hypernatremia may be acute or chronic and have many etiolo-
gies including trauma, surgery, perioperative volume resuscita-
tion, medications, and pre- existing medical conditions. 
Dysfunctions of the hypothalamus, pituitary, or adrenal glands 
are common secondary causes of sodium and water imbalance.

 Antidiuretic Hormone (Arginine, Vasopressin, 
Desmopressin [Synthetic])

Antidiuretic hormone (ADH) is produced by the hypothalamus 
but is stored and secreted by the posterior pituitary in response 
to (1) increased plasma osmolality detected by the hypothala-
mus; (2) decreased plasma volume detected by peripheral and 
central baroreceptors; (3) general stress, pain, or increased intra-
cranial pressure (ICP); and (4) decreased plasma angiotensin.

Circulating ADH promotes free water absorption in the 
renal collecting ducts (receptor, V2 G protein-coupled recep-
tor [GPCR]), stimulates the release of corticotropin- releasing 
hormone (CRH)/adrenocorticotropic hormone (ACTH) 
(receptor, V1b GPCR in hypothalamus), increases blood pres-
sure (receptor, V1a), and causes the release of atrial natriuretic 
peptide (ANP).

 Natriuretic Peptides

Natriuretic peptides (e.g., ANP, brain natriuretic peptide 
[BNP], C-type natriuretic peptide [CNP]) are released by the 
cardiac atria and the hypothalamus in response to increased 
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intravascular volume as detected by changes in atrial wall ten-
sion and increases in ICP. Natriuretic peptides increase renal 
sodium excretion and vascular permeability. They also antag-
onize ADH and angiotensin II. Natriuretic peptides, produced 
in the brain, modulate the systemic effects of circulating ANP 
(does not cross the blood–brain barrier) via receptors in the 
hypothalamus (decreasing water and salt appetite) and 
decrease sympathetic tone via actions on the brain stem. ANP 
that is produced in the brain can affect localized increases in 
cerebral blood flow, decrease cerebral spinal fluid (CSF) pro-
duction, and is actively transported out of the brain across the 
blood–brain barrier. Plasma BNP levels may increase as a 
result of cerebral ischemia from multiple etiologies including 
vasospasm after subarachnoid hemorrhage (SAH). Increased 
plasma BNP can potentiate hypovolemia and signal an asso-
ciated cardiac dysfunction. Little is known about the role and 
clinical significance of CNP.

 Implications for the Neurosurgical Patient

 Sodium and Water Balance

Derangements of sodium and water in the neurosurgical 
patient, especially acute changes, can have serious and some-
times fatal consequences. These include cerebral edema, 
altered mental status, seizure, coma, increased ICP, cerebral 
hypoperfusion, cerebral vasospasm, and rupture of bridging 
veins with associated subdural hemorrhage. Frequently, the 
astute clinician is alerted to underlying sodium and water 
derangements by changes in urinary output or by an abnor-
mal serum sodium concentration. A thorough investigation 
of these changes must take into consideration the wide dif-
ferential diagnoses of the causes of an altered serum sodium 
concentration.

 Hyponatremia (<135 mEq/L)

A lower than normal serum sodium concentration reflects an 
excess of free water (e.g., fluid overload) or improper sodium 
loss. Clinical symptoms usually manifest with an acute 
decrease in the serum sodium concentration to lower than 
125 mEq/L. Symptoms include muscle weakness, cerebral 
edema, lethargy, confusion, seizures, and coma. 
Hyponatremia that develops over many days and continues 
chronically can be tolerated for quite some time without 
major signs or symptoms. However, chronic hyponatremia 
still increases overall mortality.

ADH and ANP are the main hormonal mediators of hypo-
natremia. The differential diagnosis of hyponatremia 
includes the syndrome of inappropriate ADH secretion 
(SIADH), cerebral salt wasting syndrome (CSW), and dilu-

tional states (e.g., volume overload, hyperproteinemia). 
Hyponatremia is also found in Addison’s disease due to a 
reduced production of aldosterone and an inability to increase 
reabsorption of sodium in the renal tubules. A careful assess-
ment of the fluid/volume status should guide diagnosis and 
management. The total sodium deficit may be estimated via 
the following formula: 0.5–0.6 × (weight in kg) × (goal Na+-
measured Na+).

 Syndrome of Inappropriate ADH Secretion

SIADH is an umbrella classification for the clinical presenta-
tion of hyponatremia with euvolemia or mild hypervolemia 
(Table 2.1). SIADH is a common diagnosis after TBI, brain 
surgery, and in association with intrinsic neuropathology and 
many other confounding etiologies. The hallmark laboratory 
finding of SIADH is a continued secretion of ADH despite 
decreased plasma osmolality. However, elevated serum ADH 
concentration is not specific to SIADH. Elevated ADH levels 
have been reported in the context of opioid treatment, gen-
eral anesthesia, the perioperative stress response, brain 
tumors, and CSW. ADH levels are also increased in the treat-
ment phase of diabetes insipidus (DI).

Treatment of hyponatremia must be accomplished gradu-
ally (Table 2.2), as too rapid correction may result in osmotic 
demyelination (e.g., central pontine myelinolysis). In addi-
tion, hyperchloremic metabolic acidosis is a common finding 
when the primary treatment for hyponatremia involves 
administration of large volumes of normal saline. To avoid 
this concern, many clinicians administer sodium as a mixture 
of chloride and acetate salts.

Table 2.1 Diagnostic criteria for SIADH

Volume status: euvolemia or mild hypervolemia; cannot be 
hypovolemia
Urine output: low urine output (as low as 500 mL/day)
Urine osmolality: concentrated urine (>800 mOsm/L)
Plasma osmolality: ↓plasma osmolality (us. <280 mOsm/L)

Consider or exclude CSW (see below and Table 2.3)

Table 2.2 Treatment of SIADH

Correct Na+ levels gradually
Normal saline with free water restriction usually adequate
Loop diuretics (cause net free water loss)
Correct deficit gradually
  10 mEq/L over 24 h; or 1–2 mEq/L in first hour in symptomatic 

patients
  3% hypertonic saline to correct severe Na+ deficit
Tolvaptan (Samsca) – renal ADH receptor antagonist (15–60 mg PO 
daily)
Demeclocycline (1–2 mg PO/d) blocks renal action of ADH
  Side effect profile similar to tetracyclines
  May be nephrotoxic

J. D. Walls et al.
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 Cerebral Salt Wasting Syndrome

CSW is a diagnosis of exclusion that presents as a hypovo-
lemic hyponatremia (secondary to renal sodium loss) with 
maintained or elevated urine output. Unfortunately, there 
is no simple method available to accurately determine a 
patient’s intravascular volume status. Measuring central 
venous pressure (CVP) may be useful to guide treatment 
and follow an overall trend of intravascular volume. Serial 
cardiac echo examinations can assess intravascular volume 
but require significant expertise and are beyond the scope 
of routine practice. Systolic pulse pressure variation as 
measured by the pulse oximetry plethysmograph or arte-
rial line waveform can be helpful in assessing volume sta-
tus in patients receiving positive pressure ventilation. 
CSW may be particularly common in subarachnoid hem-
orrhage. Typically, CSW develops secondary to the 
derangement of neurohumoral signals resulting in 
increased ANP and decreased renal sympathetic input 
(Tables 2.3 and 2.4).

 Hypernatremia (>145 mEq/L)

Severe elevation of serum sodium (>160 mEq/L) is associ-
ated with increased mortality in neurocritical care patients. 
Symptoms include mental status changes, seizure, myoclo-
nus/hyperreflexia, and nystagmus. Acute hypernatremia 
may result in permanent structural injury in the brain stem 
(e.g., central pontine myelinolysis). Patients may show 
signs of intravascular volume depletion, cerebral hypoper-

fusion, and/or cerebral vasospasm. Intravascular hyperna-
tremia will cause water to move from brain cells, resulting 
in decreased brain volume. Decreasing the brain volume 
carries the risk of disrupting bridging veins and subsequent 
subdural hematoma.

Hypernatremia can have several etiologies including 
loop or osmotic diuretics, iatrogenic through aggressive 
administration of normal or hypertonic saline, and miner-
alocorticoid excess, as in Conn’s or Cushing’s syndrome. It 
may also be caused by central or nephrogenic diabetes 
insipidus (DI). It is important to differentiate between cen-
tral and nephrogenic DI because the treatment is different. 
Central DI is caused by an interruption of hypothalamic 
signaling (e.g., anatomic, ischemic), with subsequent 
reduction in ADH secretion from the posterior pituitary 
(e.g., after TBI, tumor resection, vasospasm of the anterior 
circulation, pituitary surgery, brain death). Nephrogenic DI 
is characterized by a lack of renal response to serum ADH 
associated with critical illness, specific antibiotics, intrave-
nous contrast, or renal insults.

Common symptoms for both central and nephrogenic DI 
are hypernatremia, hyperosmolality, and dilute polyuria. 
Central DI presents with severely reduced urine osmolatity: 
<200 mOsm/L versus 200–500 mOsm/L with nephrogenic 
DI. Table 2.5 lists diagnostic criteria for DI, while Table 2.6 
list strategies for initial management of DI.

Table 2.3 Diagnostic criteria for CSW

Likely present if criteria for SIADH are met, but
1. Patient demonstrates ↓↓Na+ with trial of fluid restriction
  Fluid restriction may be deleterious in some patients (e.g., SAH)
2. Clinical indicators of hypovolemia
  Decreased skin turgor, ↓ serial body weights, hypotension (esp. 

orthostasis), low CVP
3.  Other markers (serum BUN, uric acid, ANP, ADH) are nonspecific 

and not clinically useful
4.  Measurement of urine Na+ excretion and urine osmolality may 

support the diagnosis but is seldom of practical clinical utility
  Complicated in the neurosurgical setting by concurrent use of 

diuretics, mannitol, or the stress response ↑ in ADH

Table 2.4 Treatment of CSW

1.  0.9% saline resuscitation corrects Na+ in many cases. Consider 
hypertonic saline if inadequate response or need for rapid initial 
correction (i.e., severely symptomatic hyponatremia)

2. Consider fludrocortisone in refractory cases (0.1–0.2 mg/day PO)
  Hypokalemia and hypertension are possible side effects of 

fludrocortisone
3. Closely monitor sodium levels and fluid balance

Table 2.5 Diagnostic criteria for DI

Classic triphasic response (confusing later interpretation of SIADH/
hyponatremia) evolves over days
Commonly presents >12 h after surgery
Rarely presents intraoperatively
  Intraoperative presentation (phase 1) is associated with 

hypovolemia
   ↓Plasma volume may ↑ risk of venous air embolism during 

surgery
Differentiate polyuria vs. diuresis associated with fluid resuscitation 
or osmotic/pharmacologic diuresis
  Response of Na+ and urine output to fluid restriction (unless 

contraindicated)
  No increased UOsm (30 mOsm/L) within hours of fluid restriction 
→ central DI

  Hyperosmolar serum

Table 2.6 Initial management of DI

Fluid restriction for diagnosis
Volume/free water replacement (0.9% or 0.45% saline)
Patient should be allowed water ad lib if able to take PO
Synthetic desmopressin for central DI
  5–50 mcg/day IV
  Give intranasal in non-critically ill patients
Timed urine volumes, serum Na+ and urine osmolality/specific 
gravity guide therapy
Correct gradually over days to avoid rebound cerebral edema

2 Neuroendocrine Physiology: Fundamentals and Common Syndromes
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 Concerns and Risks

 Sodium and Water Balance

The use of diuretic and osmotic agents will invariably com-
plicate the clinical assessment of sodium derangements. A 
careful assessment of the overall volume status is critical in 
determining the appropriate diagnosis and treatment plan. For 
example, treatment should consist of fluid replacement in 
patients with a water deficit versus fluid restriction in patients 
with SIADH. Fluid and sodium administration would be the 
best treatment for patients with CSW.  In contrast, volume 
restriction in a patient with CSW would further worsen the 
volume deficit and hyponatremia. Aggressive treatment of 
hyponatremia can lead to overcorrection (i.e., hypernatremia) 
and an associated demyelination syndrome, while aggressive 
treatment of hypernatremia may result in cerebral edema.

 Overview

 Steroid Hormone Physiology

Cortisol is the primary glucocorticoid hormone of clinical 
relevance regulating energy metabolism, electrolyte homeo-
stasis, and immune function. The secretion of cortisol is 
tightly controlled through the HPA axis. It is secreted by the 
zona fasciculata of the adrenal gland in response to ACTH. In 
turn, ACTH is secreted by the anterior pituitary in response 
to CRH produced by the hypothalamus. At the cellular level, 
cortisol interacts with nuclear receptors found throughout 
the body and brain. Dysregulation at any point of the HPA 
axis will result in excess or deficiency of cortisol with marked 
clinical consequences. To replace cortisol in states of adrenal 
insufficiency, 10–12  mg/m2 of hydrocortisone is required 
daily (conversions, prednisone = 0.25 × hydrocortisone; 
dexamethasone = 0.04 × hydrocortisone). Cortisol produc-
tion fluctuates in a circadian fashion with the highest levels 
upon waking in the morning. However, a host of physiologic 
factors modulate cortisol production and secretion. 
Measurement of a random cortisol level is rarely useful in 
the clinical assessment of the HPA axis, although AM corti-
sol levels may be useful in conjunction with other tests and 
the clinical presentation. Overall, laboratory testing using 
cortisol levels or ACTH stimulation tests do not appear to be 
helpful in the majority of patients and does not always cor-
relate with clinical symptoms.

During periods of physiologic stress (e.g., infection, 
shock, surgery), cortisol requirements may increase up to 
five times the basal requirements. Inadequate steroid admin-
istration during stress can result in hemodynamic instability 
(primarily hypotension), hypoglycemia, hyponatremia, and 
hyperkalemia. However, for most surgeries, “stress dosing” 
of steroids for patients requiring chronic steroid supplemen-
tation is no longer routine because there is no strong support-
ing evidence for their effectiveness. Current evidence 
supports maintenance dosing (i.e., the usual daily dose) on 
the day of surgery and additional rescue supplementation 
with intravenous hydrocortisone to treat unresponsive or 
unexplained hypotension.

Aldosterone is the primary mineralocorticoid of clinical 
concern. Mineralocorticoid activity is central to the mainte-
nance of effective plasma volume via the renin–angiotensin–
aldosterone axis. Aldosterone is secreted by the outermost 
zona glomerulosa of the adrenal cortex in response to either 
an increased production of ACTH, the release of adrenoglo-
merulotropin from the pineal gland, or many other physio-
logic events (e.g., hypotension, hypovolemia, acidosis). 
Aldosterone acts to promote sodium and water reuptake and 
potassium secretion from the glomerulo-filtrate in the kid-
ney. Central nervous system aldosterone receptors also con-
tribute to the modulation of fluid balance. Fludrocortisone is 

Table 2.7 Features of common Na+ derangements

Central DI CSW SIADH
Serum Na+ 
>145 mEq/L

Serum Na+ 
<135 mEq/L

Serum Na+  <135 mEq/L

PE suggests 
hypovolemia

PE suggests 
hypovolemia

PE = euvolemia/
hypervolemia

↑Na+ with saline 
admin

↓Na with saline admin

1° defect in water 
handling

1° defect in Na+ 
handling

1° defect in water 
handling

↑Serum osmolality ↓Serum osmolality ↓Serum osmolality
Low urine osm High urine osm High urine osm
IV desmopressin ↓Na with fluid 

restriction
↑Na with fluid 
restriction

HTS if severe ↓Na+ HTS if severe ↓Na+

Oral salt tablets Oral tolvaptan

Key Points: Sodium and Water Balance (Table 2.7)
• Always consider the possibility of a Na+ abnormal-

ity in the setting of pituitary tumor, intracranial sur-
gery, hypothalamic injury, TBI, or cerebral 
vasospasm/stroke or with clinical symptoms of 
mental status changes and seizure.

• Na+ derangements may be related to iatrogenic fluid 
management (e.g., hypertonic saline, diuretics, or 
normal saline).

• The clinical presentation is often more helpful than 
formal diagnostic testing in establishing a diagnosis.

• Other endocrine diseases (e.g., adrenal, thyroid) 
must be considered.

• If hypernatremia, consider DI or over-resuscitation 
with normal saline.

• If hyponatremia, consider SIADH or CSW.
• Correct abnormalities gradually with frequent labo-

ratory testing and monitoring.

J. D. Walls et al.
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the only available therapeutic drug that approximates natural 
aldosterone activity. Dexamethasone, a commonly pre-
scribed steroid, has no mineralocorticoid activity.

 Adrenal Insufficiency

Frequently, patients with adrenal insufficiency remain free of 
clinical signs and symptoms during normal daily activities. 
Those who do develop symptoms often have nonspecific 
complaints such as lethargy, muscle weakness, anorexia, diz-
ziness, syncope, and abdominal pain. However, adrenal 
insufficiency can present as an acute crisis secondary to 
infection, physiologic stress (e.g., trauma), or the abrupt 
withdrawal of steroid supplementation. Adrenal insuffi-
ciency should always be considered in the setting of refrac-
tory hypotension/shock. If adrenal insufficiency goes 
undiagnosed or untreated, it can result in death.

 Primary Adrenal Insufficiency (Addison’s 
Disease)

Intrinsic failure of the adrenal glands causes primary adrenal 
insufficiency and is very rare (5 in 100,000 cases in the USA). 
The most common form of primary adrenal insufficiency is 
caused by an autoimmune reaction followed by tuberculous 
adrenalitis. Other uncommon causes include cancer metasta-
sis (e.g., lung, stomach, breast, colon), lymphoma, bilateral 
adrenal hemorrhage, and surgical adrenalectomy. In children, 
the most common cause is congenital adrenal hyperplasia. 
Overall, primary insufficiency is associated with inadequate 
production of both glucocorticoid and mineralocorticoid hor-
mones requiring pharmacologic replacement (e.g., hydrocor-
tisone, fludrocortisone). The pathophysiology of primary 
adrenal insufficiency is described in Table 2.8.

 Central Adrenal Insufficiency

If adrenal insufficiency develops in the absence of intrinsic 
adrenal pathology, the symptom complex is called central 
adrenal insufficiency and consists of secondary and tertiary 
forms. Secondary and tertiary adrenal insufficiency indicates 
a problem with the pituitary and hypothalamus, respectively. 

A multitude of causes can lead to central adrenal insuffi-
ciency and are summarized in Table 2.9. Diagnostic criteria 
and treatment options for adrenal insufficiency are described 
in Tables 2.10 and 2.11, respectively.

 Cushing’s Disease and Syndrome

Cushing’s syndrome or cortisol hypersecretion results from 
both ACTH-dependent and ACTH-independent causes. 
Cushing’s disease specifically refers to ACTH overproduc-
tion from the anterior pituitary (e.g., pituitary adenoma, 
hyperplasia) causing cortisol hypersecretion from the adre-
nal glands. Other less common causes of ACTH-dependent 

Table 2.8 Pathophysiology of primary adrenal insufficiency

Absence of glucocorticoid and mineralocorticoid production by the 
adrenal gland
↓[Na+]p, ↑[K+]p (absent aldosterone effects)
Primary clinical issue: hypotension/hypovolemia/shock
  May lead to cerebral hypoperfusion and cerebral ischemia
Hyperpigmentation 2° ↑ pituitary secretion of ACTH precursor → 
↑α-MSH

Table 2.9 Causes of central adrenal insufficiency

Secondary adrenal insufficiency (low ACTH secretion)
  Pituitary tumors
  Pituitary surgery/irradiation
  Pituitary infectious/infiltrative processes (tuberculosis, meningitis, 

sarcoidosis, hemochromatosis)
  Sheehan’s syndrome (peripartum pituitary ischemia)
  Genetic disorders
Tertiary adrenal insufficiency (low CRH secretion)
  Glucocorticoid therapy
  Hypothalamic tumors
  Hypothalamic surgery/irradiation
  Infectious/infiltrative process (see above)
  Trauma

Table 2.10 Diagnosis of adrenal insufficiency

Diagnostic goals include (1) confirmation of low cortisol secretion, 
(2) differentiation of type of adrenal insufficiency, and (3) 
investigation of pathophysiologic cause
Clinical suspicion based on presentation or response to empiric 
therapy. In many conditions (e.g., acute illness, pregnancy, cirrhosis) 
conventional tests lack sensitivity
↓ Random plasma cortisol levels or no ↑ levels in the presence of 
physiologic stress
Simultaneous cortisol and ACTH concentration
  ↓ Cortisol and ↑ ACTH diagnostic for primary adrenal 

insufficiency
ACTH stimulation test (standard dose, low-dose)
  Decreased cortisol production 30/60 min after IV/IM ACTH c/w 

diagnosis
  Prolonged ACTH stimulation test differentiates primary and 

central causes
CRH stimulation test
   Differentiates secondary (pituitary) from tertiary (hypothalamus) 

disease
Insulin tolerance test
  Confirmation of secondary adrenal insufficiency
  Insulin (0.1–0.15 U/kg)-induced hypoglycemia
  If HPA normal, accompanied by an ↑ serum cortisol
Once the diagnosis of adrenal insufficiency is confirmed, further 
tests can differentiate causes (e.g., autoantibodies in autoimmune 
disease, CT scan for tuberculous adrenalitis)

2 Neuroendocrine Physiology: Fundamentals and Common Syndromes
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Cushing’s syndrome include neuroendocrine and gastroen-
teropancreatic neuroendocrine tumors producing ectopic 
ACTH. A primary overproduction of cortisol from the adre-
nal glands independent of ACTH can occur secondary to 
adrenal adenomas/carcinoma and various forms of adrenal 
hyperplasia. Additionally, Cushing’s syndrome can be 
caused by excessive exposure to exogenous glucocorticoids 
in the treatment of asthma, arthritis, or even during immune 
suppression for organ transplantation patients (Table 2.12).

 Implications for the Neurosurgical Patient

 Steroid Hormone Derangements

Hypercortisolism is associated with significant morbidity 
and mortality. Patients are likely to develop a metabolic syn-
drome with glucose intolerance, elevated blood pressure, 

central obesity, and dyslipidemia. Vascular disease is a major 
cause of increased mortality in this patient population. 
Additionally, patients are at an increased risk for thrombo-
embolic disease, major depression, memory dysfunction, 
difficult airway, and opportunistic infections. These patients 
may also have depression, anxiety, and cognitive deficits that 
can confuse a perioperative neurologic examination. 
Remission of Cushing’s syndrome after successful treatment 
does not guarantee the normalization of comorbidities in all 
patients. Therapeutic application of exogenous steroids 
should be guided with great caution. Some patients treated 
with exogenous hydrocortisone may, in fact, show an 
enhanced response to vasopressors/catecholamines, which 
can be used favorably in the context of circulatory compro-
mise or shock. In rare instances, patients with Cushing’s dis-
ease present with complications related to mass effect (e.g., 
visual loss, cavernous sinus compression) from an enlarging 
pituitary macroadenoma.

Decreased plasma cortisol levels expose the critically ill 
neurosurgical patient to the risk of severe complications. 
These include (1) systemic hypotension with decreased cere-
bral perfusion pressure, (2) hyponatremia with associated 
effects (see above), (3) decreased mental status, (4) hypogly-
cemia, (5) fever with increased cerebral metabolic rate, and 
(6) diminished response to catecholamines/vasopressors.

 Concerns and Risks

Of particular concern in the neurocritical care patient popu-
lation is the missed diagnosis of overt adrenal insufficiency, 
inadequate perioperative steroid supplementation, and 
uncontrolled hyperglycemia associated with increased corti-
sol levels. The use of etomidate for the induction of anesthe-
sia or sedation is a risk factor for secondary adrenal 
insufficiency in patients with poor physiologic reserve. The 
increased risk of cardiovascular disease in patients with 
Cushing’s syndrome should be assessed as a part of a com-
prehensive preoperative exam in an attempt to prevent seri-
ous morbidity and mortality prior to any operation.

Table 2.11 Treatment of adrenal insufficiency

Treat empirically in cases of high clinical suspicion
Chronic adrenal insufficiency
  Hydrocortisone (most physiologic option) 10–12 mg/m2 daily
  During illness/surgery may need to increase dose to prevent crisis
  Fludrocortisone (0.05–0.2 mg/day) provides mineralocorticoid 

replacement (Addison’s only)
Acute adrenal crisis
  Treat hypotension and reverse electrolyte abnormalities
  Rapid hydration with normal saline
  Hydrocortisone 100 mg IV, followed by 100–200 mg IV every 

24 h by continuous infusion
  No need for specific mineralocorticoid replacement 

(hydrocortisone 50 mg equivalent to 0.1 mg fludrocortisone)
  Supplemental steroids must be tapered to avoid recrudescence

Table 2.12 Causes, diagnosis, and treatment of Cushing’s syndrome/
disease

Causes
  Cushing’s disease
  Cushing’s syndrome
  Exogenous corticosteroids
Diagnosis
  Screening tests
   1. Late night salivary cortisol
   2. 24 h urine free cortisol
   3. Dexamethasone suppression test
  Plasma ACTH level
  Bilateral inferior petrosal sinus sampling (BIPSS): pituitary versus 

ectopic ACTH
  CRH stimulation test (desmopressin test)
  Pituitary imaging (MRI) and adrenal imaging (CT, MRI, PET)
Treatment
  Surgery (transsphenoidal selective tumor resection, 

adrenalectomy), radiotherapy, and medical pharmacotherapy with 
dopamine agonists (bromocriptine, cabergoline), somatostatin 
receptor ligands (pasireotide), glucocorticoid/progesterone 
receptor antagonists (mifepristone), and direct cortisol synthesis 
inhibitors (ketoconazole, metyrapone, mitotane)

Key Points: Steroid Physiology
• Cortisol helps regulate energy metabolism, electro-

lyte homeostasis, and immune function.
• Cortisol requirements significantly increase during 

physiologic stress.
• Accurate assessment of the HPA axis in critical ill-

ness is very challenging.
• Adrenal insufficiency should always be considered 

with shock in the setting of critical illness.
• Cushing’s syndrome results from the hypersecretion of 

cortisol or from exogenous corticosteroid treatment.
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 Overview

 Thyroid Hormone

Thyroid hormone is produced by the thyroid gland in 
response to thyroid-stimulating hormone (TSH) released 
from the anterior pituitary. Thyrotropin-releasing hormone 
(TRH), secreted by the hypothalamus, stimulates the ante-
rior pituitary to release TSH.  Nearly every organ system 
within the body relies on thyroid hormone for baseline 
physiologic function. Thyroid hormone is present in the 
serum as triiodothyronine (T3) and thyroxine (T4), which 
is then peripherally converted to T3, the active form of the 
hormone, by 5′-deiodinases. T3 and T4 are 99% protein 
bound to thyroid- binding globulin (TBG), transthyretin, 
and albumin. Free thyroid hormone levels are dependent on 
a variety of factors that influence protein binding including 
critical illness. Careful analysis of the clinical presentation 
with an emphasis on specific syndromes and thyroid ultra-
sonography are useful during the diagnostic workup of thy-
roid dysfunction. Alterations of thyroid hormone levels 
lead to either hypothyroidism or hyperthyroidism/thyro-
toxicosis. Tables 2.13 and 2.14 summarize the pathophysi-
ologic characteristics of these two states. Table 2.15 lists 
the therapeutic interventions in case of a hyperthyroid cri-
sis (“thyroid storm”). Table  2.16 summarizes the clinical 
implications for the neurosurgical patient.

Table 2.13 Pathophysiology of hypothyroidism

Primary hypothyroidism
  Decreased production of thyroid hormone by the thyroid gland
  Causes: iodine deficiency, autoimmune thyroiditis, medications, 

congenital, surgical
  Commonly subclinical
  Often associated with adrenocortical insufficiency
  Laboratory studies typically indicate elevated TSH and low free 

T4 and total T3
  Laboratory values (especially TSH) may be influenced by critical 

illness
Secondary/tertiary hypothyroidism
  Associated with neurologic processes involving the pituitary or 

hypothalamus
   ↓TSH or ↓TRH
  Causes: pituitary adenoma, craniopharyngioma, traumatic brain 

injury, Sheehan syndrome, iron overload, sarcoidosis, syphilis, 
tuberculosis

Table 2.14 Pathophysiology of hyperthyroidism

Elevated thyroid activity most commonly associated with
  Graves’ disease (stimulating autoantibodies against thyrotropin 

[i.e., TSH] receptor)
  Thyroiditis/toxic multinodular goiter/toxic adenoma
Laboratory values: depressed TSH; elevated free T4 level
TSH may be elevated in pituitary adenoma
Thyrotoxicosis can transform into life-threatening thyroid storm 
during acute physiologic stress: infection, sepsis, surgery, trauma, 
exogenous iodine bolus
Thyroid storm clinical presentation
  Hyperthermia (often high fever, profuse sweating)
  Tachycardia
  Increased carbon dioxide production/metabolic rate
  Cardiac arrhythmia, especially atrial fibrillation
  Gastrointestinal disturbance (nausea, vomiting, diarrhea)
  Agitation/delirium/seizure/coma
  Severe hypertension, increased cardiac output, and 

tachyarrhythmia advancing to heart failure and shock

• Hypercortisolism increases the risk of cardiovascu-
lar disease, thromboembolism, depression, cogni-
tive dysfunction, difficult airway, and challenging 
intravenous access.

Table 2.15 Management of thyroid storm

1. Delay non-emergent surgery
2. Acetaminophen and active cooling if indicated
3.  Intravenous fluid resuscitation (possible invasive monitoring if 

heart failure)
4.  Nonselective β-adrenergic blockade for control of tachycardia 

(propranolol, atenolol, metoprolol decrease the peripheral 
conversion of T4 to T3 at high doses)

5.  Methimazole or propylthiouracil (PTU) (Inhibit new thyroid 
hormone synthesis. PTU also decreases peripheral conversion of 
T4 to T3)

6.  Potassium or sodium iodide (prevents thyroid hormone synthesis 
and release). If patient cannot tolerate iodine (anaphylaxis), then 
lithium treatment will decrease T3 and T4 synthesis and release

7.  Hydrocortisone IV (prevents adrenal insufficiency and decreases 
peripheral conversion of T4 to T3)

8. Therapeutic plasma exchange (if failed conventional therapy)

Table 2.16 Implications for the neurosurgical patient: thyroid 
function

Hypothyroidism (especially severe or late; rarely in subclinical)
  Goiter with airway compromise (PE, symptomatology, CT)
   Macroglossia can occur
  Preoperative hypovolemia
  Nonspecific ECG changes (especially low voltage and T-waves)
   Possible prolonged Q–T interval and risk of torsades de pointes 

with myxedema
  Decreased gastric emptying
  Impaired ventilatory response to hypoxia or hypercapnea
  Weakness of accessory muscles (respiratory function)
  Possible coagulopathy
  Decreased metabolic rate with hypothermia
  Depressed myocardial contractility
  Delayed emergence
  Opioid sensitivity
  Associated hypoglycemia, anemia, SIADH
  Myxedema coma

(continued)

2 Neuroendocrine Physiology: Fundamentals and Common Syndromes
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 Concerns and Risks

 Thyroid Function

Advanced hypothyroidism can manifest in the perioperative 
period with neurologic symptoms, respiratory failure, or 
delayed emergence that may potentially confound postoper-
ative assessment. Patients with hypothyroidism presenting 
for surgery should be adequately treated with thyroid hor-
mone when possible before their operation. Similarly, hyper-
thyroidism must be treated preoperatively because of the risk 
of surgically inducing thyroid storm, increasing the risk of 
major cardiovascular and neurologic complications.

 Overview

 Additional Neuroendocrine Systems

 Pheochromocytoma
Pheochromocytoma is a metabolically active neuroendo-
crine tumor of chromaffin cells commonly found in the adre-
nal gland but can be found in other extra-adrenal sites. 

Pheochromocytoma should be ruled out in neurosurgical 
patients with a history of neurofibromatosis type I, Von 
Hippel–Lindau disease, multiple endocrine neoplasia type 
2A and 2B, and paraganglioma. Routine screening is recom-
mended prior to elective surgery in these patients and should 
be considered for patients with severe hypertension of 
unknown etiology, especially in patients 30–40  years of 
age. Overall, pheochromocytoma represents 0.2–0.6% 
cases of all hypertension. Presenting symptoms often 
include headache, excessive truncal sweating, palpitations, 
or panic attacks. These tumors secrete norepinephrine and 
sometimes epinephrine and dopamine, resulting in hemo-
dynamic instability, paroxysmal swings in blood pressure, 
and severe hypertension. The release of catecholamines is 
triggered by physiologic stress, physical manipulation of 
the lesion, or potentially certain medications (e.g., meto-
clopramide, corticosteroids, monoamine oxidase inhibi-
tors, intravenous contrast agents). As many as 11% of 
patients with pheochromocytoma have a reversible catechol-
aminergic cardiomyopathy.

Standard diagnostic tests include measurement of plasma- 
free metanephrines and 24-h urine metanephrines. Plasma- 
free metanephrines have the highest sensitivity and specificity 
at 99% and 89%, respectively. The clonidine suppression test 
is sometimes employed. Physiologic tests are complemented 
by sensitive imaging modalities, including magnetic reso-
nance imaging, computed tomography scans, positron emis-
sion tomography, and metaiodobenzylguanidine (MIBG) 
scintigraphy.

Pheochromocytoma can often go undiagnosed and then 
manifest as an exaggerated autonomic response during anes-
thesia for unrelated surgical procedures. In the untreated 
patient with pheochromocytoma, desensitization of beta- 
receptors may occur and be associated with a decreased 
response to exogenously administered catecholamines. 
Significant volume contraction occurs in the setting of ele-
vated sympathetic tone and vasoconstriction. As a result of 
these derangements, cardiovascular collapse may occur dur-
ing induction and maintenance of general anesthesia unless 
appropriate volume resuscitation is undertaken.

In patients with known pheochromocytoma, preoperative 
antagonism of catecholamine effects (over several weeks 
preceding surgery) is essential. Typically, therapy starts with 
a nonselective alpha-adrenergic antagonist such as phenoxy-
benzamine, followed by the addition of beta-antagonists. 
Beta-adrenergic selective antagonists should not be adminis-
tered before alpha blockade, as negative inotropy in the set-
ting of unopposed alpha-receptor-mediated vasoconstriction 
can result in acute ventricular dysfunction. Furthermore, 
beta-blockade alone is contraindicated because it does not 
prevent and can actually augment the effects of catechol-
amines at alpha-adrenoreceptors. Metyrosine, an inhibitor of 
tyrosine kinase that limits the formation of catecholamines, 
can be used in combination with alpha and beta blockade, 

Key Points: Thyroid Function
• Thyroid hormone affects nearly every organ system 

in the body.
• Thyroid dysfunction can be difficult to assess in the 

setting of a physiologic stress response or critical 
illness.

• Clinical hyperthyroidism can advance to life-threat-
ening thyroid storm in the perioperative setting and 
should be medically suppressed prior to any surgical 
procedure.

• Thyroid function should be normalized prior to 
elective surgery.

Table 2.16 (continued)

   Decreased mental status, hypothermia, non-pitting LE edema
   Very elevated TSH, extremely low T3 and T4
  No effect on minimum alveolar concentration of potent agents or 

nitrous oxide
Hyperthyroidism
  Goiter (as above)
  Fever with increased cerebral metabolic rate
  Hypercapnia with increased cerebral blood flow/volume
  Cardiac arrhythmias – especially atrial fibrillation
  Cardiomyopathy with clinical heart failure syndrome
  Neurologic features: visual symptoms, muscle weakness, tremor
  Change in mental status, seizures, or coma in thyroid storm
  Possible hypercortisolism 2° to accelerated glucocorticoid 

metabolism
  Hyperglycemia

J. D. Walls et al.
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but severe adverse effects limit its use. Preoperative volume 
repletion is clearly beneficial, and patients taking alpha- 
antagonists are encouraged to consume liberal amounts of 
salt and water. Adequate preoperative preparation may be 
demonstrated by controlled hypertension, minimal orthosta-
sis, and limited ectopy on heart rhythm monitoring.

Intraoperative management consists of intravenous infu-
sions of titratable antihypertensive medications, including 
alpha- and beta-blockers as well as direct vasodilators. 
Administration of indirectly acting vasopressors, such as 
ephedrine, may have unpredictable effects and are best 
avoided. If the surgical plan includes tumor excision (or 
clamping of veins draining the mass), dramatic hypotension 
should be anticipated shortly thereafter due to the loss of cat-
echolamines in a patient aggressively alpha-blocked. The 
anesthesia plan should include invasive arterial blood pres-
sure monitoring with preparation for post-excision resuscita-
tion, hemodynamic support, and cortisol supplementation (if 
adrenal).

 Growth Hormone/Acromegaly
Growth hormone is secreted by the anterior pituitary gland 
and is a diffuse regulator of cellular metabolism. This hor-
mone stimulates the production of insulin-like growth factor 
I, of which serum levels may be diagnostic for the disorder. 
Growth hormone excess due to a hyperactive pituitary mac-
roadenoma is common in neurosurgical patients presenting 
for pituitary surgery.

Acromegaly, from excess growth hormone, is associated 
with an increased mortality specifically related to cardiovas-
cular disease and respiratory complications. Additionally, 
acromegaly has many important anesthetic considerations. 
These include:

 1. Potential for a difficult airway (including postoperative 
airway obstruction) due to diffuse soft-tissue enlarge-
ment, laryngeal calcification, and recurrent laryngeal 
nerve involvement

 2. Increased risk of sleep apnea syndromes
 3. Cardiac dysfunction including conduction abnormalities, 

arrhythmias, hypertrophic cardiomyopathy, valvular dys-
function (e.g., aortic and mitral regurgitation), and 
hypertension

 4. Insulin resistance and type 2 diabetes mellitus
 5. Challenging intravenous access due to diffuse skin 

thickening
 6. Possible increased risk of positioning-related nerve injury 

due to pre-existing nerve compression or entrapment in 
fascial compartments.

The primary treatment for most patients is surgical exci-
sion of the pituitary adenoma via a transsphenoidal 
approach. Special attention and careful planning are neces-

sary for airway management. Preoperatively the patient 
should be evaluated for signs of a potential difficult intuba-
tion or mask ventilation. Additionally, the patient should be 
screened for obstructive sleep apnea and possibly undergo a 
formal preoperative sleep study/polysomnography. In addi-
tion to specific preparations for the management of a diffi-
cult airway, the impact of anesthetic agents (e.g., 
benzodiazepines, opioids) on postoperative respiratory 
function must be considered in the setting of obstructive 
sleep apnea. Preoperative cardiac assessment including 
ECG and echocardiography should be strongly considered. 
Electrolytes should be checked prior to surgery and serially 
after resection in the intensive care unit (see diabetes insipi-
dus above).

 Pineal Gland
The pineal gland is a neuroendocrine structure situated mid-
line in the subarachnoid space below the third ventricle with 
no blood–brain barrier. Its physiologic function is the secre-
tion of melatonin, which is synthesized from serotonin. 
Melatonin is involved in the neurohumoral modulation of 
human sleep–wake cycles as well as pubescence. Currently, 
melatonin neurochemistry is an area of research interest. 
Adrenoglomerulotropin produced by the pineal gland is one 
of the triggers of aldosterone secretion. Tumors of the pineal 
gland may present for resection. Symptoms may include 
abnormal pubescence, gaze palsy, and increased ICP due to 
obstruction of CSF flow in the cerebral aqueduct by the 
tumor. Surgical resection of pineal tumors may require the 
patient to be in the sitting position.

 Insulin
Insulin is a peptide hormone secreted by the β-cells of the 
pancreas. It modulates glucose metabolism via a variety of 
receptors and signaling pathways. In certain disease states 
(e.g., metabolic syndrome, infection, critical illness, shock), 
the physiologic effects of insulin are decreased. Insulin 
exerts anti-inflammatory properties that may improve peri-
operative neurologic outcome. Glucose management using 
insulin for neurosurgical patients remains a controversial 
topic of high clinical interest. Optimal target ranges for glu-
cose in the neurosurgical patient have not been determined. 
There is general agreement that severe hyperglycemia is a 
marker of injury severity, enhances brain injury, and poten-
tially negatively effects long-term outcomes following major 
neurologic injury including TBI and stroke. This is counter-
balanced by the concern for hypoglycemia and subsequent 
neurological injury that frequently accompanies tight control 
regimens. Until future research delineates more precise 
parameters for glucose control, plasma glucose should be 
maintained in the range of 140–180 mg/dL. Glycemic con-
trol must be carefully planned and individualized to each 
patient and neurologic condition.

2 Neuroendocrine Physiology: Fundamentals and Common Syndromes
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Key Points: Additional Neuroendocrine Systems

• Pheochromocytoma is a metabolically active neuro-
endocrine tumor associated with severe paroxysmal 
hypertension.
 – Increased prevalence in certain conditions 

including neurofibromatosis type I, Von Hippel–
Lindau disease, and multiple endocrine neopla-
sia type 2A and 2B.

 – Plasma-free metanephrines have the highest 
diagnostic sensitivity and specificity. Optimal 
perioperative management requires preoperative 
therapy with anti-catecholaminergic agents.

• Acromegaly results from growth hormone excess.
 – Tissue changes associated with growth hormone 

excess predispose patients to difficult airway 
management, obstructive sleep apnea, and 
cardiomyopathy.

 – Insulin is a primary regulatory hormone of glu-
cose metabolism.

 – Insulin action is frequently impaired during physi-
ologic stress or injury resulting in hyperglycemia.

 – Hyperglycemia (>200  mg/dL) is deleterious to 
patients with neurologic injury.

 – Treatment of hyperglycemia should target a 
moderate glucose reduction to avoid the signifi-
cant risks of plasma or cerebral hypoglycemia.
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Cerebral Edema: Pathophysiology 
and Principles of Management

Ross Martini and Andrea Orfanakis

 Overview

Edema is almost always of clinical significance when it 
occurs within the cranial vault. Brain tissue, blood, and cere-
brospinal fluid (CSF) maintain a consistent presence within 
the cranium and spinal cord areas. When the volume of any 
single component increases, the other two have a limited 
capacity to shift into accessory spaces so as to avoid a rise in 
intracranial pressure. Once that capacity to buffer is reached, 
small increases in volume produce an exponential rise in 
pressure (Fig. 3.1). It is at this point that the risk of herniation 
and/or decreased cerebral perfusion pressure becomes a 
threat.

 Implications for the Neurosurgical Patient

Cerebral edema is a common comorbidity in the neurosurgi-
cal patient, but the etiology and severity may vary signifi-
cantly. The anesthesiologist will encounter patients ranging 
from those presenting to the operating room for an elective 
tumor resection with local edema to those with critical intra-
cranial hypertension for urgent decompressive hemicraniec-
tomy. Understanding the therapies available and when to 
employ them allows for targeted optimization of each patient 
in the perioperative period.

 Preoperative Evaluation

A thorough neurologic exam, if permitted by the urgency of 
the procedure, provides important information about the 
degree to which a patient is at risk for secondary neurologic 

damage associated with cerebral edema. For example, an 
unconscious patient with a unilaterally dilated pupil might 
necessitate more aggressive and immediate interventions and 
monitoring than someone with complaints of a headache and 
nausea. Imaging studies can also be used to assess the degree 
of preexisting edema, compression of brain, or impending 
herniation. If the patient has an intracranial pressure monitor, 
the ICP trend should be noted preoperatively and monitored 
in the operating room. Pertinent labs such as starting serum 
sodium and plasma osmolarity may be helpful, as well as an 
arterial blood gas if the patient is being mechanically 
ventilated.

Opioids and anxiolytics in the preoperative area, or in any 
patient spontaneously breathing, should be used carefully. 
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Fig. 3.1 Relationship between intracranial pressure and volume. 
Initially, increases in volume of one cranial component (i.e., brain 
edema) result in small increases in pressure (due to shifting of cerebro-
spinal fluid and venous blood out of the cranium). Once this compensa-
tion is exhausted, pressure increases rapidly
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Decreased minute ventilation after light sedation may 
increase PaCO2, cerebral vasodilatation, and a consecutive 
rise in intracranial pressure.

 Induction/Maintenance

The induction strategy for patients with cerebral edema 
should focus on avoiding an increase in intracranial pressure 
and decreases in cerebral perfusion pressure and oxygen-
ation. Any combination of medications and airway manage-
ment techniques that satisfies these criteria is appropriate. 
Succinylcholine will cause a transient increase in ICP and 
should be avoided if possible. However, it may be appropri-
ate in select situations where airway management would oth-
erwise be high risk.

At very high volatile anesthetic MAC (i.e., >1.5), cere-
bral blood flow increases, despite a decrease in cerebral 
metabolic rate, which can result in cerebral vasodilation and 
increased brain volume. At normal anesthetic concentra-
tions, this phenomenon is not clinically significant, and 
intraoperative use of hyperventilation and mannitol is ade-
quate to counteract the effect. In unique situations where 
high MAC is required, however, one must anticipate 
increased brain volume. Propofol total intravenous anesthe-
sia (TIVA) is not associated with cerebral vasodilation and, 
in select cases where the brain is extremely edematous, may 
be a more appropriate technique. Delayed emergence and 
hypotension limit the usefulness. In cases where intracranial 
hypertension is a concern, ketamine and nitrous oxide 
should be avoided due to their effects on ICP and cerebral 
metabolic rate.

When positioning, the head and neck should ideally be 
midline (little to no rotation) and without towels or dress-
ings which could compromise venous drainage of the neck. 
Head elevation, for instance, via reverse Trendelenburg 
position should be considered to further improve venous 
outflow.

An arterial line is often helpful when cerebral edema is a 
concern due to ease of estimation of CPP and frequent blood 
gas analysis to determine the degree of hyperventilation. If 
hyperosmolar therapy is employed to “relax” the brain in 
order to optimize surgical approach or respond to brain 
edema, plasma sodium and osmolarity can be checked 
regularly.

If rapid correction of cerebral edema is warranted, such as 
in acute herniation syndromes, immediate hyperventilation 
so as to lower PaCO2 to no lower than 28 mmHg, combined 
with rapid administration of hyperosmolar solutions, is the 
most acutely responsive strategy. Hyperventilation will only 
demonstrate efficacy for several hours, as the brain will 
eventually readjust its autoregulatory thresholds. Sudden 

swings in the opposite (hypercapnic) direction can produce 
equally rapid increases in intracranial pressure and should be 
avoided.

 Emergence

The decision to extubate the trachea must take into account 
the patient’s ability to trigger respirations at an appropriate 
carbon dioxide level and to have a neurologic exam compati-
ble with protection of the airway. Continuous EtCO2 monitor-
ing is recommended. Patients with cerebral edema may 
emerge from anesthesia with focal neurologic deficits. These 
deficits, if new, should be investigated promptly to exclude 
other problems such as postoperative hematoma, ischemic 
stroke, seizure, etc. Gr  eat care should be taken to avoid 
coughing or vomiting as both can raise intracranial pressure.

Upon transport to the PACU or ICU, the same care that 
was given to maintenance of PaCO2, head and neck position-
ing (including avoiding restrictive dressings or endotracheal 
tube circumferential tape), and avoidance of cough or emesis 
should be continued.

 Pathophysiology

There are four pathophysiologic subtypes of cerebral edema: 
cytotoxic, vasogenic, osmotic, and interstitial. A single type 
rarely manifests in isolation. The division of edema types 
aids in the mechanistic understanding of edema formation 
and in the selection of effective treatments to minimize sec-
ondary injury (Table 3.1).

Table 3.1 Cerebral edema subtypes

Category Clinical disease state
Vasogenic Inflammatory state (e.g., meningitis)

High-altitude cerebral edema
Encephalopathy of HELLP
Traumatic brain injury
Intracranial hemorrhage
Venous sinus thrombosis
Hypertension
Ischemia
Tumor
PRES

Cytotoxic Intracerebral hemorrhage
Venous sinus thrombosis
Traumatic brain injury
Toxin exposure
Ischemia
Reyes syndrome

Interstitial Hydrocephalus
Transependymal edema

Osmotic Acute hepatic failure
Diabetic ketoacidosis encephalopathy
Hemodialysis encephalopathy

R. Martini and A. Orfanakis
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 Cytotoxic Edema

Cytotoxic edema occurs when metabolically active cells are 
depleted of their energy (ATP) stores. Key cellular functions 
are interrupted, for example, the maintenance of cell mem-
brane functionality and organized neurotransmitter release. 
The former results in rapid ion currents via respective ion 
channels and the latter in an excessive neurotransmitter 
release (e.g., glutamate) into the interstitial space. Both ion 
flux and transmitter release potentiate each other. Excessive 
ion currents, in particular sodium and calcium influx, cause 
water to enter the cell, resulting in rapid development of cel-
lular edema leading to loss of cellular integrity.

If the brain areas are immediately reperfused, affected 
cell groups may eventually replenish energy stores and rees-
tablish electrolyte balance. Cells in continuously under- 
perfused areas are at risk of a subsequent insult via multiple 
intracellular pathways triggered by excess calcium: The 
active elimination of calcium to the outside of the cell results 
in a trade of sodium ions to the interior. This trade contrib-
utes to significant osmotic gradient, worsening cellular 
edema. Excess calcium causes further disruption of intracel-
lular signaling and ultimately can lead to the activation of 
apoptotic pathways. Once the cellular integrity is lost, the 
damage is irreversible, causing “cytotoxic” brain edema 
(Fig.  3.2). Cytotoxic edema is commonly associated with 
some degree of vasogenic edema. Cell membrane leakage 
exposes normally intracellular contents to the extracellular 
environment, which results in inflammation and blood–brain 
barrier disruption.

Cytotoxic edema is typical after ischemic stroke or 
anoxia but may occur after trauma or toxin exposure. 
Cytotoxic edema can affect both gray and white matter. As 
the blood–brain barrier has been damaged, osmotic therapy 
has little effect to decrease volume of the damaged brain. 
Cerebral autoregulation is also likely to be impaired in 
brain regions affected by cytotoxic edema, making the 
response to hyperventilation and changes in blood pressure 
unpredictable.

 Vasogenic Edema

Damage to capillaries and a loss of tight junction integrity/
basal laminar structure by proteases and free radicals result 
in vasogenic edema. Common etiologies include traumatic 
brain injury, tumor, ischemia, and inflammatory conditions 
such as meningitis. Hypertensive encephalopathy syndromes 
such as RPLS (reversible posterior leukoencephalopathy 
syndrome; formerly known as “PRES”) and hepatic enceph-
alopathy of HELLP (hemolysis, elevated liver enzymes, low 
platelets) are two other etiologies of vasogenic edema.

Increased capillary permeability as a result of inflammation 
and blood–brain barrier breakdown results in proteins and 
inflammatory mediators leaking into the brain interstitial space. 
Neutrophils drawn to the area further activate inflammatory 
cascades and may lead to permanent cellular damage. 
Additionally, the leak of proteins offsets the carefully con-
trolled osmotic gradient within the brain and leads to an 
increase in free water movement into the interstitial spaces. 
Vasogenic edema typically affects white matter only (Fig. 3.3). 
As the cellular structure is largely maintained, vasogenic edema 
can be highly responsive to osmotic therapy and steroids.

 Interstitial Edema

Inadequate cerebral spinal fluid absorption and resultant hydro-
cephalus can cause interstitial edema. Hydrostatic pressure 
pushes fluid into the brain interstitium. This type of edema may 
be more pronounced around the lateral ventricles. Medical 
therapy for this class of edema has questionable benefit. While 
diuretics such as acetazolamide and furosemide can decrease 
CSF production, the effect on intracranial pressure and out-
comes are inconsistent. CSF  diversion with an intraventricular 
catheter or permanent shunt is the definitive therapy.

Fig. 3.2 Hemispheric cytotoxic brain edema 72 h after large middle 
cerebral artery ischemic stroke and decompressive hemicraniectomy. 
Note the loss of gray white differentiation and fungating appearance of 
brain tissue exiting the cranial vault
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 Osmotically Driven Edema

Osmotically driven cerebral edema loosely describes a group 
of disorders whose pathophysiology involves acute changes 
in osmolarity. Acute hepatic failure can lead to extensive and 
difficult to treat cerebral edema. The exact mechanism of this 
insult is poorly understood but may be associated with 
ammonia accumulation and transit across the blood–brain 
barrier. Plasma hyperosmolar states will result in an equili-
bration of the brain osmolarity over time. When blood osmo-
larity is corrected rapidly, fluid will shift into the brain across 
the blood–brain barrier to reestablish equiosmolar condi-
tions. Hemodialysis encephalopathy and diabetic ketoacido-
sis are two such examples. Hemodialysis encephalopathy 
can be seen following first-time initiation of hemodialysis 
and should be a concern in patients presenting with blood 
urea nitrogen above 50 mg/dL. Aggressive first-time dialysis 
is often avoided for this reason. Diabetic patients presenting 
in acute ketotic acidosis are similarly at risk when rapidly 
corrected.

 Concerns and Risks

Key elements of management for patients with cerebral 
edema or those at risk include continuous neurologic moni-
toring, avoidance of both hypoosmolar and hyponatremic 
states, and maintenance of cerebral perfusion.

 Monitoring

The cornerstone of cerebral monitoring is frequent, repeated 
neurologic examination. Subtle changes can be detected by 
an experienced examiner and may be the earliest indication 
of clinically significant cerebral edema. When a patient is 
unable to be frequently examined due to decreased alert-
ness, sedation, or neuromuscular paralysis, serial neuroim-
aging may be warranted. Direct ICP monitoring can be 
useful in appropriate situations and is recommended in 
patients with traumatic brain injury and a Glasgow Coma 
Scale less than 8. Intraventricular catheters are most com-
monly used; they provide accurate and continuous pressure 
measurement as well as the option to drain CSF as a thera-
peutic means. Risks associated with intraventricular cathe-
ters include but are not limited to bleeding upon placement, 
infection, clotting of the catheter, and assumed risk associ-
ated with withholding prophylactic anticoagulation. 
Various intraparenchymal ICP monitors are a useful second 
option for monitoring intracranial hypertension. Certain 
risks are lower with this device such as injury upon place-
ment, bleeding, and infection. The main drawback is the 
inability to drain CSF.

 Treatment

Treatment of cerebral edema should occur in a stepwise fash-
ion from least to most invasive interventions (Table  3.2). 
Non-pharmacologic options should be initiated in all 
patients. Raising the head of the bed at least 30° and main-
taining a midline position without neck rotation help to opti-
mize venous drainage from the brain. Obstructed venous 
drainage results in increased ICP and a reduced arterial 
perfusion.

 Hyperventilation

If a definitive airway has been placed, hyperventilation is 
a reasonable option for treatment in the very short term. 
Vasoconstriction associated with decreased arterial CO2 
level is a useful rescue technique, but the effectiveness 
will be lost in 6–8 h as the brain resets its acid/base equi-
librium. An arterial PCO2 28–32 should be the aim; lower 
partial pressures can lead to excessive vasoconstriction 
and ischemia. Just as the vasoconstrictive effects of a low 
arterial PCO2 are rapid, a sudden rise in arterial PCO2 can 
produce equally rapid vasodilatation. It is therefore 
important to carefully follow the PaCO2 in patients whose 
PaCO2 had recently been lowered. This is of particular 
importance in the postoperative care unit or in any head 
injury patient who is spontaneously breathing and receiv-
ing narcotics.

Fig. 3.3 Vasogenic edema surrounding well-demarcated brain tumor

R. Martini and A. Orfanakis



29

 Steroids

Steroids reduce the inflammatory disruption of the blood bar-
rier in patients with vasogenic edema. In patients with signifi-
cant edema associated with brain tumor, high-dose steroids 
can profoundly decrease vasogenic edema and improve func-
tional status. Their use in ischemic brain injury is unsup-
ported and in traumatic brain injury may worsen outcome.

 Osmotic Therapy

Osmotherapy theoretically aims to maximize intravascular 
oncotic pressures thereby producing a gradient down which 
both intracellular and extracellular brain water may move 
into the vasculature and exit the cranial vault. Any osmotic 
agent therefore is only of utility if it can remain largely 
within the cerebral vessel and does not cross the blood–brain 
barrier. Where the blood–brain barrier is disrupted, an 
osmotic agent could potentially enter the interstitial spaces 
and lead to rebound cerebral edema.

Mannitol, a six-carbon sugar alcohol, is the most well- 
studied osmotic therapeutic in cerebral edema. Mannitol is 
typically prepared as a 20–25% solution and can be adminis-
tered in 0.25–1 g/kg boluses in acute cerebral edema. Larger 
doses have been studied, and their effectiveness has been 
outweighed by the resultant electrolyte imbalances. Mannitol 
will produce a profound osmotic diuresis, and electrolytes 
and serum osmolality should be checked regularly. A hyper-
osmolar state on the order of 310–320 mOsm/L should be 
the target. Mannitol has been extensively studied for its 
extraosmotic properties which include increases in blood 

volume and decrease in blood viscosity leading to improved 
cerebral blood flow, antioxidant properties, decrease in CSF 
production, and inhibition of apoptosis. Mannitol will have a 
greater effect on cells within the uninjured hemisphere and 
could therefore theoretically lead to worsening midline shift.

Hypertonic saline has become increasingly popular as a 
resuscitative fluid in brain injury. Hypertonic saline is sup-
plied in a variety of concentrations, ranging from 3% to 
23.4%. Three percent solution can safely be administered 
peripherally, but higher concentrations should be adminis-
tered centrally. For acute resuscitative efforts, 30  mL of 
23.4% or 250 mL of 3% can be administered as a rapid bolus 
dose. Bolus dosing to reverse brain tissue volume in response 
to a clinical concern such as a fixed and dilated pupil is asso-
ciated with reversal of that neurologic finding. Extraosmotic 
properties of hypertonic saline include increased tissue oxy-
gen delivery, decreased CSF production, and increased CSF 
resorption.

Hypertonic saline may also be administered as a continu-
ous infusion. The quality of evidence for bolus dosing is bet-
ter than that for titration of an infusion to a particular sodium 
goal for prevention of ongoing edema formation. The osmotic 
gradient may dissipate over time as brain osmolarity equili-
brates, and the duration that fixed sodium augmentation has 
an effect on edema prior to osmotic equilibration is unknown. 
Despite the lack of high-quality evidence, continuous infu-
sion therapy with hypertonic saline is common. Initial ther-
apy calls for hypernatremia for 24–72 h to a goal sodium set 
at some level higher than the patient’s pretreatment level, 
usually augmentation of 5–10  mEq/L.  After the period of 
concern for edema has elapsed, the infusion can be slowly 
tapered while monitoring level of edema, serum sodium 

Table 3.2 Therapeutic options in cerebral edema

Therapy Clinical state Dose/duration Associated risks
Hyperventilation Acute crisis or impending 

herniation
Temporizing measure only
PaCO2 28–32

Vasoconstriction leading to ischemia

Head position All states Continuous
Mannitol Acute crisis, herniation, 

interstitial, cytotoxic, 
osmotic edema

Bolus 0.5–1 g/kg
Redose 0.25–0.5 mg/kg Q6hr goal serum 
osmolality 310–320

Electrolyte disturbances, concern for 
worsening midline shift in large 
hemispheric lesions

Hypertonic saline Acute crisis, herniation, 
interstitial, osmotic, 
cytotoxic, and vasogenic 
edema

Multiple formulations available Rebound edema associated with withdrawal
Damage to peripheral vessels
Volume overload. Electrolyte 
abnormalities, renal insufficiency

Steroids Vasogenic edema 
surrounding tumor

Dexamethasone 4-6 mg Q4-6h No role in ischemia, trauma, hemorrhage

Pharmacologic 
coma

Salvage therapy from any 
pathology

Pentobarbital 10 mg/kg bolus, 1–4 mg/kg/h
(Alternative propofol)
Consider titration of agents to EEG burst 
suppression

Infection
Lack of neurologic exam
Hypotension, cardiac depression
Prolonged half-life

Intraventricular 
catheter

Intracranial hypertension, 
hydrocephalus

Continuous Infection

Hemicraniectomy Refractory intracranial 
hypertension
Large hemispheric stroke

Within 0–48 h Surgical risks
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concentration, and neurologic exam. A slow taper to nor-
monatremia over a period of days is ideal, and hyponatremia, 
or acute decreases in sodium more than 2–3 meq/L per day, 
should be avoided.

Large infusions of chloride ion present in 3% NaCl will 
produce a hyperchloremic metabolic acidosis, which is asso-
ciated with renal dysfunction and coagulopathy. For continu-
ous infusion, a 50:50 mix of sodium chloride with sodium 
acetate is preferable to avoid the chloride load. Sodium ace-
tate 3% may also be used but will precipitate a metabolic 
alkalosis.

Whether mannitol is better than hypertonic saline for the 
management of cerebral edema depends on patient factors. 
Patients with underlying congestive heart failure may develop 
pulmonary edema initially after mannitol administration, 
while hypovolemic patients may not tolerate the diuresis asso-
ciated with mannitol. Hypertonic saline may be a more appro-
priate osmotic therapy for hypovolemic patients in shock. No 
large randomized studies exist that directly compare the two 
agents, but recent meta-analyses suggest that hypertonic saline 
may be more effective in lowering elevated ICP than mannitol. 
Hypertonic saline may also be used as rescue therapy when 
ICP remains high after mannitol administration.

Finally, loop diuretics such as furosemide are sometimes 
used, but their utility is controversial and not recommended 
by all authors. Aggressive diuresis can lead to decreases in 
cardiac output and cerebral perfusion pressure, which is not 
ideal. Furosemide is an excellent agent for use in the diuresis 
of isotonic fluid, and if that loss can be replaced with hyper-
tonic saline solution concomitantly, then dehydration may be 
avoided, and hypernatremia achieved more quickly.

 Induced Coma/Paralysis

When the above therapies prove ineffective, more aggressive 
approaches aimed at salvage of brain tissue may be employed 
as a last resort. Pharmacologic coma is one such option; the 
goal here being to reduce neuronal activity which in turn will 
reduce cerebral metabolic rate of oxygen or CMRO2. Cerebral 
blood flow is coupled directly to cerebral metabolic rate and 
will also decrease under pharmacologic coma. Barbiturates are 
the drugs of choice for instituting a pharmacologic coma. 
Pentobarbital coma is initiated with a bolus dose of 5–10 mg/
kg followed by an infusion rate of 1–4 mg/kg/h titrate to goal 
reduction in intracranial pressure less than 20  mmHg. 
Complications of barbiturate coma include cardiac depression, 
increased infection risk, and long half-life, which could delay 
the time to return of reasonably assessable neurologic function. 
Propofol, a shorter acting hypnotic, may also be used. Paralysis 
with nondepolarizing neuromuscular blockade may blunt ICP 
increases associated with ventilator intolerance, coughing, and 
straining and improve venous drainage of the head.

 Surgical Options

A patient with unremitting intracranial hypertension despite 
maximal medical therapy is a possible candidate for decom-
pressive hemicraniectomy. Hemicraniectomy, performed 
within the first 48 h of injury, improves mortality in patients 
with cytotoxic edema after ischemic stroke. For this therapy 
to be effective, it needs to be completed within 48 h and ide-
ally sooner. Whether there is benefit to functional outcome 
with early surgical decompression remains unclear.
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Key Points
• Four subtypes of cerebral edema exist, and their 

correct diagnosis can appropriately direct therapy.
• Monitoring, particularly the neurologic exam, is the 

key to early detection of clinically significant cere-
bral edema and thereby prevention of secondary 
injury.

• Therapy for cerebral edema should be approached 
in a stepwise fashion, employing least invasive 
measures first.

• Upon termination of any therapeutic measure, slow 
taper as opposed to sudden withdrawal is the rec-
ommended course.
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Management of Fluids, Electrolytes, 
and Blood Products in Neurosurgical 
Patients

Pratik V. Patel and Sadeq A. Quraishi

 Overview

• The major fluid compartments of the body are the intra-
cellular compartment and the extracellular compartment, 
which is subdivided into intravascular and interstitial 
spaces.

• The volume of the individual compartments may change 
in a disease state or as the body adapts to environmental 
stress.

• In peripheral tissues, the primary determinant of fluid 
movement across capillaries (i.e., between the intravascu-
lar and interstitial spaces) is the oncotic gradient produced 
by large plasma proteins such as albumin.

• Unlike the peripheral tissues, the brain and spinal cord are 
isolated from the intravascular compartment by the 
blood–brain barrier.

• The primary determinant of water movement across the 
intact blood–brain barrier is the osmotic pressure gradient 
produced by osmotically active particles including plasma 
sodium and other electrolytes.

• Intravenous infusion of solutions hyperosmolar to plasma 
(e.g., 3% sodium chloride, mannitol) will lead to a 
decrease in brain water content and intracranial pressure 
(ICP). Administration of excess free water (e.g., hypoos-
molar or dextrose-containing electrolyte-free solutions) 
will lead to increased brain water content and ICP.

• Osmotically active particles as well as plasma proteins 
may “leak” into the cerebral tissue where the blood–brain 
barrier has been disrupted and thus contribute to worsen-
ing cerebral edema in such regions.

• Intravenous administration of hyperosmolar solutions 
results in a decrease in water content in the brain where 
the blood–brain barrier is intact to allow the injured brain 
to expand while attenuating the increase in intracranial 
pressure (i.e., Monro–Kellie hypothesis).

 Implications for the Neurosurgical Patient

Perioperative fluid management in neurosurgical patients 
poses special challenges.

• The presence and treatment of elevated ICP, surgical 
bleeding, and a variety of pathophysiological derange-
ments associated with neurologic injury may lead to sig-
nificant hypovolemia, electrolyte abnormalities, anemia, 
and coagulopathy.

Care must be taken to:

• Maintain hemodynamic stability, optimal cerebral perfu-
sion pressure, and oxygen delivery to the CNS.

• Minimize the impact of fluid resuscitation on the develop-
ment or exacerbation of cerebral edema.

The goals of fluid resuscitation are (see Tables 4.1, 4.2, 
4.3, 4.4, and 4.5):

• Restore intravascular volume and cerebral perfusion 
pressure.

• Achieve a slightly hyperosmolar state.

The clinician can choose from a variety of intravenous 
fluids including crystalloid, hypertonic saline, colloid, and 
blood products as dictated by the clinical scenario. The typi-
cal initial fluid choice for an elective craniotomy is normal 
saline or Plasma-Lyte A/Normosol™-R (Table 4.6).
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Table 4.1 Commonly used IV solutions

Commonly used intravenous solutions Osmolarity (mOsm/L)
Plasma osmolarity 270–295
Crystalloid
  Lactated Ringer’s 273a

  Plasma-Lyte A (or Normosol™-R) 294 (or 295)
  0.9% normal saline 308
  D5 lactated Ringer’s 525
20% mannitol 1098
3% hypertonic saline (HS) 1026
Colloids
  6% hetastarchb 310
  Pentastarchb 326
  6% dextran (70)b 300
  5% albumin 300
  25% albumin 1500
HS colloid mixture
  7.5% HS 6% dextranc 2568

aCalculated osmolarity, of note LR solutions actual osmolarity can be 
significantly lowered due to incomplete disassociation
bRarely used in the USA since FDA “black box” warning on labeling due 
to increased risk for mortality and/or acute kidney injury requiring dialy-
sis and European Medicines Agency recommendation to stop the use of 
these synthetic colloids in patients with sepsis, burns, or critical illness
cAvailable in Europe

Table 4.2 Common causes of hyponatremia

Dilution
  Excess water intake
  Administration of hypoosmolar fluids
Use of diuretics
  Mannitol, thiazides
Adrenal insufficiency
Hypothyroidism
Hyperglycemia, hyperlipidemia, hyperproteinemia 
(psuedohyponatremia)
Cerebral salt-wasting syndrome
  Common in subarachnoid hemorrhage
  Associated with hypovolemia
SIADH
  CNS disorders
  Chronic infections
  Medications (e.g., carbamazepine, opioids)
Organ failure
  Cirrhosis, congestive heart failure, nephrotic syndrome
  Associated with hypervolemia

SIADH syndrome of inappropriate antidiuretic hormone secretion

Table 4.3 Common causes of hypernatremia

Dehydration
Diabetes insipidus
Use of hypertonic saline

Table 4.4 Common causes of hypokalemia

Combined use of osmotic and loop diuretics
Hypomagnesemia
Intracellular potassium shift secondary to
  Hyperventilation
  Insulin infusion

Table 4.5 Considerations for assessing intravascular volume

History
  Preoperative fasting and insensible losses
  Presence of hemorrhage
  Use of diuretics
  Use of hyperosmotic intravenous contrast
Physical exam
  Vital signs: presence of fever, tachycardia, hypotension
  Orthostatic tachycardia and hypotension
  Status of neck veins, skin turgor, mucous membranes
  Oliguria
  Pulmonary edema
Monitors
  Trend in CVP or PAOP
  Marked reduction in arterial pulse pressure or stroke volume with 

positive pressure ventilation signifying intravascular depletion

CVP central venous pressure, PAOP pulmonary artery occlusion 
pressure

Table 4.6 Indications for commonly used intravenous fluids and blood 
products

Indication Fluid or blood product Amount
Fluid maintenance Plasma-Lyte A/

Normosol™-R or 
0.9% saline (normal 
saline, NS)

1:1 Crystalloid/
fluid loss ratio; 
(usual rate: NS at 
1.5 mL/kg/h)

Insensible and 
interstitial losses

Brain relaxation for 
exposure during 
craniotomy

20% mannitol 0.25–1.25 g/kg
3% sodium chloride 
(hypertonic saline, 
HS)

5 mL/kg

Treatment of elevated 
ICP

20% mannitol 0.25–1.25 g/kg
3% saline (HS) 200 mL

Replacement of blood 
loss

Lactated Ringer’s, NS 3:1 crystalloid/
blood loss ratio

Colloid 1:1 colloid/blood 
loss ratio

Hetastarch 6% If used, limit to 
20 mL/kg/24 h

Red cells – ideally 
washed, leukoreduced, 
<15 days old

1 unit should raise 
Hgb by 1 g/dL or 
Hct by 3%

Disseminated intravascular coagulation (DIC)
Elevated INR, PTT Fresh frozen plasma Start at 10–15 mL/

kg
Fibrinogen <100 mg/
dL

Cryoprecipitate 1 pool (6 bags) 
raises fibrinogen 
by 45 mg/dL

Thrombocytopenia 
<100,000 in a bleeding 
patient

Platelets phereses 1 bag (4–6 pooled 
units) raise 
platelets by 
30,000/μL

 Concerns and Risks (Table 4.7)

 Anemia

• Has been associated with worse neurologic outcome in 
cardiopulmonary bypass surgery and with perioperative 
visual loss in prone spine surgery.
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• The ideal hematocrit for optimizing cerebral blood flow 
and oxygen delivery in focal ischemia model is currently 
believed to be 30–34%. Higher hematocrit results in 
increased blood viscosity; hematocrit ≤25% results in 
decreased oxygen-carrying capacity.

• Normovolemic hemoglobin levels of 7–9 g/dL appear to 
be safe for the general ICU patient population.

• There is insufficient evidence to allow recommendations 
regarding:
 – The “safe” level of anemia for patients with neurologic 

injury
 – Whether correction of anemia by transfusing red cells has 

beneficial or detrimental effects on neurologic outcome

 Transfusion of Blood Products

Current concerns regarding blood product transfusion in the 
developed world focus more on the immunomodulating 

effects of transfusion rather than transmission of infectious 
agents (Table  4.8). Transfusion-related acute lung injury 
(TRALI) is thought to be the leading cause of transfusion- 
related mortality.

Table 4.7 Concerns and risks of fluid management in neurosurgical patients

Under- resuscitation Hypotension, inadequate cerebral perfusion pressure, secondary brain injury
Over- resuscitation Exacerbation of cerebral edema
Hyponatremia <120–125 mEq/L – change in mental status, seizures
Hypernatremia >160–170 mEq/L – change in mental status, seizures
Lactated Ringer’s Hypoosmolar state, hyponatremia
Plasma-Lyte A Alkalinizing effect – increase renal clearance of acidic drugs and lithium, decrease renal clearance of alkaline 

drugsNormosol™-R
0.9% saline Hyperchloremic metabolic acidosis
Dextrose solutions Hypoosmolar state, hyperglycemia exacerbating cerebral injury
20% mannitol Hyponatremia

Loss of bicarbonate – metabolic acidosis
Excessive diuresis – intravascular volume depletion, electrolyte losses
Rebound cerebral edema
Hyperkalemia with extremely high doses (2 g/kg)

Hypertonic saline Hypernatremia
Hyperchloremic metabolic acidosis
Rebound cerebral edema when plasma sodium falls
Tearing of bridging cortical veins – subdural hemorrhage
Excessive diuresis – intravascular volume depletion, renal failure
Central pontine myelinolysis – with rapid rise of plasma sodium from hyponatremic levels; malnourished and 
alcoholic patients at increased risk
Sclerosis of veins
Interference with coagulation and platelet aggregation

Synthetic colloids Interference with coagulation, factor VIII complex; potential increased risk for intracranial hemorrhage
No clear benefit compared with crystalloid as a resuscitative fluid
Renal impairment
Allergic reactions
Pruritus
Interference with blood crossmatching with dextran
Increased risk of mortality and/or acute kidney injury

Albumin Expensive
No clear benefit compared with crystalloid as a resuscitative fluid; potential harm in patients with traumatic 
brain injury

Table 4.8 Examples of risks associated with transfusion of blood 
products

Risk Risk per unit transfused
Infectious risks
  HIV 1:1.5–4.7 million
  Hepatitis C 1:1.9–3.1 million
  Hepatitis B 1:31,000–205,000
Hemolytic reactions
  Acute 1:13,000
  Delayed 1:1600
Alloimmunization 1:1600
Immunosuppression 1:1
TRALI 1:5000

Adapted in part from reference by Marik and Corwin (2008)
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 Special Circumstances (Table 4.9)
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Table 4.9 Special circumstances

Traumatic brain injury Subarachnoid hemorrhage
Risk of coagulopathy 
and DIC

Electrolyte abnormalities

Multitrauma   Hypocalcemia, hypomagnesemia
  Massive hemorrhage   Hypokalemia
  Dilutional 

coagulopathy
  Hyponatremia

Neurogenic pulmonary 
edema

   Cerebral salt-wasting syndrome

Hyponatremia    SIADH
  Cerebral salt-wasting 

syndrome
Avoid hypovolemia

  SIADH Vasospasm – therapeutic goal: aggressive 
maintenance of euvolemia

Key Points
• Fluid management goal is a euvolemic, slightly 

hyperosmolar state.
• Avoid hypoosmolar fluids and dextrose-containing 

solutions unless needed to treat hypoglycemia.
• Consider using hypertonic saline, unless contrain-

dicated, to treat elevated ICP in a hypovolemic, 
hemodynamically unstable patient.

• In anemic patients with neurologic injury, there is 
insufficient evidence regarding transfusion thresh-
olds. Do not use an arbitrary hemoglobin number; 
weigh risks of transfusion (e.g., TRALI, immuno-
suppression) with benefits of oxygen delivery to 
injured CNS tissue.

P. V. Patel and S. A. Quraishi
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Key Monitoring in Neuroanesthesia: 
Principles, Techniques, and Indications

Martin Smith

 Overview

One of the primary roles of the neuroanesthesiologist is to 
maintain cerebral perfusion to meet the brain’s metabolic 
demands and, under circumstances of reduced perfusion, to 
protect the brain. Disturbance of systemic and cerebral physi-
ological variables can cause or exacerbate brain injury, but 
their optimization offers effective neuroprotection. Monitoring 
techniques must therefore include measurement of both sys-
temic and cerebral physiologic variables. Intraoperative neu-
rophysiological monitoring is widely used to minimize the 
risk of spinal cord injury during spine surgery.

 Implications for the Neurosurgical Patient

Monitoring and managing systemic and central nervous sys-
tem (CNS) physiology is fundamental to the perioperative 
and critical care management of patients with neurologic 
disease. Several techniques are available for global or 
regional monitoring of cerebral hemodynamics, oxygen-
ation, metabolism, and electrophysiology (Table 5.1).

 Clinical Monitoring

The clinical neurologic examination remains the cornerstone 
of neuromonitoring. The Glasgow Coma Scale (GCS) is a 
standardized method for evaluating global neurologic status 
by recording best eye opening and motor and verbal 
responses to physical and verbal stimuli. In association with 
identification and documentation of localizing signs, includ-
ing pupil responses and limb weakness, the GCS remains 
fundamental to the clinical neurologic assessment more than 

40 years since its first description. The GCS has some limita-
tions  – verbal responses cannot be assessed in intubated 
patients and brainstem function is not directly considered. 
The Full Outline of UnResponsiveness (FOUR) score pro-
vides a more complete assessment of brainstem function by 
measuring ocular (as well as limb) responses to command 
and pain, pupillary responses and respiratory pattern, but it is 
not as widely used as GCS. Clinical assessment, apart from 
pupillary responses, is unreliable or impossible in uncon-
scious or uncooperative patients.

 Monitoring Systemic Physiologic Variables

Monitoring and managing systemic physiologic variables 
allows optimization of cerebral perfusion and oxygenation. 
Routine monitoring during neuroanesthesia includes EKG, 
arterial oxygen saturation (pulse oximetry), arterial blood 
pressure (ABP), end-tidal carbon dioxide tension, and tem-
perature. Noninvasive blood pressure monitoring is appropri-
ate for minor cases, but an arterial catheter should be placed 
to allow beat-to-beat pressure monitoring and arterial blood 
gas analysis during intracranial and complex spine surgery 
and in patients with significant comorbidities. Central venous 
pressure is now considered an unreliable guide to cardiovas-
cular management. Various minimally invasive cardiac output 
monitoring techniques provide more accurate assessment of 
intravascular volume and guide titration of vasopressors and 
inotropes. Urine output and fluid balance should be moni-
tored when large fluid shifts are likely, particularly if osmotic 
diuretics will be administered or in the presence of neuro-
genic fluid disturbances such as cranial diabetes insipidus.

 Monitoring the Brain and Spinal Cord

In 2014, the Neurocritical Care Society and European Society 
of Intensive Care Medicine published consensus guidance on 
multimodality neuromonitoring during neurocritical care. 
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However, many modalities are less suited to the operating 
room because of incompatibility or inadequate temporal 
resolution.

 Intracranial Pressure
In addition to direct measurement of intracranial pressure 
(ICP), ICP monitoring allows calculation of cerebral perfu-
sion pressure (CPP) as the difference between mean arterial 
pressure (MAP) and ICP, identification and analysis of path-
ological ICP waveforms, and derivation of indices of cere-
brovascular pressure reactivity. Different methods of 
monitoring ICP are available, but invasive monitoring via an 
intraventricular catheter or intraparenchymal microtrans-
ducer device is most common in clinical practice (Table 5.2). 
Several noninvasive ICP monitoring techniques have been 
described but currently fail to measure ICP sufficiently accu-
rately for routine clinical use.

The indications for ICP monitoring during the critical 
care management of traumatic brain injury (TBI) are well 
established, and the 2016 Brain Trauma Foundation (BTF) 
recommendations have recently been supplemented by a 
European expert statement (Table 5.3). The only randomized 
controlled trial of ICP-guided management after TBI 
(Benchmark Evidence from South American Trials: 

Treatment of Intracranial Pressure, BEST:TRIP) found simi-
lar 3- and 6-month outcomes in patients in whom treatment 
was guided by ICP monitoring compared to treatment guided 
by imaging and clinical examination in the absence of ICP 
monitoring. Subsequent assessments of this study, which 
was conducted in Bolivia and Ecuador, have questioned 
whether its findings are relevant to healthcare systems with 
more developed prehospital and rehabilitation services and 
also come to very varied conclusions about its broader rele-
vance to current practice. In response to this dissonance, a 
group of international experts published a consensus-based 
interpretation of the BEST:TRIP study, calling for further 
research on ICP monitoring and interpretation while empha-
sizing that this study should not change current clinical prac-
tice. The evaluation and diagnosis of intracranial hypertension 
therefore remains fundamental to the management of severe 
TBI, and clinical guidelines recommend treating ICP above 
a certain threshold (usually >22 mmHg). ICP monitoring is 
increasingly being incorporated into protocols for the critical 
care management of subarachnoid (SAH) and intracerebral 
hemorrhage, although these indications are not as well- 
defined or well-studied as those for TBI.

Perioperative ICP monitoring should be considered in 
patients with TBI, large brain tumors with mass effect, 

Table 5.1 Applications of neuromonitoring techniques

Monitoring technique
Established intraoperative 
applications

Established 
neurointensive care 
applications

Invasive/
noninvasive Modalities monitored

Intracranial pressure Yes Yes Invasive ICP
CPP
Cerebrovascular reactivity

Transcranial Doppler Yes Yes Noninvasive FV as an estimate of CBF
Cerebral vasospasm
Cerebral autoregulation

Thermal diffusion 
flowmetry

Research No Invasive Absolute regional CBF

Jugular venous oximetry Yes Yes Invasive Global cerebral oxygenation
AVDO2

Brain tissue oxygen 
tension

No Yes Invasive Regional brain tissue oxygen tension
Cerebrovascular reactivity

Near-infrared 
spectroscopy

Yes Research Noninvasive Regional cerebral oxygenation
Cerebral hemodynamics, including 
vasoreactivity
Cerebral cellular energy status

Cerebral microdialysis No Research Invasive Glucose metabolism
Hypoxia/ischemia
Cellular energy failure

Electroencephalography Yes Yes Noninvasive Seizures
Cortical spreading depolarizations
Cerebral ischemia
Cortical mapping

Evoked potentials Yes Yes Minimally 
invasive

Sensory and motor pathways
Cerebral ischemia

AVDO2 Arteriovenous oxygen content difference, CBF cerebral blood flow, CPP cerebral perfusion pressure, ECF extracellular fluid, ICP intra-
cranial pressure

M. Smith
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Table 5.2 Intracranial pressure monitoring devices

Method Advantages Disadvantages
Intraventricular catheter Gold standard measure of ICP Risk of hematoma

Measures global ICP Risk of catheter-related ventriculitis
Allows therapeutic drainage of CSF
In vivo calibration

Microtransducer sensor Intraparenchymal/subdural placement No in vivo calibration
Measures local pressureLow procedure complication rate

Low infection risk
Low zero drift over time
Bedside insertion

Noninvasive methods, Noninvasive Limited accuracy prevents clinical use
e.g., optic nerve sheath diameter measured by 
CT scan or ultrasound and TCD-derived PI

Applicable in a broad range of patient groups Continuous monitoring not possible

CT Computed tomography, ICP intracranial pressure, PI pulsatility index, TCD transcranial Doppler ultrasonography

Table 5.3 Indications for intracranial pressure monitoring in traumatic brain injury

Brain trauma foundation guidelines
(Neurosurgery 2017; 80: 6–15)
  Salvageable patients with severe TBI and an abnormal cranial CT scan
  Salvageable patients with severe TBI and a normal scan and two or more of the following:
   Age >40 years
   Unilateral or bilateral motor posturing
   Systolic blood pressure <90 mmHg
Milan consensus conference recommendations
(Stocchetti N et al. Acta Neurochir (Wien) 2014; 156: 1615–22)
  Comatose TBI patients with minimal abnormality on initial CT scan and subsequent worsening (e.g., development of contusions or signs of 

raised ICP)
  Comatose TBI patients with cerebral contusions when interruption of sedation to check neurologic status is dangerous, or clinical 

examination unreliable
  Comatose TBI patients with large bifrontal contusions and/or hemorrhagic mass lesions close to the brainstem, irrespective of initial GCS
  Following secondary decompressive craniectomy
  Following evacuation of acute supratentorial intracranial hematoma in salvageable patients with:
   GCS motor score ≤5
   Pupillary abnormalities
   Prolonged/severe hypoxemia and/or hypotension
   Compressed or obliterated basal cisterns
   Midline shift >5 mm or exceeding thickness of an extra-axial clot
   New extra-axial hematomas, parenchymal contusions, or brain swelling
   Intraoperative brain swelling

ICP Intracranial pressure, CPP cerebral perfusion pressure, CT computed tomography, GCS Glasgow Coma Scale, TBI traumatic brain injury

hydrocephalus, intracranial and subarachnoid hemorrhage, 
and in the presence of significant cerebral edema from what-
ever cause. Postoperative ICP monitoring after intracranial 
surgery is indicated in any patient who will remain sedated 
or if there is a risk of intracranial hypertension.

 Cerebrovascular Reactivity
Cerebral autoregulation is an important mechanism that 
protects the brain from fluctuations in cerebral blood flow 
(CBF) in the face of changing CPP. It can be impaired after 
brain injury and by anesthetic and sedative agents, thereby 
putting the brain at risk of pathophysiologic derangements 
of regional blood flow and increased susceptibility to 
ischemia.

The pressure reactivity of cerebral vessels is a key com-
ponent of autoregulation and determines the ICP response 
to changes in ABP. A pressure reactivity index (PRx), cal-
culated as the moving correlation coefficient of consecutive 
time averaged data points of ICP and ABP, can be used as a 
continuous assessment of autoregulatory status. A negative 
value for PRx indicates an inverse correlation between 
ABP and ICP and therefore normal cerebrovascular reac-
tivity, whereas a positive PRx defines nonreactive cerebro-
vascular responses when changes in ABP and ICP are in 
phase. PRx has been used to guide MAP and CPP manage-
ment after TBI.  Cerebrovascular reactivity can also be 
assessed using ABP-related changes in brain tissue partial 
pressure of oxygen (PbtO2), transcranial Doppler (TCD) 
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ultrasonography- derived cerebral blood flow velocity (FV), 
and several near-infrared spectroscopy (NIRS)-derived 
hemoglobin variables.

 Cerebral Blood Flow
Transcranial Doppler ultrasonography is a noninvasive 
technique that measures blood FV from the Doppler shift 
caused by moving red blood cells in basal cerebral vessels 
from which changes in (but not absolute) CBF can be esti-
mated. The TCD FV waveform resembles an arterial pulse 
wave and may be quantified into peak systolic, end-diastolic 
and mean FVs, and pulsatility index. The latter provides an 
assessment of distal cerebrovascular resistance. Reductions 
in FV correlate with cerebral ischemia and have been used to 
determine the need for shunt placement during carotid sur-
gery, where TCD can also identify intraoperative air and par-
ticulate emboli. TCD is most widely used in the diagnosis 
and monitoring of cerebral vasospasm after SAH, which is 
confirmed when FV exceeds 120–140  cm/s or the ratio 
between FV in the middle cerebral and internal carotid arter-
ies (the Lindegaard ratio) exceeds 3. It also has a role in the 
identification of patients at high risk of critically low brain 
perfusion and to direct therapy, assess autoregulation, and 
identify the need for brain imaging and invasive neuromoni-
toring after acute brain injury (ABI).

Thermal diffusion flowmetry is a relatively new technique 
that provides a real-time measure of absolute regional CBF 
(rCBF). Clinical data using this technology are limited, but 
intraoperative rCBF monitoring might be useful where there 
is a risk of focal cerebral ischemia.

 Cerebral Oxygenation
Assessment of perfusion alone is insufficient to identify 
potential cerebral ischemia because reductions in CBF might 
be associated with appropriately coupled changes in metabo-
lism. Cerebral oxygenation monitoring assesses the balance 
between cerebral oxygen delivery and utilization and there-
fore the adequacy of cerebral perfusion and provides a more 
complete picture of the injured or “at-risk” brain and its 
response to treatment.

Jugular venous oxygen saturation (SvjO2) monitoring 
was the first bedside method for assessing cerebral oxygen-
ation. It is a flow-weighted, global measure providing a non-
quantitative estimate of the adequacy of cerebral perfusion. 
SvjO2 accurately reflects global changes only if the dominant 
jugular bulb is cannulated, although, in practice, the right 
side is usually chosen. The normal range of SvjO2 is 55–70%. 
Low SvjO2 values indicate cerebral hypoperfusion or 
increased oxygen demand that is not matched by increased 
supply, whereas high values indicate relative hyperemia or 
arteriovenous shunting. The arterial to jugular venous oxy-
gen content concentration difference, and other derived vari-
ables, have been studied extensively as an assessment of the 
adequacy of CBF.

SvjO2 has been used to guide intraoperative blood pres-
sure and ventilation management and during the critical care 
management of TBI where maintenance of above SvjO2 
above 55% has been associated with improved outcomes. Its 
lack of sensitivity to regional ischemia is a major disadvan-
tage, and SjvO2 monitoring is being superseded by other 
techniques.

Brain tissue oxygen partial pressure has become the stan-
dard bedside monitor of cerebral oxygenation. PbtO2 cathe-
ters incorporate a gold polarographic (Clark-type) cell which 
reduces oxygen as it diffuses across a semipermeable mem-
brane from the brain into the catheter, generating an electri-
cal current that is proportional to the tissue oxygen tension. 
PbtO2 is a complex and dynamic variable representing the 
interaction between cerebral oxygen delivery and demand, 
as well as tissue oxygen diffusion gradients. It is also a highly 
focal measure, and probe placement in peri-lesional but via-
ble brain tissue allows selective monitoring of critically per-
fused tissue in “at-risk” brain regions. An alternative 
approach recommends placement in normal appearing white 
matter, when PbtO2 effectively acts as a global measure of 
cerebral oxygenation. Probe location must always be con-
firmed with a cranial CT scan to allow appropriate interpre-
tation of PbtO2 readings.

Brain hypoxia can occur despite ICP and CPP being 
within accepted thresholds for normality, and therapy 
directed toward maintenance of PbtO2 in addition to ICP and 
CPP has been associated with improved outcomes after 
TBI.  Treatment is recommended when PbtO2 falls below 
15 mmHg; values less than 10 mmHg are indicative of severe 
brain hypoxia. Several factors, including ABP, CPP, PaO2, 
PaCO2, and hemoglobin concentration, are known to influ-
ence PbtO2, but which intervention (or combination of inter-
ventions) to reverse brain hypoxia is most effective in 
improving outcome remains unclear. The responsiveness of 
the hypoxic brain to a given intervention is the major deter-
minant of outcome, with reversal of hypoxia being associ-
ated with reduced mortality.

PbtO2 monitoring is sufficiently responsive for intraoper-
ative applications, allowing rapid detection of cerebral isch-
emia, and the potential to manipulate systemic and 
intracranial variables before irreversible neuronal damage 
occurs. However, there are limited data on intraoperative 
indications which is in any case be limited by the 1 h “run-
 in” period required for PbtO2 readings to stabilize following 
probe insertion.

Near-infrared spectroscopy is a noninvasive technique 
based on the transmission and absorption of near-infrared light 
(700–1000 nm) at multiple wavelengths as it passes through 
tissue. Oxygenated and deoxygenated hemoglobin have differ-
ent and characteristic absorption spectra in the near-infrared 
range, and, using transcranial reflectance spectroscopy, cortical 
oxygenation and hemodynamic status can be determined by 
their relative absorption of near-infrared light. Commercially 
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available NIRS-based cerebral oximetry devices provide con-
tinuous and noninvasive monitoring of regional cerebral oxy-
gen saturation (rScO2), the relative proportions of oxy- and 
deoxyhemoglobin in the field of view, with high temporal and 
spatial resolution over multiple regions of interest. The “nor-
mal” range of rScO2 is reported to lie between 60% and 75%, 
but there is substantial intra- and inter-individual variability. 
Claims for rScO2 thresholds for the identification of ischemia 
often lack any form of validation, and cerebral oximetry is cur-
rently best considered a trend monitor.

There has been rapid expansion of the clinical use of 
NIRS-based cerebral oximetry to guide brain-protective strat-
egies during cardiac surgery following studies suggesting an 
association between intraoperative cerebral desaturation and 
an increased risk of perioperative cognitive decline. During 
carotid surgery, NIRS has similar accuracy and reproducibil-
ity in the detection of cerebral ischemia compared with other 
monitoring modalities and some advantages in terms of sim-
plicity and temporal resolution. However, an accurate rScO2 
threshold to guide shunt placement or detect cerebral isch-
emia is not defined. Hypotension-associated decreases in 
rScO2 in anesthetized patients in the beach chair position are 
widely reported, but these do not appear to be associated with 
an increased incidence of postoperative cognitive dysfunction 
or serum biomarkers of brain injury. There are no data to sup-
port the wider application of NIRS to monitor cerebral oxy-
genation during routine anesthesia and surgery, including 
during neurosurgical procedures. The role of NIRS in the 
neurocritical care unit is also undefined. Small observational 
studies investigating cerebral desaturation during changes in 
CPP, impending brain herniation, cerebral vasospasm, and 
pharmacological interventions in brain- injured patients have 

produced conflicting results, and there is no evidence that 
therapy guided by changes in NIRS- derived variables influ-
ences outcome. There are several concerns during the clinical 
application of NIRS, particularly “contamination” of the sig-
nal by extracranial tissue and the potential for confounding by 
the optical complexity of the injured brain. Advances in NIRS 
technology are likely to overcome these issues.

 Metabolic Monitoring
Cerebral microdialysis (MD) monitoring allows bedside 
analysis of biochemical substances in brain tissue extracel-
lular fluid (ECF). Glucose, lactate, pyruvate, and glycerol are 
commonly measured in the clinical setting because each is a 
marker of a particular cellular process associated with glu-
cose metabolism, hypoxia/ischemia, or cellular energy fail-
ure (Table  5.4). The ability to assess cerebral glucose 
metabolism is a particular strength of cerebral MD monitor-
ing; the lactate:pyruvate (LP) ratio in combination with ECF 
glucose levels provides unique information about the brain’s 
metabolic state. Because cerebral MD monitors both the sup-
ply of substrate and its cellular metabolism, it is not solely a 
monitor of cerebral ischemia but also of nonischemic causes 
of cellular energy dysfunction and the ensuing metabolic cri-
sis. In the research setting, cerebral MD can be used to mea-
sure a multitude of other substances including cytokines. 
Cerebral MD is a focal technique, and it is recommended 
that the MD catheter is placed in “at-risk” tissue to allow 
assessment of biochemical changes in the area of the brain 
most susceptible to secondary injury.

Cerebral MD monitoring can be considered in any patient 
at risk of cerebral hypoxia/ischemia, cellular energy failure, 
and glucose deprivation but is most commonly used in the 

Table 5.4 Cerebral microdialysis markers of secondary brain injury

Microdialysis 
variable

Thresholds for 
intervention Processes monitored Comments

Glucose <0.2 – <0.8 mmol/L Hypoxia/ischemia MD glucose monitoring is recommended
Reduced cerebral glucose supply Interpret in relation to serum glucose concentration
Cerebral hyperglycolysis

Lactate:pyruvate 
ratio
Lactate

>20 – >40
> 0.4 mmol/L

Hypoxia/ischemia MD LP ratio monitoring is recommended
Cellular redox state High LP ratio is associated with unfavorable outcome
Reduced cerebral glucose supply Most reliable biomarker of ischemia

Increased LP ratio may result from a failure of oxygen 
delivery(ischemic hypoxia) or from nonischemic causes
Absolute lactate and pyruvate concentrations should be 
considered when interpreting a high LP ratio

Glycerol Unquantified Marker of cell membrane breakdown MD glycerol is an option as a marker of cerebral injury
Potential marker of oxidative stress Limited specificity – increased glycerol may also occur 

because of production of glycerol from glucose
No definitive evidence of a relationship between glycerol 
and outcome

Glutamate Unquantified Glutamate release observed in 
ischemia and seizures

MD glutamate monitoring is an option

Excitotoxicity Large inter- and intra-patient variability

LP ratio Lactate:pyruvate ratio, MD microdialysis
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critical care management of TBI and SAH. Since MD mea-
sures changes at the cellular level, it has potential to identify 
cerebral compromise before it is detectable clinically or by 
other monitored variables. Early detection of impending 
hypoxia/ischemia would also benefit in the intraoperative 
setting, but there is limited and only low-quality evidence to 
support the use of MD as a diagnostic tool during neurosur-
gery. The hourly sampling rate in the commercially available 
clinical system is unlikely to be sufficient for intraoperative 
monitoring. A continuous rapid-sampling cerebral MD tech-
nique has been described for research use, but is currently 
not available for clinical applications.

Near-infrared spectroscopy-monitored changes in the 
oxidation status of oxidized cytochrome c oxidase (CCO) 
have been validated in research settings as a noninvasive 
assessment of cerebral cellular energy status. CCO is the 
final electron acceptor in the mitochondrial electron trans-
port chain and responsible for over 95% of oxygen metabo-
lism. In association with NIRS-derived hemoglobin 
variables, monitoring CCO may aid in the noninvasive deter-
mination of ischemic thresholds in the injured brain. 
Developments in technology are likely to allow the introduc-
tion of a single NIRS-based device for monitoring absolute 
cerebral oxygenation, hemodynamics, and metabolic status 
at the bedside.

 Electrophysiologic Monitoring
Several methods are available for monitoring electrophysio-
logical changes during neurosurgery and neurocritical care 
(Table 5.5).

Electroencephalography (EEG) is a voltage-time record-
ing of spontaneous cortical electrical activity measured from 
electrodes placed at specific locations on the scalp. The elec-
trical signal is amplified, filtered, and displayed in multiple 
channels (usually eight per hemisphere) to give a continuous 
EEG recording that is analyzed in terms of frequency, ampli-
tude, and location. Interpretation of the EEG is complex, but 
several automated EEG processing systems are available that 
allow bedside interpretation by non-experts. Processed EEG 
techniques, such as the bispectral index or entropy, have 
been developed to monitor depth of anesthesia, but their 
indications and application are not unique to neurosurgical 
anesthesia and are not considered here.

Reduction in CBF below 20  ml/100  g/min results in 
decreases in the frequency and amplitude of the EEG, which 
becomes flattened when CBF falls below 10  ml/100  g/min. 
Quantitative analysis of these changes has been used to moni-
tor intraoperative cerebral ischemia in a variety of circum-
stances, most commonly to identify cerebral hypoperfusion 
necessitating shunt placement during carotid surgery. The elec-
trocorticogram (ECoG) is the EEG measured directly from the 
cortical surface and used to identify the site of an epileptogenic 
focus during epilepsy surgery and afterdischarges (that can 

precipitate seizures) during mapping of eloquent areas with 
electrical cortical stimulation during awake craniotomy. 
Intraoperative EEG monitoring has several limitations as well 
as advantages (Table 5.6).

Continuous EEG (cEEG) monitoring is becoming more 
widespread during neurocritical care because of an 
increased awareness that nonconvulsive seizures are com-
mon in brain- injured patients. EEG monitoring should be 
undertaken in all patients with unexplained and/or persis-
tently altered consciousness to exclude seizures as the 
cause of the neurological state. cEEG is a resource intense 
technology, but the development of automated seizure 
detection software is likely to facilitate its wider introduc-
tion into clinical  practice. Spreading cortical depolariza-

Table 5.5 Indications for electrophysiologic monitoring

Monitored 
variable Indications
EEG Depth of anesthesia monitoring

Epilepsy surgery
Carotid surgery
Seizure detection and monitoring

cEEG Diagnosis and monitoring of nonconvulsive 
seizures
Identification of cortical spreading 
depolarizations

EMG Acoustic neuroma surgery
Posterior fossa surgery
Spine surgery

SSEP Spine surgery
Parietal cortex lesions

MEP Spine surgery
Motor cortex lesions

BAEP V, VII, and VIIth nerve surgery
Posterior fossa surgery
Diagnosis of brainstem death

VEP Pituitary and suprasellar surgery
Retro-orbital lesions
Occipital cortex lesions

EEG Electroencephalography, EMG electromyography, SSEP somato-
sensory evoked potential, MEP motor evoked potential, BAEP brain-
stem auditory evoked potential, VEP visual evoked potential

Table 5.6 Intraoperative electroencephalography monitoring

Advantages
  Noninvasive
  Continuous
  Regional information
  Correlates with reductions in cerebral blood flow and oxygenation
  Identification of seizures
  Identification of cerebral ischemia
Disadvantages
  Trained neurophysiologist required for interpretation
  Influenced by anesthetic agents
  Influenced by systemic physiologic changes, e.g., hypothermia
  Subject to artifacts from electrical and diathermy “noise”
  Insensitive to subcortical changes
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tions (SDs) are pathological events characterized by 
near-complete, sustained depolarization of neurons and 
astrocytes that result in secondary brain injury. They have 
been reported in 50–60% of TBI patients and were previ-
ously detectable only via electrode strips placed directly on 
the cortical surface. Recent data suggest that standard scalp 
cEEG may be able to detect SDs, offering the potential for 
routine monitoring of this important pathophysiological 
manifestation of ABI.

Electromyography (EMG) allows assessment of cranial 
and peripheral nerves via needle electrodes placed in or near 
specific muscles (Table 5.5). Spontaneous EMG records con-
tinuous muscle activity and triggered EMG muscle activity 
in response to direct stimulation of the nerve. Spontaneous 
EMG activity is detected if the nerve is touched or stretched 
during surgery, thereby alerting the neurosurgeon to the risk 
of imminent nerve damage. Seventh nerve monitoring is 
widely used during acoustic neuroma surgery. While muscle 
relaxants are best avoided during EMG monitoring, they can 
be used if the dose is carefully adjusted to maintain two 
strong twitches during train-of-four monitoring.

Evoked potentials (EPs) are the electrical response from 
the nervous system to an external stimulus and evaluate 
conduction along, and therefore the integrity of, neural 
pathways. They are interpreted in relation to the latency 
and amplitudes of the waveform peaks and troughs. For 
monitoring in the operating room, EPs are compared to ini-
tial baselines, whereas for diagnostic purposes on the inten-
sive care unit, they are compared to normal control 
recordings.

SSEPs monitor the whole sensory pathway from specific 
peripheral nerves through the large Ia fibers in the dorsal 
column and then via the sensory thalamus to the sensory 
cortex. Cortical SSEPs are recorded from the cerebral cor-
tex using scalp electrodes following electrical stimulation 
of a peripheral nerve, and subcortical responses from elec-
trodes placed adjacent to the upper cervical spine. MEPs 
monitor the efferent motor pathways from the motor cortex 
via fibers in the internal capsule to the muscle through the 
largest 2% of axons in corticospinal or corticobulbar tracts. 
MEPs are generated during spine surgery following tran-
scranial stimulation of the motor cortex with a high-voltage 
electrical source or using direct cortical electrical stimula-
tion during craniotomy. The motor evoked responses are 
usually recorded as compound motor action potentials 
(CMAPs) in peripheral muscles (myogenic MEPs). MEPs 
progressing along the spinal cord can also be recorded from 
epidural/intrathecal electrodes or an electrode placed 
directly on the exposed spinal cord. There are two compo-
nents to such responses – a direct wave (D-wave) which is 
the action potential generated in the corticospinal axons 
and indirect waves which are action potentials resulting 
from cortical activation of internuncial neurons. D-wave 

monitoring is used when the spinal cord is exposed, such as 
during intramedullary surgery, and usually in conjunction 
with myogenic MEPs. MEPs are recorded following a sin-
gle, brief stimulation volley, whereas SSEPs require multi-
ple stimulations and signal averaging to extract the EP from 
the background EEG.

EP monitoring is used during intracranial and spine sur-
gery (Table 5.5) to localize critical neural structures in order 
to avoid intraoperative damage to them, particularly if normal 
anatomic landmarks are distorted by pathology. Spinal cord 
injury may occur during spine surgery because of ischemia 
secondary to spinal distraction and disruption of perforating 
radicular vessels or because of direct trauma during place-
ment of pedicle screws or resection of intrinsic spinal cord 
lesions. MEPs are more sensitive to spinal cord ischemia than 
SSEPs and correlate better with motor function after spine 
surgery. SSEPs and MEPs are sensitive to anesthetic agents 
and SSEPs additionally to physiologic changes, such as hypo-
tension and alterations in PaCO2. Total intravenous anesthesia 
techniques with a high-dose opioid component are recom-
mended, with the avoidance of muscle relaxants during myo-
genic MEP monitoring. Unlike the CMAP, the D-wave MEP 
involves no synapses, and therefore, anesthetics at normal 
concentrations have very little effect on them.

Cortical SSEPs may also be used to monitor cerebral 
ischemia during intracranial and carotid surgery. Visual 
evoked potentials monitor the visual pathways but are tech-
nically difficult and exquisitely sensitive to anesthetic agents. 
Lesions at different parts of the auditory pathway can be 
identified by changes in the amplitude or latency of one of 
the five waves that make up the complex brainstem auditory 
evoked potentials which are relatively resistant to anesthetic 
agents (Table 5.5).

 Concerns and Risks

Avoiding, detecting, and treating cerebral and spinal cord 
ischemia are key factors in the intraoperative management of 
the neurosurgical patient. Neuromonitoring detects changes 
early so that the neuroanesthesiologist and neurosurgeon can 
intervene and minimize the risk of irreversible CNS damage 
and poor neurologic outcome.

Given the physiologic complexity of the brain and spinal 
cord, a single variable or single device is unable to provide 
adequate monitoring during neurosurgery or neurocritical 
care. Multimodality electrophysiologic monitoring during 
spine surgery is well-established and guides interventions 
that can minimize the risk of permanent neurologic injury. 
Although intracranial monitoring, including measures of 
cerebral perfusion, oxygenation, and metabolic status, is rec-
ommended during the management of brain-injured patients 
on the neurocritical care unit, many modalities are less suited 

5 Key Monitoring in Neuroanesthesia: Principles, Techniques, and Indications
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to the operating room. Currently, every monitor of cerebral 
perfusion and oxygenation has its own specific shortcomings, 
and none is a standard of care in the intraoperative period.
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Key Points
• The neuroanesthesiologist plays a key role in pro-

tecting the brain and spinal cord from intraoperative 
ischemic injury by maintaining brain and spinal 
cord perfusion and oxygenation.

• Various monitoring modalities can be used to guide 
optimization of cerebral physiology during surgery 
and neurocritical care.

• Invasive and noninvasive monitors of cerebral oxy-
genation, hemodynamics, and metabolism are 
widely used during the neurocritical care manage-
ment of brain-injured patients, but many do not 
translate well into the operating room.

• Multimodal electrophysiological monitoring tech-
niques are established during complex spine sur-
gery and guide interventions to prevent permanent 
neurologic injury.

• The ideal cerebral monitor would allow noninva-
sive, simultaneous measurement of cerebral oxy-
genation, hemodynamic, and metabolic status over 
multiple regions of interest.
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Assessing the Anesthetized State 
with the Electroencephalogram

George A. Mashour

 Introduction

Although the brain is the target organ of anesthesia during 
surgery, standardized monitors for assessing the effects of 
anesthesia on the brain are notably lacking. There is great 
interest in understanding the potential of EEG for monitor-
ing the brain during anesthesia, extending its clinical utility 
beyond the field of neurology. Such monitoring has the 
potential to improve neurologic outcomes, including reduc-
ing the risk of intraoperative awareness with explicit recall 
(hereafter referred to as “awareness”) and enhancing postop-
erative cognitive recovery. Although promising, additional 
research is needed to establish EEG markers that accurately 
mirror level of consciousness and to determine whether EEG 
improves perioperative neurologic outcomes. To create an 
effective approach, a foundational understanding of how 
EEG reflects the neurophysiologic effects of anesthetics is 
required.

 EEG Data Acquisition and Interpretation

 Raw EEG

Scalp electrodes applied in standard locations continuously 
collect EEG data by detecting spikes in cortical micro-
voltages at various frequencies. These microvoltage spikes 
reflect postsynaptic voltage potentials from pyramidal neu-
rons activated by cortical and thalamic sources. Voltage 
oscillation frequencies are commonly separated into gamma 
(26–80  Hz), beta (13–25  Hz), alpha (9–12  Hz), theta 
(5–8  Hz), delta (1–4  Hz), and slow-wave (<1  Hz) band-
widths, with many bandwidths contributing to the overall 

EEG waveform in states of consciousness and unconscious-
ness. Fourier transformation—represented as an EEG spec-
trogram with time on the x-axis, frequency on the y-axis, and 
power on the z-axis (or through a colored “heat map”)—can 
deconstruct complex waveforms into individual frequency 
components. Indeed, this transformation permits simple 
analysis of frequency bandwidth power for any EEG 
segment.

EEG patterns differ among classes of anesthetics. For 
example, propofol largely exhibits alpha, delta, and slow 
oscillations on the raw EEG (Fig. 6.1a) under conditions of 
general anesthesia, with high power noted in the frequency 
bandwidths on the corresponding spectrogram (Fig.  6.1b). 
Raw EEG patterns similar to propofol occur in response to 
ether-based volatile anesthetics, such as isoflurane, sevoflu-
rane, and desflurane. The ether-based volatile anesthetic pat-
tern is characterized by alpha, theta, delta, and slow 
oscillations (Fig. 6.1a), with the spectrogram showing high 
power in the bandwidths and increased theta power com-
pared to propofol (Fig. 6.1b). Halogenated ethers and propo-
fol share similar neurophysiologic traits with non-rapid eye 
movement (NREM) sleep. For example, sedation by propo-
fol and NREM sleep are associated with coherent oscillatory 
spindle activity, which likely indicates disruption of thala-
mocortical processing, and with asynchronous slow-wave 
oscillations, suggesting fragmented cortical connectivity. In 
contrast to the lower-frequency patterns induced by propofol 
and ether-based volatile agents, ketamine anesthesia is asso-
ciated with elevated beta and gamma oscillatory activity on 
the raw EEG (Fig. 6.1a), with increased power in the gamma 
range near 30  Hz (Fig.  6.1b). Finally, dexmedetomidine 
sedation increases slow oscillations in a way similar to sleep 
(Fig. 6.1b). EEG in both the time and spectral domain can be 
accessed through current neuromonitoring regimens 
employed during major neurosurgical interventions for the 
spine and brain. For cases without neuromonitoring and 
amenable to frontal EEG electrodes, many processed EEG 
modules display spectral properties.
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 Processed EEG

There are many portable systems that permit intraoperative 
EEG monitoring (Table  6.1), with Bispectral Index (BIS) 
and SEDLine monitors in common use. For these systems to 
capture and display raw and processed EEG data, electrode 
channels, or montages, are applied to the foreheads of 
patients. Processed EEG data, in this situation, utilizes a pro-
prietary multivariable algorithm to acquire, integrate, ana-
lyze, and convert raw EEG data into a dimensionless number 
that reflects the depth of anesthesia. As one example of read-
out among systems, values ranging from 40–60 to 20–50 
indicate a similar depth of general anesthesia in the BIS and 
SEDLine monitors, respectively. However, processed EEG 
data is not without limitations, which will be described 
below.

 Clinical Utility of Raw and Processed EEG

Major randomized controlled trials on processed EEG have 
focused primarily on the role of the Bispectral Index monitor 
in preventing awareness. Comparative effectiveness trials 
have not revealed a reduced risk of awareness with processed 
EEG monitoring compared to end-tidal anesthetic concentra-
tion monitoring. However, processed EEG monitoring 
reduces the incidence of awareness compared to routine care 
and monitoring, and it may be beneficial in situations where 
anesthetic concentration is not an option, and there is 
increased risk of awareness, such as during total intravenous 
anesthesia. One potential reason is that, by using processed 
EEG, the depth of anesthesia was not informed by direct 
neurophysiologic assessment. A challenge with this approach 
is that index values do not capture the diverse neurophysio-
logic properties of anesthetics. For example, ketamine and 

nitrous oxide produce higher processed EEG values because 
they increase EEG oscillation frequency. Another potential 
factor preventing EEG from reducing awareness is the fact 
that the current generation of perioperative brain monitors 
was not developed with a sophisticated understanding of the 
neurobiology of consciousness. EEG-based markers, includ-
ing disruption of corticortical and thalamocortical connectiv-
ity, might 1 day inform causally sufficient mechanisms that 
promote unconsciousness. However, the neuroscientific 
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Fig. 6.1 Comparison of raw EEG and spectrogram patterns among dif-
ferent anesthetic classes. (a) Raw EEG patterns are displayed for each 
anesthetic class represented. Faster frequencies are appreciated with 
ketamine compared to other anesthetics. (b) Each anesthetic drug class 

corresponds to a specific spectrogram signature, which may reflect 
nuances in molecular and circuital properties in each class. (Reproduced 
with permission: Purdon et al. 2015)

Table 6.1 Commercially available processed EEG systems

Monitor Data and display features

Index range for 
general 
anesthesia

Bispectral 
index (BIS)

Raw EEG, processed values: 40–60
  BIS index
  Spectral analysis

SEDLine Raw EEG, processed values: 25–50
  Patient state index (PSI)
  Spectral analysis

Narcotrend Raw EEG, processed values: D, E;
40–60  EEG stage (A-F)

  Narcotrend index
  Spectral analysis

Entropy 
module

State entropy (EEG-based), 
response entropy (EMG-based)

40–60

IoC-view Raw EEG, processed values: 40–60
  IoC index
  EEG suppression ratio

SNAP II High-frequency (80–240 Hz) and 
low-frequency (0–18 Hz) EEG 
analysis, processed SNAP index

50–65

NeuroSENSE Raw EEG, processed values: 40–60
  Wavelet-based (WAVCNS) index
  Spectral analysis

Number range reportedly consistent with general anesthesia for each 
device
EEG Electroencephalogram, IoC index of consciousness, EMG 
electromyogram

G. A. Mashour
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framework underlying consciousness is not entirely under-
stood, making it difficult to interpret a single number meant 
to represent a patient’s state of arousal. The ability to accu-
rately determine level of consciousness necessitates a deeper 
neurophysiologic understanding of consciousness and mech-
anisms of action of anesthesia.

In addition to its utility in preventing awareness, EEG 
may guide the titration of anesthetic depth by permitting 
detection of burst suppression, which is a pattern of electrical 
bursts interspersed with electrical silence (Fig.  6.2). Burst 
suppression patterns do not occur during normal sleep and 
likely indicate supratherapeutic levels of general anesthesia. 
Postoperative delirium correlates with extended periods of 
intraoperative and postoperative burst suppression, and a 
recent meta-analysis of prospective trials showed a reduced 
risk of postoperative delirium with BIS-guided protocols. 
There are specific clinical scenarios in which achieving burst 
suppression by titrating depth of anesthesia may be benefi-
cial. One example is cerebral aneurysm clipping, where burst 
suppression may decrease the risk of ischemic injury by 
reducing cerebral metabolism (although this has not been 
definitively demonstrated).

An additional clinical use for both raw continuous 
(cEEG) and quantitative EEG (qEEG) findings is in assist-

ing with the detection of cerebral ischemia in high-risk set-
tings. When cerebral blood flow (CBF) declines below 
defined ischemic thresholds, cortical voltage oscillations 
decrease in frequency as the result of ischemic damage to 
neurons, which require high oxygen and glucose to main-
tain electrochemical gradients across cellular membranes. 
Unique EEG patterns represent frequency slowing, as evi-
denced intraoperatively during carotid endarterectomy 
(CEA) where irregular delta waveforms are elicited in 
response to asymmetric oscillatory slowing. In addition, 
qEEG markers, including spectral edge frequencies and 
relative delta band power, help identify ischemia after 
carotid clamping during CEA. Postoperatively, cEEG and 
qEEG can predict cerebral ischemia in some pathologic 
settings, including vasospasm after subarachnoid hemor-
rhage. Cerebral ischemia can be acutely diagnosed by 
cEEG when pathologic delta patterns and regional attenu-
ation of faster frequencies, in the absence of delta waves, 
are noted. qEEG markers that predict cerebral ischemia 
include reduced total power and decreased relative alpha 
frequency variability. A benefit of these quantitative mark-
ers of EEG is that they can be interpreted in the absence 
of continuous EEG surveillance and specific expertise 
(Fig. 6.3).

Fig. 6.2 Burst suppression illustrated on continuous EEG data. Note 
periods of high-frequency, high-amplitude activity followed by relative 
electrical quiescence. The “burst suppression” ratio is often used as a 

metric of this pattern and is defined by the percentage of total time in 
suppression/epoch length; a burst suppression ratio of 1, for example, 
would represent continuous suppression

6 Assessing the Anesthetized State with the Electroencephalogram
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 Future Directions of EEG Monitoring

There is a need for a deeper understanding of both the neuro-
biology of consciousness and the mechanisms underlying 
the effects of anesthesia on the brain, both of which may be 
revealed using current EEG approaches. Current EEG moni-
tors show indices that are empirically derived by comparing 
the awake and anesthetized EEG; however, it is unclear 
whether the differences are due to changes that are critical 
for the anesthetic suppression of consciousness.

One approach that is more principled seeks signatures on 
the EEG that are drug specific by linking neural systems- 
level effects of anesthetics to network-level oscillations. For 
instance, a strong alpha oscillation occurs in the frontal spec-
trogram when propofol is administered to healthy adults; this 
outcome may be due to a GABAergic effect in the nucleus 
reticularis of the thalamus, resulting in highly coherent thal-
amofrontocortical signaling loops. In contrast to propofol, 
frontal spectrograms following ketamine administration 
reveal slow oscillations and high-frequency gamma activity, 
with gamma activity potentially due to the antagonist effects 
of NMDA on GABAergic interneurons. These entrained 
oscillations might disrupt the typically flexible repertoire of 
connectivity and communication across the cortex. However, 
ketamine does not induce increased alpha oscillations, pos-
sibly due to weak GABAergic properties.

Despite the molecular and neurophysiologic differences 
among propofol, sevoflurane, and ketamine, all three drugs 
consistently inhibit communication between anterior and 
posterior brain regions. Disruption of information synthesis 
in the brain is a candidate as the proximal mechanism for 
anesthetic-induced unconsciousness. This heralds the 

possibility of another principled approach to EEG and 
intraoperative monitoring through the analysis of how neu-
ral correlates of consciousness are suppressed by general 
anesthetics. Current data suggest that conscious experience 
is dependent on integration of neural information that, if 
interrupted, disturbs or eliminates conscious processing. 
EEG can be used to assess surrogates of both connectivity 
and communication. For example, coherence and phase 
synchronization can gauge functional connectivity, which 
is the statistical interdependence between two areas of the 
brain, and transfer entropy and Granger causality can deter-
mine directed connectivity, which is statistical interdepen-
dence that unfolds over time. Additionally, dynamic casual 
modeling is used as a surrogate of the casual influence of 
one region of the brain on another, also known as effective 
connectivity. In the case of general anesthesia, these tech-
niques reveal that long-range functional connections and 
surrogates of communication become degraded, an effect 
common across the major classes of anesthetics and a pos-
sible mechanism for the breakdown in consciousness. 
However, it should be noted that the literature assessing 
these models is not entirely straightforward. Thus, while 
identifying drug-specific signatures may link anesthetic 
mechanisms to EEG features, state-specific signatures 
common across drugs are based on and also may inform 
neural correlates of consciousness. The latter approach 
requires additional development and refinement before it 
will be useful for routine and real-time intraoperative mon-
itoring. That being said, the implementation of a drug- 
invariant approach should help to effectively identify both 
the breakdown and return of consciousness in the operating 
room in addition to disruptions of consciousness in the 

Fig. 6.3 Frequency slowing 
noted after clamping of the 
right carotid artery during 
endarterectomy. Irregular, 
delta-wave activity is 
appreciated with attenuation 
of faster frequencies. Changes 
are more pronounced on the 
right, which is the side of 
clamping. EEG waveforms 
return to baseline after shunt 
is placed. (Reproduced with 
permission from Dr. Don 
Schomer and Dr. Fernando 
Lopes da Silva, 
Niedermeyer’s 
Electroencephalography: 
Basic Principles, Clinical 
Applications, and Related 
Fields, Fifth Edition)

G. A. Mashour

ALGrawany



47

postoperative period, such as delirium. Importantly, the 
utility of these techniques in monitoring the sedative-hyp-
notic effects of general anesthetics will likely not extend to 
monitoring amnesic effects, which are mediated primarily 
by structures in the medial temporal lobe.

 Discussion

EEG is a valuable tool for surgical patients in a variety of 
clinical settings. Currently, we need a better understanding of 
the neural correlates of consciousness in order to identify 
valid neurophysiologic markers of general anesthesia. This 
deficit in knowledge may be the reason why processed EEG 
monitors do not reduce the incidence of awareness compared 
to end-tidal anesthetic monitoring protocols. Regardless, 
EEG monitoring may have utility in other important clinical 
areas, including the prevention of harmful neurologic out-
comes associated with surgery and anesthesia. For instance, 
using EEG to detect burst suppression and inform titration of 
anesthesia may reduce the risks of postoperative cognitive 
dysfunction and postoperative delirium, a theory that needs to 
be substantiated though larger, multicenter trials. Postoperative 
cognitive dysfunction correlates with the length of burst sup-
pression and deeper planes of anesthesia, but it is unclear 
whether this has causal significance or whether burst suppres-
sion indicates a vulnerable brain. In addition, EEG monitor-
ing detects cerebral ischemia in specific surgical and intensive 
care settings and, with further study, has the potential to rec-
ognize cerebral ischemia and prevent perioperative stroke in 
high-risk settings. Techniques for studying the brain are 
evolving, new discoveries continue to enhance our under-
standing of the central nervous system, and anesthesiologists 
are able to monitor and modulate the brain as our founda-
tional scientific understanding increases.

Key Points
• Raw EEG waveforms and spectrogram patterns 

help reflect the neurophysiologic effects of various 
anesthetics.

• Compared to end-tidal anesthetic concentration 
monitoring protocols, processed EEG monitoring 
does not reduce the risk of awareness with explicit 
recall.

• The risk of cognitive dysfunction (such as delirium) 
following surgery may potentially be minimized by 
using EEG to inform depth of anesthesia; findings 
need to be confirmed with large pragmatic trials.

• Numerous EEG markers reflecting cerebral isch-
emia show frequency slowing, decreased power and 
variability of faster frequencies, and increased 
regional asymmetry.
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Cardiovascular Risk and Instability: 
Evaluation, Management, and Triage

Justin D. Ramos and Jeffrey R. Kirsch

 Overview

The cardiovascular system interacts with the neurologic sys-
tem on many levels. This has implications for disease states 
in both systems. Therefore, when treating patients with neu-
rosurgical disease, the provider must consider and be pre-
pared to address pathological changes and consequences of 
treatment in the cardiovascular system. In the USA alone, 
approximately one of five persons has been diagnosed with 
some form of cardiovascular disease, and 40% of these 
patients are 65 years of age or older. With the progressive 
increase in life expectancy, the percentage of patients with 
significant cardiovascular disease and a comorbid neurologi-
cal condition is also expected to increase.

 Implications for the Neurosurgical Patient

 Neurologic Injury and Cardiac Dysfunction
Cardiac disease in the neurosurgical population increases the 
overall morbidity and mortality. In patients who have suf-
fered a cerebrovascular accident or neurologic injury (e.g., 
traumatic brain injury, brain tumor, and subdural hematoma), 
cardiac manifestations may include EKG changes, cardiac 
arrhythmias, neurogenic cardiomyopathy, as well as neuro-
genic pulmonary edema.

EKG changes are very common in patients with neuro-
logic injuries and occur in 49–100% of cases, with higher 
incidence in patients suffering from intracerebral or sub-
arachnoid hemorrhage and lower incidence in patients with 
ischemic stroke. These changes may consist of sinus tachy-
cardia, sinus bradycardia, large inverted T waves, prolonged 
QT intervals, ST segment changes, or large U waves. 
Arrhythmias ranging from bradycardia to fatal ventricular 

fibrillation are also seen in the acute period following onset 
of stroke symptoms.

Following subarachnoid hemorrhage (SAH), hypotha-
lamic stress leads to a massive release of catecholamines. In 
addition to EKG changes and hypertension, left ventricular 
dysfunction is present in 10–20% of patients with SAH. 
Neurogenic cardiomyopathy is commonly described in 
SAH, which is also referred to as stress-induced or 
“Takotsubo” cardiomyopathy. Female gender, poor-grade 
SAH, and a history of stimulant drug use are risk factors for 
stress-induced cardiomyopathy, and the vast majority of 
patients will have elevation of troponins. EKG changes con-
sistent with myocardial ischemia should prompt further eval-
uation, and if there is concern for STEMI or a high-risk 
NSTEMI, percutaneous coronary intervention (PCI) should 
be considered if not contraindicated (e.g., life-threatening 
hemorrhage). The typical patient with neurogenic cardiomy-
opathy will not have obstructive coronary lesions on angiog-
raphy, and echocardiography would demonstrate an apical 
ballooning pattern or wall motion abnormalities in multiple 
vascular territories, which is considered a hallmark of neuro-
genic cardiomyopathy. Therapy is supportive, as the syn-
drome is self-resolving over several days to weeks. It is 
reasonable to avoid further exposure to exogenous catechol-
amines, and clinicians may consider alpha and beta blockade 
in patients who are not hypotensive or hemodynamically 
unstable.

 Neurosurgical Patients and Anticoagulation

Pharmacological and Physiological Risks for 
Bleeding Patients with neurosurgical disorders are often older 
and, therefore, can have disease processes that require antico-
agulation for management. These typically originate from the 
cardiovascular system and include atrial fibrillation, thrombo-
embolism, or atherosclerotic manifestations like carotid artery 
disease. The use of antithrombotic agents has increased over 
the past decade and is expected to continue to rise.
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Anticoagulant therapy can cause spontaneous bleeding. 
Listed below are several classes of pharmacological agents 
with representative drugs that can cause bleeding.

• Antiplatelet agents: Acetylsalicylic acid (ASA), clopido-
grel (Plavix), and abciximab (Rheopro)

• Heparins: Unfractionated (no trade name, usually from pork 
intestine); low-molecular-weight heparins (LMWHs)  – 
enoxaparin (Lovenox), dalteparin (Fragmin)

• Inhibitors of vitamin K-dependent coagulation factors: 
warfarin (Coumadin) with a half-life of 36–42 h

• Direct thrombin inhibitors: Lepirudin, bivalirudin, arg-
atroban, dabigatran (Pradaxa)

• Direct factor Xa inhibitors: Rivaroxaban (Xarelto), apixa-
ban (Eliquis), edoxaban (Savaysa)

• Fibrinolytic agents: Tissue-type plasminogen activator (tPA).

In addition to these pharmacological risks, patients may 
present with congenital clotting defects (e.g., von 
Willebrand’s disease, hemophilia). Further, patients with 
unrelated diseases may be prescribed pharmaceuticals with 
anticoagulant properties and/or have interactions with other 
drugs that act to change the patient’s coagulation status (i.e., 
drug–drug, drug–food, and drug–genomic interactions). In 
addition, patients with severe liver disease may manifest 
increased bleeding tendency due to decreased synthetic func-
tion of the liver with reduced production of coagulation fac-
tors. Patients who have a malignancy may have antibodies to 
clotting factors and/or to platelets or have a consumptive 
coagulopathy and present with excessive bleeding (in addi-
tion to their neurologic disease).

Assessing Coagulation Status Coagulation status is most 
commonly determined by measuring the international normal-
ized ratio (INR) of the prothrombin time (PT) test, which indi-
cates function of vitamin K-dependent coagulation factors and 
the synthetic function of the liver. Generally, an INR value 
<1.2 is considered normal. If INR is >1.4 in the setting of seri-
ous hemorrhage, treatment of coagulopathy or reversal of anti-
coagulation may be indicated as outlined below. Fibrinogen 
levels can also be useful in assessing the coagulation status of 
the perioperative neurosurgical patient since fibrinogen is the 
main “building block” of clot. Normal fibrinogen levels range 
from 150 to 400 mg/dL, and a fibrinogen level <150 mg/dL in 
the setting of serious bleeding may warrant further evaluation 
of coagulopathy and transfusion of cryoprecipitate. The acti-
vated partial thromboplastin time (APTT) test helps to assess 
the effectiveness of unfractionated heparin (UFH). Normal 
values range from 25 to 35 seconds, and therapeutic ranges of 
APTT while anticoagulated with UFH may be 70–120  sec-
onds, depending on the clinical situation. In addition, Factor 
Xa levels may help to assess the effectiveness of LMWHs, 
although this test is not commonly used.

Unfortunately, it is somewhat difficult to get a quick eval-
uation of platelet function in patients on antiplatelet agents. 
A normal platelet count does not ensure normal platelet 
function. Lancet-induced bleeding time is also not a good 
predictor of platelet function. There are specialized tests to 
evaluate platelet function, but these are generally not readily 
available. Examples are flow cytometry, thromboelastogra-
phy (TEG), and Sonoclot evaluations.

d-Dimer is a test that helps to assess the presence of a 
hypercoagulable state, which may be present in some stroke 
patients. There are two main types of stroke: ischemic (85% 
of all strokes) and hemorrhagic (15%). Ischemic stroke 
occurs when an obstruction in the arterial system causes 
ischemia in the brain. Hemorrhagic stroke occurs when a 
vessel ruptures and bleeds into the brain or into the subarach-
noid space (when a large vessel ruptures). In hemorrhagic 
stroke patients, coagulation increases when fibrinogen is 
converted to fibrin to form a clot. This process yields fibrin 
degradation products, and a positive d-dimer test signals a 
high level of these products in the plasma. (It should be noted 
that d-dimer is a nonspecific test and may also be elevated 
following surgery, liver disease, heart disease, and cancer.)

Many more specialized tests are available and may be 
ordered by a hematologist when caring for a complicated 
patient. For a patient who requires reversal of anticoagula-
tion, the general approach is to first elucidate the level of 
anticoagulation and define the mechanism of anticoagula-
tion. Normally, all common coagulation tests (INR, APTT, 
CBC including platelet count, fibrinogen, and d-dimer) are 
performed simultaneously to expedite the diagnosis. In the 
acute patient, more advanced coagulation investigations may 
not be available in a timely manner, since more sophisticated 
blood tests require longer processing times.

Treating Coagulation Disorders Treatment for coagulation 
defects in neurologically impaired patients targets specific 
deficiencies that persist after stopping anticoagulant therapy. 
For bleeding patients with platelet dysfunction, platelets 
should be transfused. This is also recommended for patients 
with a normal platelet count when platelet dysfunction is 
suspected. The target value for platelet count is 50,000 for 
patients scheduled for surgery or for patients with hemor-
rhage that could be life-threatening. The usual recom-
mended dose is 1 U of platelets per 10 kg body weight. One 
unit of platelets will increase the platelet count by 
5–10 × 109/L.  One unit of platelets is 5 × 1010 platelets in 
50–70 mL plasma; typically, 5–10 U (random donor plate-
lets) are pooled in one component bag for ease of adminis-
tration. Apheresis platelets (from a single donor) may also 
be used and contain 3–5 × 1011 platelets in 200–400  mL 
plasma, equivalent to 4–6 U of platelets. Platelet transfusion 
is also the treatment of choice for reversal of antiplatelet 
agents such as clopidogrel.
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Desmopressin (DDAVP) at a dose of 0.3 μg/kg intrave-
nously can also be attempted to improve coagulation in 
patients on antiplatelet agents or those who are diagnosed 
with mild to moderate von Willebrand’s disease or hemo-
philia A.  DDAVP releases factor VIII and von Willebrand 
factor and is a manufactured analog of vasopressin without 
its vasoconstrictive effects. However, like vasopressin, 
DDAVP causes antidiuresis and could be associated with 
congestive heart failure in patients with poor cardiac func-
tion. Therefore, smaller doses of DDAVP (e.g., 0.15 μg/kg 
IV) should be considered for elderly patients and patients 
with cardiovascular diseases.

Unfractionated heparin has an antidote in protamine. The 
usual dose is 1 mg protamine (IV) for each 100 U of heparin 
given. This dose is reduced by 50% (i.e., 0.5 mg protamine 
for each 100 U of heparin) at 60–120 min after heparin has 
been discontinued. The recommended rate of administration 
is 5  mg protamine per minute. Intravenous protamine can 
cause hypotension via histamine release as well as more 
severe reactions such as anaphylaxis and, very rarely, cata-
strophic pulmonary vasoconstriction (resulting in pulmonary 
hypertension and vascular collapse). In patients with signifi-
cant neurologic disease, treatment of these protamine reac-
tions should be primarily supportive, with standard 
approaches ranging from small boluses of intravenous fluid 
and intravenous ephedrine (or phenylephrine) to treat hypo-
tension up to full treatment of anaphylaxis with intravenous 
fluids, epinephrine, anti-histamines (H1 and H2), and possi-
bly steroids and intubation, if indicated. Subcutaneous hepa-
rin for prophylaxis of deep vein thrombosis (DVT) is usually 
not reversed. LMWHs, unfortunately, cannot be fully 
reversed by protamine. However, some authors recommend 
1  mg of protamine (IV) for each milligram of enoxaparin 
administered over the previous 4–8 h.

Anticoagulation by inhibitors of vitamin K-dependent 
pathways can be reversed by administering vitamin K, either 
intravenously (risk of anaphylaxis and hypotension) or sub-
cutaneously. In non-life-threatening situations, the recom-
mended dose of vitamin K is 1–2 mg. For life-threatening 
situations, the recommended dose is 10 mg vitamin K, which 
accelerates the onset of effect and also presents a higher risk 
of complication. The higher dose is also associated with 
some difficulty in subsequent titration of anticoagulation; 
however, in the case of brain hemorrhage, this becomes a 
secondary concern. Vitamin K should not be used as sole 
treatment to reverse anticoagulation in intracranial hemor-
rhage because it takes hours to normalize INR. In vitamin K 
antagonist-associated intracranial hemorrhage with INR 
>1.4, a 4-factor or 3-factor PCC (prothrombin complex con-
centrate) should be administered intravenously (IV) to rap-
idly reverse INR and improve coagulation. Dosing should be 
based on weight or actual INR with an INR goal. Typical 
doses are 15–50 U/kg. In randomized trials, treatment with 

prothrombin complex concentrates demonstrated equivalent 
hemostasis, more rapid correction of INR, and less volume 
overload when compared to reversal with fresh frozen 
plasma. When PCC is not available, fresh frozen plasma 
(FFP) should be infused at 15–20 mL/kg. However, adminis-
tration of FFP increases the risk for anaphylaxis, blood- 
borne diseases (e.g., HIV, hepatitis), and fluid overload, with 
subsequent heart failure, because of the large amount of FFP 
that may be required to achieve the desired level of improved 
coagulation. Adverse thrombotic events are a risk of treat-
ment with both PCC and FFP.

Direct factor Xa inhibitors (i.e., rivaroxaban, apixaban, 
edoxaban) prevent factor Xa-dependent conversion of pro-
thrombin to thrombin. These medications are associated with 
increased risk of intracranial hemorrhage, although studies 
suggest that the risk of intracranial hemorrhage is lower with 
oral direct factor Xa inhibitors than with warfarin. In minor, 
non-life-threatening hemorrhage, discontinuation of the 
medication may be sufficient due to relatively short half-life. 
However, intracranial hemorrhage and major bleeding war-
rant pharmacologic reversal. After a careful history regard-
ing the last dose of medication, reversal with 4-factor PCC 
(50 U/kg) or activated PCC (50 U/kg) is recommended when 
intracranial hemorrhage occurred three to five terminal half- 
lives of drug exposure or in liver failure. Activated charcoal 
(via a nasogastric or oral gastric tube) may be considered in 
patients who present within 2 h of last dose ingestion and are 
intubated with enteral access or considered low aspiration 
risk. Recombinant factor VIIa is not recommended due to 
potentially increased adverse thrombotic events.

Direct thrombin inhibitors (e.g., argatroban, dabigatran) 
can also be reversed by 4-factor PCC (50 U/kg, IV) or acti-
vated PCC (50 U/kg, IV) if last drug exposure was within 
three to four terminal half-lives or in renal failure. 
Idarucizumab (Praxbind) is a humanized antibody to dabiga-
tran. Approved by the FDA in 2015, idarucizumab has been 
shown to be an effective and immediate antidote in 
dabigatran- associated hemorrhage. If idarucizumab is not 
available, hemodialysis is recommended in life-threatening 
hemorrhage associated with direct thrombin inhibitor (DTI) 
anticoagulation.

Recombinant-activated factor VII is currently being 
investigated as an IV treatment for coagulopathy. The FDA 
indication for clinical administration of recombinant- 
activated factor VII is bleeding associated with hemophilia 
and antibodies to factors VIII or IX. A wide range of doses 
has been tested, but the typical dose is approximately 90 μg/
kg. Off-label recombinant-activated factor VII has been used 
in a variety of clinical bleeding scenarios, including neuro-
surgical bleeding, with varied results. It may have some effi-
cacy in the reversal of LMWH.

Fibrinolytic agents such as tPA can be reversed by 
6–8 U of platelets or cryoprecipitate (six to eight doses) 
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that contains factor VIII. Congenital clotting defects and 
bleeding are best managed with the help from an experi-
enced hematologist.

 Hypertension and Neurosurgical Disease

Many neurosurgical disease states such as intracerebral hem-
orrhage, ischemic neurological injury, and carotid artery dis-
ease are affected by the blood pressure. Finding an optimal 
level of blood pressure depends on many factors including 
severity of chronic hypertension, patient age, and impairment 
of intracranial compliance (e.g., patients with elevated ICP). 
Blood pressure control may be particularly critical in patients 
with (or at risk for) hemorrhage in areas that place neurologic 
tissue at risk for further injury (e.g., brain or spinal cord).

For individual patients with neurologic injury, the optimal 
blood pressure range is often difficult to establish. Ideally, 
the blood pressure range would allow for optimal cerebral 
perfusion without placing the patient at risk for cerebral 
hemorrhage or edema. This can be difficult to demonstrate 
since CT and MRI – the usual scanning methods – are static 
exams and are impractical for providing information over 
time. More advanced studies such as PET scanning can give 
more insight but are not readily available. One study in stroke 
patients shows a U-shaped blood pressure curve with 
increased mortality for patients presenting with blood pres-
sures greater than 220/111 or less than 100/61. Hypotension 
is rare in patients in the acute setting of stroke. When hypo-
tension is observed in this population, potential etiologies 
include aortic dissection, dehydration, blood loss, sepsis, and 
decreased cardiac output. If hypotension is noted, immediate 
steps should be taken to correct the hypotension and to iden-
tify and treat the underlying cause.

Hypertension is more commonly seen in the acute setting 
following stroke, and the possible etiologies include acute 
stress, pain, hypoxia, and increased ICP.  For patients with 
intracerebral hemorrhage, the 2015 AHA/ASA guidelines 
suggest a target systolic blood pressure less than 140 is safe 
(class 1, level a) and can be effective for improving func-
tional outcome (class 2a, level b). First-line antihyperten-
sives should be agents that are unlikely to inadvertently raise 
ICP (e.g., labetalol, nicardipine, esmolol, and enalapril). 
Significantly increased ICP can manifest as severe impair-
ment following acute stroke, severe hypertension, bradycar-
dia, decreased level of consciousness, and abnormal 
respirations (i.e., Cushing’s reflex). Since these findings are 
often premorbid, it is critical that the clinician define the 
nature of the intracranial pathology and treat appropriately. 
Great caution must be used in administering direct vasodila-
tors to control blood pressure (e.g., nitroprusside and nitro-
glycerin) as these drugs may cause reduced cerebral perfusion 
and increased ICP with worsening of neurologic injury.

 Acute Ischemic Stroke Treatments

Current treatments for acute ischemic stroke include intrave-
nous recombinant tPA and intracranial endovascular neuroin-
terventional treatments (i.e., intra-arterial thrombolysis or 
mechanical clot extraction) that can be performed under local 
or general anesthesia. Blood pressure management is key, and 
systolic BP must be lowered and stabilized to <185 mmHg 
and diastolic blood pressure to <110 mmHg for a patient to be 
eligible for IV rtPA or intra-arterial thrombolysis. While eval-
uating a patient prior to a neurointerventional procedure, 
important considerations include assessment of the patient’s 
level of consciousness, cooperation, and noting any signifi-
cant hypotension or hypertension. Both general anesthesia 
and local anesthesia with sedation are feasible. The advan-
tages of general anesthesia include a motionless patient and 
control of oxygenation and ventilation with a protected air-
way. Potential disadvantages include possibly increased 
hypotension, higher frequency of hyperventilation (reduced 
PaCO2 and reduced cerebral blood flow), increased risk of 
respiratory complications, and concerns about anesthetic neu-
rotoxicity. A sedation approach may allow for ongoing neuro-
logic examinations and potentially less hypotension; however, 
there is a risk of aspiration with an unprotected airway, and 
sedation may not be appropriate in patients with severe defi-
cits. Retrospective studies have found an association between 
type of anesthesia and outcomes in patients undergoing treat-
ment for acute ischemic stroke. General anesthesia was asso-
ciated with poorer functional outcome and increased mortality 
when compared to local anesthesia with sedation. However, 
patients receiving general anesthesia tended to have more 
severe stroke symptoms, and to date there are no prospective, 
randomized trials.

 Cerebral Vasospasm

Following subarachnoid hemorrhage or severe head injury, 
many patients develop acute cerebral vasospasm causing 
delayed cerebral ischemia in the period 4–14  days after 
aneurysm rupture. The current treatment principle is to keep 
the cerebral perfusion pressure (CPP) above 60–70 mmHg 
by managing the patient with fluids and vasopressors to 
ensure adequate perfusion. Following aneurysmal subarach-
noid hemorrhage, many centers employ a strategy of phar-
macologically induced hypertension and hypervolemia in 
hopes of facilitating improved cerebral perfusion and pre-
venting delayed cerebral ischemia. The risks of hypertension- 
related bleeding must be balanced with maintenance of 
cerebral perfusion pressure. This approach may also place 
the patient at risk for myocardial dysfunction (an imbalance 
between myocardial oxygen consumption and supply) and 
congestive heart failure.
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 Concerns and Risks

Electrocardiographic changes may reflect myocardial pro-
cesses caused by sympathetic stimulation associated with 
neurosurgical bleeding, even in patients with no organic 
ischemic cardiac disease. To ensure optimal oxygen delivery 
to the brain, support of circulation must be initiated when 
cardiac dysfunction leads to decreased cerebral oxygenation 
and perfusion. With appropriate hemodynamic monitoring 
(e.g., invasive arterial pressure, central venous pressure, and 
possibly pulmonary artery pressure) to guide therapy, stan-
dard treatment with inotropes may be necessary for low car-
diac output states that have been confirmed by clinical exam 
and supporting investigations such as echocardiography. 
Anti-arrhythmics are indicated for hemodynamically signifi-
cant arrhythmias. These treatments are started in all patients 
when indicated. A cardiac workup can then be performed to 
separate the patients with true underlying cardiac disease 
from patients with only temporary cardiovascular manifesta-
tions resulting from their acute neurological condition.

Anticoagulation therapies can worsen the outcome of the 
neurosurgical process and must often be discontinued after 
carefully weighing the risk/benefit ratio of continued antico-
agulation vs. discontinuation. Patients are placed on antico-
agulation treatment for a variety of reasons, and some 
indications may be weaker than others. For example, some 
biological cardiac valve prostheses may not need more 
aggressive anticoagulation than aspirin; on the other hand, 
cardiac stents require more intensive anticoagulation ther-
apy, and discontinuation would place the patient at risk for 
catastrophic stent thrombosis – in BMS (bare metal stents) 
especially the first month and in DES (drug-eluding stents) 
especially the first year. These treatment decisions are best 
made in consultation with a cardiologist.

In acute ischemic strokes, acute lowering of the blood 
pressure may decrease the risk for hemorrhagic transforma-
tion (cerebral hemorrhage after an ischemic stroke) and cere-
bral edema; however, actively lowering the blood pressure 
can worsen neurological injury by increasing the ischemia in 
the penumbra (the zone of reversible ischemia surrounding 
the infarct) because of inadequate driving pressure through a 
stenosis. In contrast, a blood pressure that is too high can 
cause increased edema and increased bleeding, especially in 
patients with ruptured aneurysms or arteriovenous malfor-
mations who are at risk for rebleeding.

Consideration should be given to maintaining an ade-
quate CPP, i.e., greater than 70 mmHg. CPP is the differ-
ence between mean arterial pressure and the downstream 
pressure, either the jugular venous pressure or the intracra-
nial pressure, whichever is higher. For stable patients, non-
invasive blood pressure monitoring is adequate; but in 
unstable patients who require continuous intravenous anti-
hypertensives, and in deteriorating patients, an invasive 

arterial catheter should be considered to provide beat-to-
beat monitoring and an easy way to measure metabolic sta-
tus. Unfortunately, this metabolic information will only 
reflect the global status and not the focal values that would 
better guide therapy. For patients with cardiac disease, con-
trol of blood pressure is indicated to tip the myocardial 
oxygen balance in favor of reduced work and, therefore, 
lower the risk for ischemia.
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Key Points
• Signs of myocardial damage without underlying 

cardiac disease can be present in patients with neu-
rosurgical disease, and these manifestations must 
be evaluated and treated.

• Rapid and aggressive reversal of anticoagulation 
may be indicated in patients with critical bleeding 
in the central nervous system.

• Control of blood pressure is often necessary to miti-
gate the effects of hypertension on intracerebral 
hemorrhage. It reduces the risk of rebleeding in 
patients with hemorrhagic strokes and reduces the 
risks for cerebral edema and hemorrhagic transfor-
mation in patients with ischemic strokes.

• Consideration should be given to maintaining ade-
quate cerebral perfusion pressure in acute intracra-
nial processes, as both hypotension and hypertension 
are potentially harmful in patients presenting with 
ischemic or hemorrhagic strokes.

• The ideal anesthetic technique for endovascular 
neurointerventional procedures is not yet defined, 
though retrospective data suggest an association 
between general anesthesia and poorer outcomes.
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Risk Assessment and Treatment 
of Critical Carotid Stenosis: Suggestions 
for Perioperative Management

Kory S. Herrick

 Overview

Carotid artery stenosis is the narrowing of the carotid arteries 
and is typically the result of atherosclerotic disease involving 
the intima of the vessel wall. Carotid atherosclerotic disease 
is generally most severe at the bifurcation of the common 
carotid artery, extending distally into the lumen of the inter-
nal carotid artery and often proximally into the common 
carotid artery. Carotid artery stenosis is classified as asymp-
tomatic if there have been no ischemic events related to it or 
symptomatic if the patient has a history of prior stroke or 
transient ischemic attack (TIA) in the vascular distribution of 
the affected artery. Carotid artery stenosis is evaluated and 
quantified by carotid ultrasonography, magnetic resonance 
angiography (MRA) with or without contrast, computed 
tomography angiography (CTA), or digital subtraction angi-
ography (DSA). Intervention in the form of either carotid 
endarterectomy (CEA) or carotid artery stenting (CAS) is 
indicated for those with symptomatic disease and 70–99% 
stenosis, but not for those with complete occlusion. It may 
also be beneficial for those with symptomatic disease and 
50–69% stenosis in centers known to have a very low surgi-
cal morbidity and mortality. Intervention should also be con-
sidered in those with asymptomatic disease and 60–99% 
stenosis.

Both CEA and CAS confer a clear benefit in stroke pre-
vention in patients with carotid artery stenosis, and either 
CEA or CAS can be offered to appropriate patients with 
carotid artery stenosis. The Carotid Revascularization 
Endarterectomy versus Stenting Trial (CREST) established 
that CAS is equally efficacious to CEA in secondary preven-
tion of ipsilateral stroke. Generally, CEA is preferred to CAS 
unless the patient has certain risk factors that may make them 
better candidates for CAS. These risk factors include:

• Severe cardiac disease
• Severe pulmonary disease
• Contralateral carotid occlusion
• History of neck surgery or neck radiation
• Contralateral laryngeal nerve palsy
• Recurrent stenosis after previous CEA
• Age >80

Both methods of carotid revascularization require a thor-
ough preoperative evaluation and medical optimization 
strategy, as well as an understanding of the associated peri-
operative risks and management concerns.

 Preoperative Evaluation and Management

Preoperative evaluation involves assessing cardiac function, 
the amount of central nervous system (CNS) impairment, if 
any, and the degree of CNS reserve.

A thorough neurologic exam should be performed and 
documented prior to surgery to establish an accurate clinical 
baseline of the patient. A preoperative CT or MRI of the 
brain is indicated for all symptomatic patients to evaluate the 
size and location of infarct, the presence of hemorrhagic 
transformation, and the severity of cerebral edema. Routine 
DSA is not indicated if other vessel imaging modalities have 
previously been obtained, as it rarely affects the surgical plan 
and is associated with a number of significant risks, includ-
ing stroke (0.1–1.6%) and death (0.1%).

 Cardiac Disease

Perioperative mortality associated with CEA is <0.5–3%, 
with a higher risk when performed at non-tertiary care cen-
ters. Cardiac events are the most common cause of periop-
erative mortality, and as such preoperative cardiac assessment 
and optimization are of paramount importance. A thorough 
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cardiac history and 12-lead EKG should be performed on all 
patients prior to CEA or CAS. Additional cardiac assessment 
and optimization, in collaboration with a cardiologist, may 
be necessary for patients with severe cardiac disease.

 Antiplatelet Therapy

Antiplatelet therapy with aspirin reduces the risk of stroke of 
any cause in patients undergoing CEA. The recommended 
dose is 81–325  mg daily. Consensus guidelines from the 
American Academy of Neurology (AAN) and the American 
College of Chest Physicians (ACCP) recommend starting 
aspirin prior to CEA and continuing indefinitely as long as 
there are no contraindications. Clopidogrel can be used with 
patients who have contraindications to aspirin. For patients 
undergoing CAS, we recommend dual antiplatelet therapy 
with aspirin and clopidogrel, which should be initiated prior 
to CAS and continued for at least 30  days after stenting. 
There is limited data to guide the dosing regimen and dura-
tion of dual antiplatelet therapy following CAS. The CREST 
trial used aspirin 325 twice daily and clopidogrel 75  mg 
twice daily, starting at least 48 hours prior to the procedure. 
Patients who underwent CAS within 48 hours received aspi-
rin 650 mg and clopidogrel 450 mg at least 4 hours prior to 
the procedure. After the procedure, patients were maintained 
on aspirin 325 mg daily and clopidogrel 75 mg daily for at 
least 30 days, followed by aspirin monotherapy indefinitely. 
Alternatively, the ARMYDA-9 CAROTID trial demon-
strated in a 2 × 2 trial design that a clopidogrel load of 600 mg 
6  hours prior to the procedure, given concurrently with a 
statin reload regimen (atorvastatin 80 mg load 12 hours prior 
to the procedure and another 40 mg given 2 hours prior to 
stenting), was superior to a clopidogrel 600 mg load without 
statin reload as well as a clopidogrel 300 mg load with or 
without statin reload. Our practice includes a regimen of 
aspirin 325 mg daily, combined with a 600 mg loading dose 
of clopidogrel, given at least 6 hours prior to CAS, followed 
by clopidogrel 75 mg daily maintenance therapy for at least 
4  weeks post-procedure and aspirin 325  mg daily indefi-
nitely. Until more definitive data emerge to guide antiplatelet 
therapy in patients undergoing CAS, any of the above regi-
mens is reasonable.

 Statin Therapy

All patients with known coronary heart disease or risk equiv-
alents, including those with symptomatic carotid artery ste-
nosis, should be treated with a statin when tolerated. ACC/
AHA guidelines recommend high-intensity statin therapy in 
all individuals 75 years old or less with known cardiovascu-
lar disease, and in the case of individuals older than 75 years, 

it is reasonable to weigh the risks and benefits of statin ther-
apy. Patients already on statin therapy prior to CEA or CAS 
should continue it in the perioperative period. As described 
above, there is some evidence that those already receiving 
statin therapy prior to CAS may benefit from a reload 
regimen.

 Operative Course

 Carotid Endarterectomy

An arterial line is placed for intraoperative hemodynamic 
monitoring and should be maintained for the postoperative 
period. Fluid use in the neurosurgical patient is typically 
0.9% saline without dextrose or Ringer’s lactate.

Local versus general anesthesia is generally the choice of 
the surgeon in consultation with the anesthesiologist, and 
there does not appear to be any difference in mortality, MI, 
or stroke at 30 days between the two strategies. If the patient 
is a poor general anesthesia candidate, regional anesthesia in 
the form of a superficial cervical plexus block may be per-
formed. Awake (local) anesthesia provides the advantages of 
being able to conduct frequent intraoperative neurologic 
examinations and avoids the typical hemodynamic stress that 
occurs with induction and emergence for general anesthesia. 
However, it creates the challenge of airway management 
under the drapes if the patient becomes unable to continue in 
the awake state throughout the procedure. The use of general 
anesthesia usually allows for better operating conditions but 
depending on the anesthetic technique may result in a delay 
in postoperative neurologic evaluation. In order to minimize 
this risk, many anesthesiologists choose a technique that 
includes the use of short-acting anesthetic agents (e.g., pro-
pofol, desflurane, remifentanil, sufentanil) in combination 
with a superficial cervical plexus block (placed at the begin-
ning of the case). The block provides for intraoperative and 
postoperative analgesia, thus reducing the need to administer 
longer-acting intravenous opiates, which may delay the tim-
ing and quality of postoperative neurologic assessment.

The operation proceeds with a skin incision that is either 
made along the anterior border of the sternocleidomastoid 
muscle or transversely over the jugular bulb. This is followed 
by dissection of overlying tissues away from the common 
carotid to above the bifurcation. Systemic heparin is given 
intravenously, and the internal, common, and external arter-
ies are clamped sequentially, after which a longitudinal inci-
sion is made through the adventitia of the carotid artery. A 
vascular shunt may be placed at this time (see below). A dis-
section plane between the intima and media is made with 
removal of the plaque. The edges are tapered carefully to 
avoid leaving a gap that could result in a dissection after 
blood flow is restored. The arteriotomy is closed with suture, 
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and the shunt, if used, is removed. If there is concern that 
direct closure of the arteriotomy may result in lumen narrow-
ing, a graft using the saphenous vein or an artificial patch 
such as Dacron or polytetrafluoroethylene (PTFE) may be 
used. The distal internal carotid artery is then unclamped, 
allowing retrograde flow of debris. The internal carotid artery 
is then reclamped, and the common and external carotid 
arteries are unclamped. This allows a flushing of debris away 
from the internal carotid.

Thrombin-soaked gel may be placed over the suture site, 
and, once hemostasis is achieved, the wound is closed with 
or without a drain.

 Carotid Artery Stenting

An arterial line is placed for intraoperative hemodynamic 
monitoring and should be maintained for the postoperative 
period. Moderate sedation is typically performed for carotid 
stenting and allows for an accurate intraprocedural neuro-
logic exam.

The femoral artery is accessed percutaneously followed 
by the placement of a 5F short sheath. Heparin (50–80 U/kg) 
is then administered with a goal aPTT of 250–300 seconds. 
A guide wire is advanced to the brachiocephalic or left com-
mon carotid artery followed by catheter cannulation with 
subsequent imaging of the distal arterial anatomy of interest. 
The guide wire is then navigated across the internal carotid 
artery lesion. A neuroprotective device in the form of a distal 
filter, balloon, or proximal common and external carotid 
occlusive device is deployed prior to stent placement. In 
preparation for hemodynamic changes with carotid bulb 
expansion, atropine or glycopyrrolate should be readily 
available as well as an IV vasopressor and antihypertensive 
agent. A stent or angioplasty balloon plus stent is advanced 
via catheter to the site of the lesion. The stent may be self- 
expanding or may require a balloon assist device that is 
deployed at the site of the lesion. The sheath is removed and 
the femoral artery is closed with the proceduralist’s preferred 
device.

 Concerns and Risks

 Complications Associated with Carotid 
Endarterectomy

• Carotid clamping with risk of cerebral ischemia
 – Assessing risk/tolerance of carotid clamping
 – Intraoperative monitoring
 – Selective shunting

• Hemodynamic lability
• Reperfusion syndrome

• Postoperative stroke
• Local versus general anesthesia
• Postoperative hematoma
• Nerve damage

 Complications Associated with Carotid Artery 
Stenting

• Stroke
• Reperfusion/hyperperfusion syndrome
• Hemodynamic lability
• Carotid stent fracture
• Restenosis
• Dissection

Both CEA and CAS are associated with a risk of cardiac 
events. The CREST trial demonstrated no significant differ-
ence between CEA and CAS using a composite primary end-
point of any stroke, myocardial infarction (MI) or death in 
the perioperative period, or ipsilateral stroke during the 
10-year follow-up period. CAS carried a significantly lower 
risk of MI when compared to CEA, but a significantly higher 
risk of stroke in the periprocedural period. Independent risk 
factors for poor outcome (stroke, myocardial infarction, or 
death) following CEA include age ≥80, severe heart disease, 
severe lung disease, renal failure or insufficiency, stroke as 
the indication for intervention, limited surgical access, prior 
cervical irradiation, prior ipsilateral CEA, and contralateral 
carotid occlusion. Risk factors for poor outcome after CAS 
are similar to those for CEA, with some important additional 
considerations including the presence of aortic stenosis, 
chronic kidney disease, and carotid plaque morphology.

Possible independent risk factors for stroke within 30 days 
of CEA include intraoperative transfusion, baseline hemiple-
gia, shorter height (likely representing smaller artery size), 
and increased intraoperative anesthesia time.

 Assessing Risk/Tolerance of Carotid Clamping
The internal carotid artery is clamped during CEA, exposing 
the associated hemisphere to transient hypoperfusion. If there 
is inadequate cerebral perfusion via collateral blood flow, 
ischemia and infarct can occur. Approximately 80–85% of 
patients tolerate carotid artery clamping without experiencing 
ischemic complications. In patients who do not undergo rou-
tine carotid shunting, intraoperative neuro (electrophysio-
logic) monitoring for evidence of ischemia is often used to 
identify patients who may benefit from selective shunting.

 Intraoperative Monitoring
A number of monitoring modalities may be employed to 
identify cerebral ischemia during carotid clamping, and 
these modalities can indicate patients for selective shunting:
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• Frequent neurologic assessment in the patient undergoing 
CEA with local anesthesia only.

• Continuous intraoperative electroencephalography 
(EEG) – the emergence of delta or theta waves or ampli-
tude attenuation is used as evidence of intraoperative 
ischemia.

• Somatosensory evoked potential (SSEP) – often used in 
conjunction with EEG, SSEP amplitude reductions of 
over 50% are used as evidence of intraoperative 
ischemia.

• Cerebral oximetry  – employs near infrared spectropho-
tometry (NIRS) to determine regional cerebral oxygen 
saturation as a measure of cerebral ischemia.

• Stump pressure (SP)  – SP is the internal carotid artery 
pressure distal to the carotid clamp, which reflects the 
cerebral perfusion pressure in the distal vessels. SP 
thresholds of less than 40–60 mmHg are generally used as 
an indication of inadequate collateral blood flow and the 
need for shunt placement.

• Transcranial Doppler (TCD)  – a sustained and marked 
reduction in the mean middle cerebral artery (MCA) 
velocity during clamping may be used to identify isch-
emia and the need for selective shunting. The reliability of 
this method, and the optimal threshold of reduction in 
mean MCA velocity for defining ischemia, is unclear. 
However, unlike other intraoperative monitoring modali-
ties, TCD can be used intraoperatively to detect embolic 
events.

 Shunting
A shunt can be placed as a temporary bypass between the 
common carotid and the internal carotid arteries distal to 
the surgical site to decrease the length of time that blood 
flow to the internal carotid vascular distribution is inter-
rupted during CEA. Shunts may be placed either routinely 
or selectively in patients in whom there is evidence of cere-
bral ischemia during clamping. It is unclear whether the use 
of a shunt, either routinely or selectively, results in improved 
patient outcomes after CEA, and the use and indication of 
shunting remains controversial. Presently, there is little evi-
dence to suggest the superiority of one intraoperative moni-
toring method over another in the case of selective 
shunting.

 Labile Hemodynamics
Baroreflex dysfunction is ubiquitous with CEA and can 
result in abrupt changes in arterial pressure and heart rate. 
Treatment may involve immediate cessation of surgery (with 
communication between the surgeon and anesthesiologist), 
local anesthetic infiltration at the bifurcation, and/or immedi-
ate intravenous administration of drugs to reverse the unde-
sirable hemodynamic change. Hypotension increases the 

risk of ischemia and infarction, while hypertension may 
increase the risk of ICH, cerebral hyperperfusion syndrome, 
surgical site tearing, or neck hematoma formation. Baroreflex 
dysfunction may persist for hours to days after CEA, during 
which time arterial pressure and heart rate often remain 
labile and difficult to treat. Consequently, we recommend 
routine intra-arterial blood pressure monitoring in the post-
operative period.

 Cerebral Hyperperfusion Syndrome
Cerebral hyperperfusion syndrome occurs in 1–3% of 
patients following CEA and in 1% of patients following 
CAS. Patients generally present with a severe headache ipsi-
lateral to the revascularized carotid artery, seizures, and focal 
neurologic deficits contralateral to the revascularized carotid 
artery. Cerebral hyperperfusion syndrome usually develops 
within 1–2  weeks of carotid revascularization, but it can 
occur up to 30 days following CEA or CAS. Risk factors for 
cerebral hyperperfusion syndrome include a preoperative 
carotid artery stenosis of greater than 80%, or when CEA has 
been performed after a recent cerebral infarct. Postoperative 
TCD to monitor MCA velocities has been investigated as a 
method of predicting cerebral hyperperfusion syndrome, but 
the accuracy and usefulness of TCD for this purpose remains 
unclear.

All patients in whom cerebral hyperperfusion syndrome 
is suspected should be evaluated with either CT or MRI to 
assess for intracerebral hemorrhage and edema. Management 
involves aggressive treatment of postoperative hypertension 
with nicardipine, labetalol, esmolol, or enalaprilat intrave-
nously. Some vasodilators such as nitroglycerin or nitroprus-
side may increase cerebral blood flow and intracranial 
pressure and should therefore be avoided. There are no 
established guidelines for the optimal blood pressure to pre-
vent or treat cerebral hyperperfusion syndrome with or with-
out intracerebral hemorrhage. For prevention of cerebral 
hyperperfusion syndrome and ICH, a SBP goal of less than 
150–160 mmHg is typical and reasonable postoperatively in 
all patients. For patients diagnosed with cerebral hyperperfu-
sion syndrome with ICH, we recommend a more aggressive 
SBP goal of less than 140 mmHg, a goal extrapolated from 
current ASA/AHA guidelines for blood pressure manage-
ment in spontaneous ICH.

Intracerebral hemorrhage occurs in about 0.6% of patients 
after CEA, and its occurrence portends a poor prognosis with 
a mortality of 36–63%. ICH should be managed by acutely 
lowering blood pressure to a goal systolic blood pressure of 
140  mmHg or less as described above. Protamine sulfate 
should be used to reverse the effects of heparin in applicable 
patients. Platelet transfusion for patients who have been tak-
ing antiplatelet medications is controversial, and the role of 
platelet function assays and platelet transfusion in uncertain. 
According to current ASA/AHA guidelines for spontaneous 
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ICH, there is not enough evidence to recommend platelet 
transfusions in patients receiving antiplatelet therapy, and 
extrapolating that recommendation to patients with ICH 
after CEA seems reasonable.

Seizures are common in cerebral hyperperfusion syn-
drome and should be managed with antiepileptic medica-
tions such as fosphenytoin or levetiracetam. Prophylactic 
antiepileptic medications are not recommended for cerebral 
hyperperfusion syndrome, with or without ICH.

 Postoperative Stroke
Postoperative stroke occurs in less than 3% and 5% of 
asymptomatic and symptomatic patients undergoing CEA, 
respectively. Etiologies include endarterectomy site throm-
bosis, arterial dissection, intracerebral hemorrhage, distal 
arterial emboli, and watershed infarction. The specific 
approach to postoperative stroke is variable depending on the 
clinical context but generally includes carotid ultrasonogra-
phy to rule out CEA site thrombus or dissection, CT of the 
head to rule out hemorrhage, and potentially an immediate 
return to the OR for suspected CEA site thrombus. 
Additionally, CTA or DSA may be obtained to assess for 
arterial emboli or dissection that could be amenable to endo-
vascular interventions. Starting a heparin infusion in these 
patients may be done immediately, but a CT scan of the head 
is recommended prior to initiating anticoagulation therapy to 
rule out intracranial hemorrhage.

 Crisis Management

 Postoperative Hematoma

Postoperative hematoma is more common in those on antico-
agulation medications. This is often managed conservatively 
but may require a return to the OR for surgical control of the 
bleeding source. Venous oozing may be managed with hepa-
rin reversal using protamine and careful direct pressure for 
several minutes. Rarely, a neck hematoma following CEA 
may result in airway compromise. Under these circum-
stances, opening the wound at the bedside, prior to gaining 
definitive control in the OR, may be lifesaving.

 Nerve Damage

A number of nerves may be damaged during CEA surgery:

 1. Vagus nerve – lies in the carotid sheath with the carotid 
artery and jugular vein and is at risk of injury, resulting in 
hoarseness.

 2. Recurrent laryngeal nerve  – injury to this nerve may 
result in unilateral vocal cord paralysis.

 3. Facial nerve – injury to the marginal mandibular branch 
innervating the lateral orbicularis oris muscle may result 
in lower facial asymmetry.

 4. Hypoglossal nerve  – injury results in tongue deviation 
ipsilateral to the CEA site.

 5. Ansa hypoglossus – innervates the strap muscles of the 
neck and may be sacrificed during surgery.

 6. Sympathetic chain – injury results in ipsilateral complete 
or partial Horner’s syndrome.

The majority of cranial nerve injuries are temporary, with 
persistent cranial nerve injuries occurring in less than 1% of 
patients. The only risk factor for cranial nerve injury is sur-
gery longer than 2 hours.

 Parotitis

Perioperative parotitis can occur secondary to manipulation 
during surgery, but this is uncommon.

 Oxygen Concentration

For CEA patients, oxygen concentration should be kept as 
low as possible while maintaining good oxygen saturation in 
patients who do not have an endotracheal tube or laryngeal 
mask airway to decrease the risk of intraoperative fire during 
a surgery that involves the use of electrocautery in the head 
or neck region.

 Bilateral CEA

The risk of neck hematoma, laryngeal nerve damage, and 
bilateral cerebral ischemia has led to a staged procedure with 
each CEA being performed a week or more apart.

 Restenosis

This can occur early (within 3 years) or late (greater than 
3  years) and may warrant revascularization with either 
CEA or CAS.  Early restenosis risk factors are age <65, 
female gender, and smoking. Repeat surgery is associated 
with an increased risk of stroke or death at 30 days com-
pared to the initial surgery. This risk is less if stenosis 
recurs within 2 years, as this is most likely due to intimal 
hyperplasia rather than recurrent atherosclerotic plaque 
formation.

Acute or subacute restenosis can occur in 0.5–2% of 
carotid stent placements. Stenosis beyond 30  days is typi-
cally due to neointimal hyperplasia. Drug-eluting stents are 
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rarely used for CAS, and the use of bare metal stents war-
rants the use of aspirin indefinitely and of clopidogrel for at 
least 4–6 weeks after placement.
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Key Points
• The highest risk of mortality following CEA is 

from cardiac causes. Investigation and medical 
optimization of these patients is crucial.

• Tight blood pressure control must be instituted as 
soon as flow is returned to the internal carotid artery 
during surgery and must be maintained for 
1–14 days – the first 24 hours are the most labile 
and critical.

• Patients are at risk for cerebral hyperperfusion syn-
drome with ICH and seizures, which must be treated 
with reversal of anticoagulation, aggressive blood 
pressure management, and antiepileptics, as 
indicated.

• Close monitoring of hemodynamic and neurologic 
status in an ICU setting is recommended for 
24 hours following CEA.
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Aneurysmal Subarachnoid 
Hemorrhage: Risk Assessment 
and Perioperative Complications

Chanhung Z. Lee, Pekka Talke, and Nerissa U. Ko

 Overview

Blood in the subarachnoid space is most commonly a result 
of a ruptured cerebral arterial aneurysm, but it can also be 
due to a ruptured arteriovenous malformation, tumor, 
embolic stroke, or trauma. In this chapter, we will focus on 
subarachnoid hemorrhage (SAH) from rupture of a cerebral 
aneurysm. An estimated 1–5% of adults worldwide harbor 
intracranial aneurysms. In the United States alone, each year 
there are at least 30,000 patients who have SAH due to rup-
ture of a cerebral aneurysm.

 Implications for Neurosurgical Patients

Morbidity and mortality are very high in aneurysmal SAH 
patients throughout the world. Although incidence of SAH 
varies among different regions and populations, about 15% 
of patients die before reaching a hospital, and overall, 25% 
subsequently die from the initial hemorrhage or its compli-
cations. Up to 50% of survivors will have long-term neuro-
logical deficits.

Institutional factors have been shown to influence out-
come after aneurysmal SAH. Treatment of a ruptured cere-
bral aneurysm consists of surgical clipping or endovascular 

coil embolization. The largest multicenter randomized trial, 
conducted by the International Subarachnoid Aneurysm 
Trial (ISAT), comparing the outcome of these two treatment 
modalities showed a delicate balance of safety and durability 
at different time durations of follow-up, indicating the impor-
tance of tailored treatment choice based on patient and aneu-
rysm characteristics. Proper perioperative care is vital in 
facilitating therapeutic interventions and in reducing mor-
bidity and mortality in this high-risk patient population. This 
chapter will focus on management of aneurysmal SAH- 
related perioperative complications and concerns relating to 
neuroanesthesia.

 Concerns and Risks

Typical initial medical measures after aneurysmal SAH 
include mild sedation and analgesics for anxiety and head-
ache, prevention of arterial blood pressure elevation, and 
avoidance of antiplatelet agents. Blood pressure frequently 
rises precipitously as a result of the initial intracranial hem-
orrhage, presumably as a result of acute elevation of intra-
cranial pressure (e.g., Cushing response). Unbearable 
headache and anxiety may also be contributing factors. 
Placement of an intra-arterial catheter enables continuous 
blood pressure monitoring and helps in guiding blood pres-
sure management in patients requiring frequent interven-
tion. The parameters of blood pressure control have not yet 
been defined, but it is generally reasonable to maintain sys-
tolic blood pressure below 160 mmHg. Beta-blockers and 
short-acting calcium channel blockers are commonly used 
to control hypertension. Some studies have shown smoother 
control of blood pressure using intravenous nicardipine, but 
there is no reported difference in clinical outcome. 
Coexisting intracranial hypertension may impair cerebral 
perfusion, and therefore systemic hypotension should be 
avoided.
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 Airway and Ventilation Management

Most patients with aneurysmal SAH will be intubated during 
the surgery or procedure for treating the aneurysm. However, 
earlier endotracheal intubation and mechanical ventilation 
may be required in some patients with significant decline of 
consciousness, as well as in those experiencing seizures. For 
these patients, inability to protect the airway may lead to 
aspiration, often resulting in pneumonitis or pneumonia. 
Mechanical ventilation may also be needed for patients who 
have neurogenic or cardiogenic pulmonary edema. To keep 
the patient comfortable and facilitate frequent neurological 
exam, propofol or dexmedetomidine infusions can be used 
for sedation during mechanical ventilation.

Current goals of mechanical ventilation in SAH patients 
are to support adequate oxygenation and maintain normocar-
bia. Hypoventilation or hyperventilation should be avoided 
unless specifically indicated. Hypoventilation can lead to 
cerebral vasodilation and increase in intracranial pressure 
(ICP), while hyperventilation may cause cerebral vasocon-
striction and worsen cerebral ischemia. Transmural pressure, 
defined as the difference between mean arterial pressure 
(MAP) and ICP, is an indication of aneurysm wall tension. 
Inadvertent hyperventilation may decrease ICP and, as a 
consequence, increase transmural pressure across the aneu-
rysm; this can theoretically lead to re-rupture of the aneu-
rysm. In the event of dangerously high ICP, transient 
hyperventilation may be indicated to reduce ICP. This should 
help to prevent global hypoperfusion, while other more 
definitive interventions are considered.

 Aneurysm Re-rupture

Recurrence of aneurysmal hemorrhage is a major acute com-
plication after SAH and carries significant catastrophic risks. 
The incidence of rebleeding from a ruptured aneurysm is 
around 30% in the first month following SAH, with the 
occurrence of 4–13.6% in the first 24 hours. Re-rupture is 
associated with high mortality and poor outcome. Early 
obliteration of the aneurysm reduces the risk of rebleeding 
from the natural course. In patients with significant risk of 
rebleeding but with unavoidable delay of definitive treat-
ment, short-term antifibrinolytic therapy with tranexamic 
acid or aminocaproic acid may be considered as a temporary 
measure to reduce the incidence of aneurysm rebleeding. 
However, neither drug is approved by US Food and Drug 
Administration for this indication.

Rebleeding is also common in patients undergoing treat-
ment interventions of ruptured aneurysms. The multicenter 
study of Cerebral Aneurysm Rupture After Treatment 
(CARAT) reported an intraprocedure rupture rate of 19% 

with clipping and 5% with endovascular coiling. 
Intraoperative rupture of the aneurysm results in high mor-
bidity and mortality. Although intraoperative aneurysm re- 
rupture is most commonly due to surgical manipulation of 
the aneurysm, prevention of aneurysm re-rupture by aggres-
sively limiting the degree and duration of systemic hyperten-
sion has been one of the major goals for the anesthesiologist. 
Maintaining stable transmural pressure and adequate cere-
bral perfusion pressure should be central to anesthesia man-
agement. Significant increase in MAP or decrease in ICP 
will increase transmural pressure, which may precipitate the 
rupture of the aneurysmal vessel wall.

A deep plane of anesthesia should be ensured to prevent 
acute increases in blood pressure during stressful events, 
such as laryngoscopy and endotracheal intubation, head pin-
ning, tissue dissection, and dural opening. Careful and incre-
mental administration of medications, such as propofol and 
short-acting narcotics, can be used for the induction of anes-
thesia to ensure stability of cerebral perfusion. Meticulous 
care is needed to control ventilation. For patients without 
intracranial hypertension, the goal is to keep the patient nor-
mocarbic, avoiding decreases in ICP before the dura is 
opened, while employing subsequent mild hyperventilation 
and mannitol to relax the brain, facilitate surgical explora-
tion, and reduce the potential damage from tissue retraction. 
Generous application of local anesthetics can help to avoid 
acute cardiovascular effects secondary to head pinning and 
extradural tissue dissection.

During surgical clipping, maintaining adequate blood 
pressure is important to ensure adequate cerebral perfusion 
to reduce injury from ischemic insults. Intraoperative blood 
pressure is typically controlled to maintain cerebral perfu-
sion pressure between 70 and 90  mmHg. Intraoperative 
hypotension may increase the risk of retractor-induced cere-
bral ischemia and injury. Transient-induced hypotension 
may infrequently be requested by the surgeon immediately 
prior to clipping the aneurysm to allow for more secure 
placement of the permanent clip on the neck of the aneu-
rysm. In addition, if intraoperative aneurysm rupture occurs, 
induced hypotension will decrease the rate of bleeding into 
the surgical field, thereby helping the surgeon gain better 
control. In contrast, induced hypertension may be needed to 
raise blood pressure above baseline levels to augment col-
lateral blood flow, if the surgeon applies temporary clipping 
of the feeding arteries to reduce the rupture risk of the aneu-
rysm during surgical manipulation of the aneurysm dome. 
Although the use of temporary clips decreases the risk of 
rebleeding during surgical manipulation, this practice 
results in an area of cerebral ischemia, which can be mini-
mized by using controlled hypertension. Blood pressure 
management can also be guided by intraoperative neuro-
physiological monitoring, such as electroencephalography 
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and somatosensory- evoked potential and motor-evoked 
potential monitoring. Adenosine-induced transient cardiac 
pause has been used at some centers to assist in the control of 
bleeding from intraoperative rupture or to decompress large 
aneurysms for clipping; controlled studies are needed to vali-
date the efficacy and safety of these applications. An exten-
sive review of endovascular treatment of ruptured aneurysms 
is discussed elsewhere in this book.

Postoperative hypertension, while not uncommon after 
aneurysm clipping, should be treated cautiously using inter-
mittent boluses of beta-blockers and/or intravenous infusions 
of short-acting vasodilators. Excessive hypertension may 
result in the formation of brain edema and hematoma, while 
hypotension may increase the risk for cerebral ischemia sec-
ondary to postsurgical traction edema, perforator vessel 
occlusion, and regional cerebral vasospasm.

 Elevation of Intracranial Pressure

Cerebral aneurysmal rupture can cause a sudden rise in ICP, 
which accounts for the sudden onset of a severe headache 
and transient loss of consciousness occurring in 50% of 
patients with aneurysmal SAH.  The development of acute 
hydrocephalus, occurring in 15–87% of patients, can also 
cause a rapid rise in ICP. Patients with increased ICP may 
develop stupor and coma. Increased ICP can be gradually 
lowered by using osmotic diuretics or hyperosmolar ther-
apy (e.g., mannitol or hypertonic saline) and by ventricu-
lostomy placement. Elevation of the head to 30° will 
improve venous outflow and thereby facilitate the control 
of ICP. Perioperatively, patients with intracranial hyperten-
sion can be slightly hyperventilated.

Subacute hydrocephalus may also increase ICP and can 
develop over days or weeks, presumably due to occlusion of 
arachnoid granulations. Subacute hydrocephalus can be 
associated with impaired mentation and incontinence and 
should be differentiated from vasospasm-induced neurologic 
changes. Temporary external ventricular drain or permanent 
CSF diversion is recommended in symptomatic patients to 
treat subacute hydrocephalus.

 Cardiac Complications

Various SAH-related cardiac abnormalities are fairly com-
mon. Among SAH patients, 40–70% exhibit abnormal ECG 
tracings, ranging from ST segment changes, T-wave abnor-
malities, QT prolongation, and new U waves to life- threatening 
arrhythmias. SAH-initiated neurocardiogenic injury may 
result in myocardiac cell damage and ventricular dysfunction, 
which, in turn, are also associated with adverse neurological 

outcome. The degree of cardiac morbidity is often related to 
the severity of the SAH. Echocardiogram should be consid-
ered in these patients especially in the setting of hypotension.

The mainstay of treatment should be supportive. 
Electrolyte abnormalities should be corrected, and drugs that 
can potentially prolong QT interval should be avoided. In the 
event of clinically significant cardiac arrhythmia and myo-
cardial injury, an urgent cardiology consultation is recom-
mended for further evaluation.

 Vasospasm and Delayed Cerebral Ischemia

Vasospasm refers to the narrowing of the cerebral arteries 
following SAH, secondary to thickening of the blood vessel 
walls. It usually develops 4–10 days after the initial hemor-
rhage, with the prevalence as high as 30–70%. Despite 
extensive research efforts, there is no effective preventive 
therapy to date, which may be partially due to the fact that 
vasospasm can occur at multiple levels of the arterial circula-
tion. Large artery narrowing, detectable by current angiogra-
phy technology, is not always proportional to ischemia 
insults. Delayed cerebral ischemia (DCI), especially in asso-
ciation with vasospasm, is a major threat to life in patients 
surviving the initial treatment after SAH. Signs of new onset 
of neurological deterioration from cerebral ischemia and/or 
infarction could be the warning presentations of cerebral 
vasospasm. Diagnosis of cerebral vasospasm can be made 
with transcranial Doppler or cerebral angiography. There are 
emerging data that perfusion imaging with CT or magnetic 
resonance may be more accurate in identifying DCI from 
hypoperfusion in the brain.

The goal for the management of cerebral vasospasm and 
DCI is to reduce the threat of ischemic neuronal damage by 
controlling intracranial pressure, decreasing metabolic rate 
of cerebral oxygen consumption, and improving cerebral 
blood flow. Early oral nimodipine therapy has been shown 
to reduce poor outcome related to SAH. Some evidence also 
points to a role for nicardipine, an intravenous calcium 
channel blocker, in reducing vasospasm and brain ischemia 
after SAH.

A change in treatment for acute symptomatic vasospasm 
and DCI has shifted from the traditional combination of tri-
ple “Hs” (hypertension, mainly after the aneurysm has been 
treated, hypervolemia, and hemodilution) to the maintenance 
of euvolemia and induced hypertension. The treatment target 
is to raise the systolic blood pressure 20% above a patient’s 
baseline blood pressure using vasopressors (e.g., phenyleph-
rine, norepinephrine), to reach a central venous pressure of 
8–12 cm H2O using intravenous fluids, and to allow hemato-
crit to remain in the low 30s. It is imperative to monitor and 
manage the potential risks of the abovementioned hemody-
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namic therapy, including cardiac failure, electrolyte 
 abnormality, cerebral edema, and bleeding diathesis result-
ing from dilution of clotting factors.

At some centers, endovascular treatment of vasospasm 
using balloon angioplasty and/or super-selective injection of 
intra-arterial vasodilators is becoming common. The anes-
thesiologist should be prepared to manage possible systemic 
hypotension resulting from intra-arterial injection of 
vasodilators.

 Seizures

Seizure-like episodes occur in 10–20% of SAH patients, 
with majority of the reported onset occurring before medi-
cal attention is provided. Delayed seizures happen in 3–7% 
of patients. The mode of treatment may influence the occur-
rence of later seizure activities, based on ISAT results that 
show a significant lower incidence of seizures in patients 
treated with endovascular coiling in the long-term follow-
up. The American Stroke Association recommends consid-
eration of 7 days of prophylactic anticonvulsant treatment 
in the immediate post-hemorrhagic period; however, this is 
based on very little data and remains controversial. The 
routine long-term use of anticonvulsants for SAH patients 
is not recommended, but may be considered for patients 
with risk factors including prior seizures, parenchymal 
hematoma and/or infarction, or middle cerebral artery 
aneurysms.

 Hyponatremia

Both hypernatremia and hyponatremia are common after 
acute SAH.  Hyponatremia occurs in about 10–30% of 
patients after SAH and can develop in the first 2 weeks after 
SAH. The majority of the cases occur as a result of cerebral 
salt-wasting syndrome (CSW), although a smaller portion of 
patients may develop a syndrome of inappropriate antidi-
uretic hormone (SIADH) after SAH. It is important to distin-
guish these two underlying causes of hyponatremia since 
intravascular volume is usually contracted in the former, but 
normal or elevated in the latter. For most SAH patients, 
therefore, hyponatremia should not be routinely treated with 
the conventional free-water-restriction approach since it may 
increase the risk for ischemia-induced injuries from intravas-
cular volume contraction. It is reasonable to monitor intra-
vascular volume status, frequently check serum electrolytes, 
and treat the volume contraction with isotonic fluids. Medical 
therapies such as hypertonic saline and fludrocortisone ace-
tate may be useful to correct severe hyponatremia.

 Summary

Proper perioperative monitoring and management of SAH- 
induced complications is critical in helping improve patients’ 
outcome. Although there are only a few areas in the manage-
ment of SAH for which there is conclusive evidence from 
randomized, controlled clinical studies, this chapter has 
summarized the principles currently used to manage patients 
with aneurysmal SAH during the perioperative period.
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Key Points
• Securing the airway and proper ventilation control 

may be required prior to the treatment of the rup-
tured cerebral aneurysm in patients with severe 
decline of consciousness and/or seizures.

• Close monitoring and adequate control of intracra-
nial pressure and blood pressure are critical in the 
prevention of aneurysm re-rupture pre- and 
intraoperatively.

• Intracranial hypertension should be diagnosed and 
treated promptly.

• Caution against vasospasm and DCI should remain 
high in patients after SAH. It can be treated using 
induced hypertension therapy and/or endovascular 
interventions. It is important to monitor and be 
ready to manage treatment-related complications.

• Hyponatremia most likely develops as a result of cere-
bral salt-wasting syndrome after SAH.  Appropriate 
treatment is important to avoid the risk of worsening 
brain ischemia after SAH.
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Traumatic Brain Injury: Risk Assessment 
and Perioperative Management

Jonathan Z. Pan and Lingzhong Meng

 Overview of Neurotrauma

Approximately 1.4 million cases of traumatic brain injury 
(TBI) are reported in the USA each year, among which 
roughly 50,000 patients die and 235,000 are hospitalized. 
The incidence of spinal cord injury (SCI) has remained sta-
ble over the past 30 years in North America, ranging between 
27 and 47 cases per million, 55% of which are cervical spine 
(C-spine) injuries. TBI and SCI are often associated with 
other traumatic injuries. Approximately one-third of the 
fatalities after multisystem traumatic injury (150,000 deaths) 
each year is due to fatal head injuries; C-spine injuries occur 
in 1.5–3% of all major trauma patients.

 Implications for the Neurosurgical Patients

Early diagnosis and management of TBI or SCI are of para-
mount importance to prevent further (secondary) injury 
immediately after initial injury and preserving neurologic 
function. In life-threatening situations, resuscitation, 
including airway, breathing, and circulation (ABC) man-
agement, must take priority. Protecting the injured brain or 
spinal cord during the resuscitation is important. For exam-
ple, avoid nasal intubation in patients with basilar skull 
fracture or use in-line manual stabilization in patients with 
unstable C-spine.

 Concerns and Risks

The management of TBI and SCI, especially in a serious 
polytrauma situation, is challenging. The most pertinent and 
urgent perioperative concerns and risks in managing neu-
rotrauma patients are as follows:

• Jeopardized airway may be caused by impaired con-
sciousness, direct injury to the face and neck, and/or full 
stomach and aspiration. Airway management is always 
the top priority.

• Inadequate ventilation and oxygenation may be caused by 
obstructed airway, depressed central drive, neuromuscu-
lar weakness caused by high C-spine injury, or thoracic 
injuries such as pulmonary contusion, pneumothorax, 
hemothorax, or multiple rib fractures. Avoiding hypercap-
nia will facilitate intracranial pressure management; how-
ever, hyperventilation-related hypocapnia may impair 
cerebral perfusion and should be used with caution. 
Avoiding hypoxemia is crucial in preventing secondary 
injury to both the brain and spinal cord.

• Hypovolemia and hypotension often occur in a patient 
with multiple traumatic injuries. Rarely do isolated brain 
and/or spinal cord injury cause massive bleeding, unless 
the patient is pharmacologically anticoagulated before the 
injury. Fluid and blood product administration may be 
required immediately at the time of presentation to main-
tain adequate brain perfusion. Treating hypotension via 
fluid resuscitation and vasopressors is the standard of care 
in neurotrauma patients. Hypotension that does not 
respond to volume resuscitation or requires high doses of 
vasopressors should prompt the clinician to consider neu-
rogenic or vasoplegic shock. SCI above the midthoracic 
level may be associated with bradyarrhythmias.

• Anemia and coagulopathy: Acute and massive hemor-
rhage may result in a decrease in hematocrit below the 
acceptable level for oxygen content and delivery. 
Coagulopathy may occur directly as a result of TBI or 
may be associated with massive transfusion of blood 
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products and exhaustion of factors necessary for ade-
quate clot formation. Early and goal-directed blood prod-
uct therapy is important for severely injured neurotrauma 
patients, but the endpoint targets are controversial.

• Intracranial hemorrhage and cerebral edema can cause 
intracranial hypertension. The impaired cerebral perfu-
sion pressure (CPP = MAP [mean arterial pressure]  – 
ICP) causes decreased cerebral blood flow (CBF), which 
is detrimental to the already injured brain. Patients with 
suspected ICP elevation should receive interventions in 
escalating levels of invasiveness such as head of bed up 
30°, hyperosmolar therapy (e.g., mannitol, hypertonic 
saline), loop diuretics, cerebrospinal fluid drainage, or 
anesthetic (e.g., propofol or barbiturate), anti-seizure 
prophylaxis, etc. that need to be instituted as soon as pos-
sible based on the severity of intracranial hypertension. 
Hyperventilation may be employed briefly, as a bridge to 
other ICP-reducing therapies such as decompressive cra-
niectomy. In patients with TBI and admission Glasgow 
Coma Scale less than 7, ICP monitoring is appropriate. 
The correction of intracranial hypertension should 
always be balanced against the potential hazards, for 
example, compromising cerebral perfusion with 
hypocapnia- induced cerebral vasoconstriction.

• The unstable C-spine is associated with difficult airway 
management and mandates spinal cord protection when 
transporting and positioning patients to prevent further 
injury.

The multiple relevant issues are summarized in the fol-
lowing discussion.

 Glasgow Coma Scale and TBI Severity

The Glasgow Coma Scale (GCS), first proposed by Teasdale 
and Jennett in 1974, is currently the most widely used clini-
cal measure for severity of TBI. The GCS must be obtained 
through interaction with the patient and should be measured 
after initial resuscitation has been performed and prior to the 
administration of sedative or neuromuscular blocking agents. 
A score of 14–15 is defined as mild TBI, 9–13 as moderate, 
5–8 as severe, and 3–4 as critical (Table 10.1).

 Primary Survey in Polytrauma Patients 
with Coexisting TBI and SCI

The advanced trauma life support (ATLS) primary survey 
should be used as the guideline for managing a patient after 
traumatic injury and consists of simultaneous diagnostic and 
therapeutic activities intended to identify and treat life- and 

limb-threatening injuries, beginning with the most emergent 
problem. The ABCDE acronym of primary survey is shown 
in Fig. 10.1.

 Airway Management After Traumatic Injury

A successful early resuscitation and a promising long-term 
outcome depend on expert airway management. This is espe-
cially true when TBI is present in the context of SCI in a 
multisystem trauma patient. The airway management algo-
rithm after traumatic injury is presented in Fig. 10.2; how-
ever, variation can exist from institution to institution and 
provider to provider as long as the fundamentals are fol-
lowed. Note that this algorithm differs from ASA algorithm 
in that (1) reawakening the patient is seldom an option in a 
truly emergent situation, (2) awake fiberoptic intubation is 
often counterproductive in an uncooperative trauma patient, 
and (3) glidescope is advantageous due to the fact that it may 
require less neck flexion/extension and improved first- 
attempt success, which are desirable in a patient with an 
uncleared C-spine.

 Resuscitation After Traumatic Injury 
with Coexisting TBI and SCI

Resuscitation, in a broad sense, refers to the restoration of 
normal physiology after injury. Resuscitation commences 
immediately after injury, beginning with the patient’s own 
compensatory mechanisms, and continues for hours and 
even days thereafter. The cornerstone of clinical resuscita-
tion after traumatic injury is fluid resuscitation to replete the 
depleted intravascular volume caused by acute hemorrhage. 
The early phase of resuscitation refers to the efforts of 

Table 10.1 Glasgow Coma Scale

Eyes opening Spontaneous 4
Speech 3
Pain 2
None 1

Verbal response Oriented 5
Confused 4
Inappropriate 3
Incomprehensible 2
None 1

Motor response Obeys commands 6
Localize pain 5
Flexor withdrawal 4
Flexor posturing (decorticate rigidity) 3
Extensor posturing (decerebrate rigidity) 2
None 1

Total 3–15
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replacing intravascular volume and controlling active bleed-
ing in a parallel or simultaneous manner, while the late phase 
of resuscitation deals with post-hemorrhage fluid and/or 
blood product administration to optimize oxygen delivery 
and tissue perfusion.

The targets of early resuscitation are a matter of contro-
versy due to the side effects of aggressive volume replace-
ment, which include decreased blood viscosity, low 
hematocrit, and dilution/destabilization of clotting factors. 
Deliberate hypotension via restraining resuscitation volume 
is proposed in an effort to reduce the physiologic derange-
ments caused by aggressive resuscitative approach; how-
ever, this approach is not encouraged in a polytrauma patient 
with coexisting TBI and/or SCI.  Maintaining normal or 
patient’s baseline blood pressure, to maintain brain and/or 
spinal cord perfusion pressure, is the current standard of 
care in a patient with injured brain and/or spinal cord. 
Simplified resuscitation principles for a patient in acute 
hemorrhagic shock after polytrauma with coexisting TBI 
and/or SCI are presented in Fig. 10.3.

 Development of Secondary Injury of Brain

Conventionally, primary injury refers to the brain damage 
incurred at the moment of impact and secondary injury to 
the damage that evolves over the ensuing minutes, hours, 
and days. The deleterious post-TBI multisystem sequelae, 
such as hypoxemia and hypotension, are the major con-
tributing factors in secondary injury. The pathophysio-
logic mechanisms of secondary injury are illustrated 
in Fig. 10.4.

 Multisystem Sequelae After TBI and Their 
Management

Once primary injury of the brain incurred, management 
should focus on early diagnosis and treatment of deleterious 
multisystem sequelae in order to decrease the mortality, mor-
bidity, and additional damage caused by secondary injury. 
The two strongest predictors of mortality in patients 

Fig. 10.1 Diagnostic and 
therapeutic principles of 
ATLS primary survey 
(ABCDE) in polytrauma 
patients with coexisting TBI 
and/or SCI. ICP intracranial 
pressure, FiO2 inspired 
oxygen fraction, PEEP 
positive end-expiratory 
pressure, PE physical exam, 
GCS Glasgow Coma Scale, 
CT computed tomography, 
CBC complete blood count, 
ABG arterial blood gas, PT 
prothrombin time, PTT partial 
thromboplastin time, INR 
international normalized ratio, 
FAST focused assessment by 
sonography for trauma. 
(Adapted from the Advanced 
Trauma Life Support 
curriculum of the American 
College of Surgeons)

10 Traumatic Brain Injury: Risk Assessment and Perioperative Management
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presenting to the emergency room with TBI are hypoxia 
and hypotension. A systemic approach is summarized in 
Table 10.2.

 Nonsurgical Approaches of Spinal Cord 
Protection

Transfer of the patient with SCI to a level I trauma center as 
soon as possible is recommended. Considerable emphasis 
has been placed on the early immobilization of the entire 

spine of all patients with a potential SCI starting at the scene 
of injury. The combination of a rigid cervical collar and sup-
portive blocks on a backboard with straps or similar device 
to secure the entire spine is the current standard of care. An 
adequate number of personnel should be deployed to “log-
roll” the patient with a potential unstable spine as a unit 
when repositioning, turning, or preparing for transfers.

Like TBI, SCI can cause multisystem sequelae (e.g., spi-
nal shock with profound arterial hypotension), which are the 
major contributing factors in secondary injury of the spinal 
cord. Early diagnosis and treatment of those deleterious 

Fig. 10.2 Airway management algorithm in patients with traumatic 
injury (Carney et al. 2017). The dose of anesthetic must be decreased in 
the face of hemorrhage, even down to none at all in patients with severe 
hypovolemia; scopolamine or midazolam can be considered in order to 
reduce awareness when none or very small dose of quick-offset anes-
thetics is being administered; etomidate is advocated due to its better 
cardiovascular stability profile; succinylcholine can be safely used in 
the first 24 h after traumatic injuries; as sugammadex for quick reversal 
of neuromuscular blockers becomes available, use of rocuronium for 
rapid sequence induction may become more common even with poten-
tial difficult airway; ketamine is not advocated in patients with TBI who 
are not mechanically ventilated (Dutton et al. 2010). Capnometry may 

show low CO2 level in low cardiac output situations (Furlan and 
Fehlings 2008). In-line manual stabilization is the standard of care in 
the ATLS curriculum for unstable or uncleared C-spine (Harris & Sethi 
2006). If difficult airway is anticipated in an uncooperative patient, it is 
prudent to sedate the patient to an appropriate level while keeping him/
her spontaneously breathing due to the dilemma that awake intubation 
is often counterproductive in a combative patient and making the patient 
apneic is risky; having alternative plans ready to be instituted is well- 
advised, which include glidescope, LMA, fiberoptic scope, and surgical 
airway by having a surgeon standby. ICP intracranial pressure, FiO2 
inspired oxygen fraction, LMA laryngeal mask airway, FOI fiberoptic 
intubation
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consequences are the centerpieces in the post-SCI manage-
ment. Airway management in a patient with potential SCI is 
confounded by multiple factors, including unstable or uncleared 
C-spine, combative/uncooperative patient, full stomach, and 
potential difficult airway. The airway management algorithm 
presented above is appropriate for SCI, as well as TBI.

There is no existing clinical evidence to definitively rec-
ommend the use of any neuroprotective pharmacologic 
agent, including steroids, in the treatment of acute SCI in 
order to improve functional recovery. Currently, administra-

tion of glucocorticoid for the treatment of acute SCI is not 
recommended. Accumulating evidence suggests that high- 
dose steroids are associated with harmful side effects.

 Multisystem Sequelae After SCI and Their 
Management

The management of the deleterious post-SCI multisystem 
sequelae is summarized in Table 10.3.

Fig. 10.3 Simplified resuscitation principles for a patient in acute 
hemorrhagic shock after polytrauma with coexisting TBI and/or SCI 
(Carney et al. 2017). Both crystalloids and colloids are lacking oxygen- 
carrying capacity and coagulation capability. Colloids have a longer 
intravascular half-life and can restore intravascular volume more rap-
idly at a lower administered volume than crystalloids (Dutton et  al. 
2010). PRBC is the mainstay of treatment in hemorrhagic shock. 
Plasma is indicated for the treatment of coagulopathy that arises during 
resuscitation. One unit of plasma for each unit of PRBC is generally 
required in a massive transfusion situation (one blood volume or about 

ten units of PRBCs); plasma is not usually necessary with the transfu-
sion requirement of one to four units of PRBCs; the need for plasma is 
variable and better guided by coagulation studies when five to nine 
units of PRBCs are given. Transfused platelets have a very short serum 
half-life and should generally be administered only to patients with vis-
ible coagulopathy or to TBI patients whose platelet counts are lower 
than 100,000. IV intravenous, PRBC packed red blood cell, SBP sys-
tolic blood pressure, CVP central venous pressure, PAC pulmonary 
artery catheter, PT prothrombin time, PTT partial thromboplastin time, 
INR international normalized ratio
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Fig. 10.4 Schematic illustration of the pathophysiologic processes 
after TBI with emphasis on the development of secondary injury. The 
open squares highlight the targets of clinical interventions. ARDS adult 
respiratory distress syndrome, NPE neurogenic pulmonary edema, Hb 
hemoglobin, VA/Q ventilation over perfusion, BP blood pressure, ICP 

intracranial pressure, CPP cerebral perfusion pressure, SIADH syn-
drome of inappropriate antidiuretic hormone release, CSW cerebral 
salt-wasting syndrome, DI diabetes insipidus, DIC disseminated intra-
vascular coagulopathy, [Na

+] sodium, [K+] potassium, [Mg++] magne-
sium, [Ca

++] calcium; ↑, increase; ↓, decrease; −, no change

J. Z. Pan and L. Meng



73

Table 10.2 Multisystem sequelae and their managements after traumatic brain injury

System Sequelae Management Guideline recommendations for severe TBIa

Airway Apnea Early endotracheal 
intubation

Level II: pneumonia prophylaxis
Obstruction Level II: early tracheostomy when feasible
Injury
Aspiration

Pulmonary ARDS Supportive Level II: prophylactic hyperventilation not recommended
NPE Mechanical ventilation Level III: temporary hyperventilation for worsening ICP
Contusion High FiO2 Level III: avoid hypoxia (PaO2 <60 mmHg or SaO2 <90%)
Pneumothorax Consider PEEP Level III: avoid jugular venous saturation <50% or brain tissue oxygen tension 

<15 mmHgThoracostomy
Cardiovascular Hypovolemia Maintain normal to 

high normal BP
Level II: avoid hypotension (systolic BP <90 mmHg)

Arrhythmia Replace intravascular 
volume

Contusion Vasopressors Level II: avoid aggressively maintaining CPP >70 mmHg due to ARDS risk
Tamponade Pericardial window Level III: avoid low CPP (<50 mmHg)

Brain Primary injury Monitor and control 
ICP

Monitor ICP via ventricular catheter connected to an external strain gauge

Secondary injury Prevent secondary 
injury

Level II: monitor ICP in all salvageable patients with a severe TBI (GCS score 
of 3–8 after resuscitation) and an abnormal CT scan
Level II: avoid ICP >20 mmHg

↑ICP Decrease CMRO2 Level II: prophylactic barbiturates coma not recommended; barbiturate coma 
recommended for elevated ICP refractory to maximum standard medical and 
surgical treatment

↓CPP Hypothermiab

Hyperventilation
Hyperosmolar therapy
Avoid hypotonic 
solutions
Avoid glucose- 
containing solutions
CSF drainage
Decompressive 
craniectomy
Barbiturate coma Level II: prophylactic anticonvulsants indicated to decrease the incidence of 

early (within 7 days) but not late posttraumatic seizuresIV anesthetic agents
Avoid inhalational 
agents

Level III: restrict mannitol use prior to ICP monitoring to patients with signs 
of transtentorial herniation or progressive neurological deterioration not 
attributable to extracranial causes

Blood and 
homeostasis

Acute hemorrhage PRBC → keep Hct ≥30 Level III: graduated compression stockings or intermittent pneumatic 
compression (IPC) stockings is recommended and should be combined with 
LMWH or low-dose unfractionated heparin for DVT prophylaxis; however, 
there is an increased risk for expansion of intracranial hemorrhage

Coagulopathy FFP and Factor VIIa
DIC DIC treatment
Thrombocytopenia Platelet
DVT Prophylaxis
Hyponatremia NS or 3% NS slowly
Hypomagnesemia Magnesium 

replacement
Endocrine Hyperglycemia Insulin → keep BG 

<200 ml/dl
Level I: the use of steroids is not recommended for improving outcome or 
reducing ICP. In patients with moderate and severe TBI, high-dose 
methylprednisolone is associated with increased mortality and is 
contraindicated

SIADH Water restriction
CSW Sodium replacement
DI DDAVP

ARDS adult respiratory distress syndrome, NPE neurogenic pulmonary edema, FiO2 inspired oxygen fraction, PEEP positive end-expiratory pres-
sure, ICP intracranial pressure, PaO2 arterial oxygen partial pressure, SaO2 arterial oxygen saturation, BP blood pressure, CPP cerebral perfusion 
pressure, CMRO2 cerebral metabolic rate of oxygen, PRBC packed red blood cell, FFP fresh frozen plasma, DVT deep venous thrombosis, LMWH 
low molecular weight heparin; Hct hematocrit, BG blood glucose, SIADH syndrome of inappropriate antidiuretic hormone release, CSW cerebral 
salt-wasting syndrome, DI diabetes insipidus, ↑ increase, ↓ decrease
aBased on “Guidelines for the Management of Severe Traumatic Brain Injury, 3rd Edition. Journal of Neurotrauma. 2007: 24 (Supplement 1).” 
Level I recommendations are based on the strongest evidence for effectiveness and represent principles of patient management that reflect a high 
degree of clinical certainty; level II recommendations reflect a moderate degree of clinical certainty; for level III recommendations, the degree of 
clinical certainty is not established
bTemperature management is still a matter of controversy
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Table 10.3 Multisystem sequelae and their managements after spinal cord injury

Systems Sequelae Managementsa

Pulmonary Weak or paralyzed respiratory muscles (depend on the level 
of injury); reduced lung volumes except for residual volume, 
atelectasis; high risks for infection and aspiration; 
pulmonary edema (cardiogenic, noncardiogenic); coexisting 
blunt chest trauma (pulmonary contusions, hemothorax, 
pneumothorax); respiratory failure (hypoxemia, 
hypercapnia)

Aggressive pulmonary hygiene; bronchodilator therapy; 
early use of fiberoptic bronchoscopy in cases of lobar 
atelectasis secondary to retained secretions; early 
endotracheal intubation or tracheostomy when feasibleb; 
early institution of mechanical ventilation; admit patients 
with complete tetraplegia and injury level at C5 or rostral to 
ICU; ventilator-associated pneumonia prophylaxis

Cardiovascular Orthostatic hypotension due to vasodilation caused by 
functional sympathectomy

Intravascular volume repletion (overzealous fluid 
administration can cause or worsen pulmonary edema); 
vasopressor therapy; maintain BP with a balance of infusion 
and inotropes

Spinal shock (characterized by hypotension, bradycardia, 
hypothermia, loss of somatic motor and sensory function, 
loss of voluntary rectal contraction, and a typical resolution 
over a period of days to a few weeks) caused by the 
imbalance of autonomic nervous system due to functional 
sympathectomy and unopposed parasympathetic activity

Exclude other injuries before assigning the cause of 
hypotension to neurogenic shock, determine the initial base 
deficit or lactate level to assess severity of shock and need 
for ongoing fluid resuscitation; invasive hemodynamic 
monitors; intravascular volume repletion and vasopressor 
therapy; treat persistent bradycardia

Bradycardia due to loss of cardiac accelerator nerves 
(T1–T4) and unopposed parasympathetic nerves; profound 
bradycardia, even cardiac arrest, when stimulating the 
patient; supraventricular dysrhythmia; ventricular 
dysrhythmia

Anticipate bradycardia and hypotension during intubation of 
the tetraplegic patient; sedate the patient before stimulation 
such as tracheal suctioning; administer atropine; consider 
temporary pacemaker if atropine not working

Autonomic 
nervous system

Autonomic dysreflexia (or hyperreflexia) is a massive 
sympathetic response due to the loss of the modulation by 
the normal inhibitory impulses arising from brain stem and 
hypothalamus, characterized by vasoconstriction below the 
lesion and vasodilation above the lesion and often 
accompanied by bradycardia, ventricular dysrhythmias, and 
even heart block. It occurs in 85% of patients with spinal 
cord transections above T5 and usually begins to appear 
about 2–3 weeks after injury

Change patient’s position from supine to sitting; loosen any 
clothing or constrictive devices; quickly survey the 
individual for the instigating causes, place an indwelling 
urinary catheter if not in place or troubleshoot the catheter if 
in place, consider the possibility of fecal impaction and 
check the rectum for stool; consider antihypertensive 
treatment; consider deep general, epidural, or spinal 
anesthesia

Blood and 
homeostasis

DVT (40% of patients with complete SCI); PE (4–13% and 
primarily in the 1st month after SCI)

Prophylactic treatment for a minimum of 3 months; 
combination of mechanical compression devices and 
adjusted-dose of heparin, LMWH, or warfarin in all patients 
once primary hemostasis achievedc; consider placing an 
inferior vena cava filterd

Gastrointestinal Ileus; gastroparesis; peptic ulcer disease; pancreatitis; 
acalculous cholecystitis; occult acute abdomen

Aspiration precaution; gastric decompression via 
nasogastric tube; antacids/H2 blockers/sucralfate; provide 
appropriate nutrition

Genitourinary Bladder flaccidity (early phase), bladder spasticity (late 
phase); recurrent UTI/urosepsis; nephrocalcinosis

Place an indwelling urinary catheter early and leave it in 
place at least until a stable hemodynamics achieved and 
strict attention to fluid status no longer needed

Muscle Hyperkalemia from succinylcholine Avoid the use of succinylcholine after the first 48 h post-SCI
Bone Osteoporosis; hypercalcemia; heterotopic ossification and 

muscle calcification
Early physical therapy

Skin Decubitus ulcers Frequently assess areas at risk and provide meticulous care
Thermoregulation Prone to hypothermia due to inability to conserve heat Monitor and regulate temperature
Immunologic Pneumonia; urosepsis; skin infection Relevant prophylaxis and appropriate antibiotics

DVT deep venous thrombosis, PE pulmonary embolism, LMWH low molecular weight heparin, UTI urinary tract infection
aBased on “Consortium for Spinal Cord Medicine: Early acute management in adults with spinal cord injury: a clinical practice guideline for 
health-care professionals. 2008”
bFor those patients who are likely to remain ventilator dependent or to wean slowly from mechanical ventilation over an extended period of time
cIntracranial bleeding, perispinal hematoma, or hemothorax are potential contraindications to the administration of anticoagulants, but anticoagu-
lants may be appropriate once bleeding has stabilized
dOnly in those patients with active bleeding anticipated to persist for more than 72 h and begin anticoagulants as soon as possible
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Key Points

• Life-threatening situations, including airway, 
breathing, and circulation, are always the priorities 
in managing patients after traumatic injury.

• The early diagnosis and management of the coexist-
ing TBI and/or SCI in a polytrauma patient is of 
paramount importance in terms of preventing fur-
ther injury immediately after injury and preserving 
neurologic function.

• The early diagnosis and treatment of multisystem 
sequelae after traumatic injury, such as hypoxemia 
and hypotension, are crucial in preventing secondary 
injury after TBI or SCI, which should be the focus of 
attention after initial successful resuscitation.

10 Traumatic Brain Injury: Risk Assessment and Perioperative Management
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Rare Neurologic Disorders 
and Neuromuscular Diseases: Risk 
Assessment and Perioperative 
Management

Nicholas Hirsch and Ugan Reddy

 Neurodegenerative Diseases

 Parkinson’s Disease

 Overview
• Parkinson’s disease (PD) is characterized by triad of bra-

dykinesia (difficulty initiating movement), increased 
muscle tone (cogwheel rigidity), and tremor 
(pill-rolling).

• Seen in 3% of population >65 years old, it is due to an 
imbalance of dopamine and acetylcholine (ACh) in the 
substantia nigra of the basal ganglia.

• Etiology is usually unknown although it may follow trau-
matic brain injury, cerebrovascular disease, carbon mon-
oxide poisoning, and encephalitis. Drugs causing 
parkinsonism include phenothiazines, butyrophenones, 
and metoclopramide.

• Drug treatment of PD aims to increase levels of dopamine 
in basal ganglia and includes levodopa, dopamine ago-
nists (e.g., bromocriptine, pergolide), and monoamine 
oxidase type B inhibitors (e.g., selegiline). Surgical treat-
ment centers on deep brain stimulation (especially of sub-
thalamic nucleus).

 Implications for the Neurosurgical Patient
A number of physiological systems are affected in PD 
(Table 11.1).

 Concerns and Risks

• Antiparkinsonian drug therapy must be continued 
throughout the perioperative period (via a nasogastric 
tube if necessary) as untreated severe PD can result in 
respiratory and bulbar failure.

• Drugs which worsen PD (e.g., metoclopramide, high- 
dose opioid agents) should be avoided.

• Thiopental, propofol, and suxamethonium are safe in PD 
patients.
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Neurodegenerative diseases
  Parkinson’s disease
  Amyotrophic lateral sclerosis
Demyelinating disease
  Multiple sclerosis
Neuromuscular diseases
  Guillain–Barré syndrome
  Myasthenia gravis
  Lambert–Eaton myasthenic syndrome
  Critical illness neuropathy and myopathy
Muscle diseases
  Muscular dystrophies
  Myotonic dystrophy

Key Points
• Patients with Parkinson’s disease require thorough 

preoperative assessment of their CNS and their 
respiratory and cardiovascular systems.

• Antiparkinsonian medication must be continued 
throughout the perioperative period.

• Drugs which exacerbate parkinsonism must be 
avoided.

• Careful cardiovascular monitoring is essential as 
autonomic nervous system involvement may be 
present.
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 Amyotrophic Lateral Sclerosis (Motor Neuron 
Disease)

 Overview
• Amyotrophic lateral sclerosis (ALS) is characterized by 

degeneration of motor neurons throughout the central ner-
vous system from motor cortex to anterior horn cell.

• Onset most common in late middle age and death usually 
occurs within 3 years.

• Patients may present with bulbar and pseudobulbar symp-
toms and signs (dysphagia, dysarthria, poor tongue move-
ment, and emotional lability), with cervical symptoms 
(weakness and wasting of arm and hand muscles, fascicu-
lation, and brisk reflexes) and lumbar symptoms (e.g., 
foot drop, difficulty climbing stairs).

• Death usually caused by pneumonia is secondary to respi-
ratory muscle weakness and aspiration pneumonia. 
Riluzole, a glutamate antagonist, prolongs life expectancy 
by 3 months.

 Implications for the Neurosurgical Patient
The anesthesiologist usually encounters the patient with 
ALS when anesthesia and surgery are required for an unre-
lated condition; the intensivist encounters the patient when 
the question of intensive care treatment of respiratory failure 
arises. This clearly brings profound ethical issues to the 
forefront.

 Concerns and Risks
• Respiratory muscle weakness is invariable in the latter 

stages of ALS, and many patients will be receiving inter-
mittent mechanical ventilation either via a nasal mask or 
tracheostomy.

• Postoperative weaning from mechanical ventilation may 
prove to be impossible due to respiratory muscle 
weakness.

• Bulbar dysfunction predisposes to perioperative pulmo-
nary aspiration and airway obstruction.

• Suxamethonium may result in severe hyperkalemia and 
must be avoided. Patients with ALS require reduced 
doses of nondepolarizing neuromuscular blocking 
agents.

 Demyelinating Disease

 Multiple Sclerosis

 Overview
• Multiple sclerosis (MS) is the most common of the demy-

elinating diseases and is characterized by a wide spectrum 
of neurological symptoms and signs that are “dissemi-
nated in time and space.”

• Symptoms and signs include visual disturbance (typically 
caused by optic neuritis; frequently first manifestation), 
sensory and motor disturbances (causing pain, numbness, 
weakness, spasticity, etc.), autonomic dysfunction, and 
behavioral changes.

• Most commonly affects women between ages of 
20–40 years. Eighty-five percent suffer from intermittent 
partial or complete relapses and remissions (“relapsing- 

Key Points
• Patients with ALS often have profound bulbar dys-

function increasing the perioperative risk of pulmo-
nary aspiration.

• Respiratory muscle function is almost invariably 
affected, and patients may be receiving respiratory 
support preoperatively. Postoperatively it may be 
impossible to wean the patient from mechanical 
ventilation, and it is important that this possibility is 
discussed carefully with the patient and their 
relatives.

• Suxamethonium must be avoided as it may cause 
fatal hyperkalemia.

Table 11.1 Physiological derangements seen in Parkinson’s disease

System Abnormalities
Respiratory Upper airway/vocal cord dysfunction may result 

in postoperative laryngospasm
Respiratory muscle impairment due to rigidity 
and bradykinesia
Poor lung function due to repeated aspiration

Cardiovascular Arrhythmias if on high doses of levodopa
Orthostatic hypotension due to PD itself or 
chronic therapy with levodopa (causes reduction 
in blood volume and a decrease in norepinephrine 
production and stores)
Autonomic instability especially if parkinsonism 
is associated with other neurodegenerative 
diseases (e.g., multisystem atrophy)

Gastrointestinal Poor swallow in majority of patients with 
abnormal handling of saliva and increased risk of 
tracheal aspiration
Increased incidence of reflux and constipation
Poor nutritional status

Central nervous 
system

Bradykinesia, muscle rigidity, and tremor
Depression
Confusion, hallucinations
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remitting MS”), while others exhibit a slowly progressive 
picture (primary progressive MS).

• Diagnosis is confirmed using magnetic resonance imag-
ing and examination of cerebrospinal fluid.

• Acute relapses of MS are treated with high-dose cortico-
steroids and/or plasma exchange. Treatments shown to 
reduce recurrence rates of relapses include interferon beta-
1a and beta-1b, azathioprine, and cyclophosphamide.

 Implications for the Neurosurgical Patient
MS can affect all parts of the CNS resulting in respiratory 
and cardiovascular instability (Table 11.2).

 Concerns and Risks
• Neurological deficits should be recorded carefully 

preoperatively.
• Bulbar and respiratory function must be assessed.
• Spinal anesthesia has resulted in worsening of neurologi-

cal deficit although epidural anesthesia has been success-
fully used, often avoided for medicolegal reasons.

• Suxamethonium may result in fatal hyperkalemia; nonde-
polarizing neuromuscular blocking agents have variable 
effects and require intraoperative monitoring.

• Increases in body temperature can result in exacerbation 
of MS and must be avoided.

 Neuromuscular Diseases

 Guillain–Barré Syndrome

 Overview
• Guillain–Barré syndrome (GBS) is the most common 

cause of acute neuromuscular paralysis in the Western 
world and is usually the result of a postinfectious demy-
elinating polyneuropathy.

• In its classical form, it is characterized by ascending limb 
weakness, areflexia, and mild sensory symptoms (usually 
glove and stocking paresthesia).

• Thirty percent of GBS patients require tracheal intubation 
and mechanical ventilation because of respiratory and/or 
bulbar muscle paralysis.

• Diagnosis is based on history, examination, nerve con-
duction studies, and CSF examination.

 Implications for the Neurocritical Care Patient
Patients often require prolonged periods of mechanical 
ventilation, and tracheostomy is usually performed early. 
Suxamethonium may result in hyperkalemia and must be 
avoided. Autonomic involvement may result in labile 
blood pressure and tachy- and bradyarrhythmias. General 
management consists of meticulous nursing care, manage-
ment of pain, early nutrition, and thromboembolic prophy-
laxis. Specific treatment consists of plasma exchange or 
intravenous immunoglobulin (IVIg) which are equally 
efficacious.

Key Points
• MS may affect bulbar and respiratory function.
• Drug therapy of MS may influence anesthesia.
• Suxamethonium must be avoided and nondepolar-

izing neuromuscular blocking agents used with 
careful neuromuscular monitoring.

• Rises in body temperature should be avoided.

Key Points
• GBS is the most common cause of acute neuromus-

cular paralysis.
• Thirty percent of patients will require mechanical 

ventilation, often for prolonged periods; tracheos-
tomy should be performed early.

• Autonomic involvement may result in cardiovascu-
lar instability.

• Specific treatment involves plasma exchange or 
intravenous immunoglobulin which accelerate 
recovery.

Table 11.2 Physiological derangements seen in multiple sclerosis

Abnormality Comments
Disordered control of breathing, 
especially during sleep

Seen with brainstem 
involvement

Poor pharyngeal and laryngeal control 
predisposing to aspiration

Seen with lower cranial 
nerve involvement

Diaphragmatic weakness Seen with cervical cord 
involvement

Generalized respiratory muscle 
weakness

May occur with baclofen 
treatment of spasticity

Postural hypotension Seen with high thoracic cord 
lesions
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 Myasthenia Gravis

 Overview
• Myasthenia gravis (MG) is a disease of the neuromuscu-

lar junction (NMJ) in which IgG autoantibodies are 
directed toward the postsynaptic ACh receptor at the 
NMJ. The decreased ACh receptor density causes weak-
ness and fatigability of skeletal muscle.

• Fifteen percent of patients with MG will require mechani-
cal ventilation during the course of their disease; when 
this occurs it is called a myasthenic crisis. Deterioration 
may also be associated with overtreatment with anticho-
linesterase agents; this is referred to as cholinergic crisis. 
However, clinical presentation is often similar between 
crisis types.

Treatment of MG includes anticholinesterase drugs (e.g., 
neostigmine, pyridostigmine), immunosuppressive agents 
(e.g., prednisolone, azathioprine), and thymectomy. IVIg 
and plasma exchange are useful in the treatment of myas-
thenic crisis.

 Implications for the Neurosurgical Patient
Patients with MG either present for thymectomy or for sur-
gery unrelated to their condition; intensivists encounter MG 
patients when they present with myasthenic or cholinergic 
crises.

 Concerns and Risks
• Patients with MG undergoing anesthesia require careful 

assessment of their respiratory reserve. A forced vital 
capacity of <2.9 L, bulbar dysfunction, and a long history 
of MG are associated with increased risk of needing post-
operative mechanical ventilation.

• Drug treatment must be optimized preoperatively. 
Hydrocortisone should be given at induction if patients 
have been receiving corticosteroid therapy.

• Patients are relatively resistant to suxamethonium and are 
very sensitive to nondepolarizing neuromuscular blocking 
agents. Careful neuromuscular monitoring is mandatory.

• Patients in myasthenic crisis often require prolonged peri-
ods of mechanical ventilation, while their MG is con-
trolled with a combination of anticholinesterase and 
immunosuppressant drugs and intravenous immunoglob-
ulin treatment.

 Lambert–Eaton Myasthenic Syndrome

 Overview
• Lambert–Eaton myasthenic syndrome (LEMS) is a dis-

ease of the NMJ in which IgG autoantibodies are directed 
toward the presynaptic voltage-gated calcium channel 
receptor. Blockage of these channels results in decreased 
release of ACh at the NMJ leading to muscle weakness.

• Ocular and proximal leg muscles are most commonly 
affected; respiratory muscle failure is rare.

• Autonomic involvement is common.
• Fifty to 70% of patients have an underlying malignancy 

(most commonly small-cell carcinoma of the lung).

 Implications for the Neurosurgical Patient
Patients most commonly present for resection of their bron-
chial tumor but may also be admitted for investigation of 
unexplained muscular weakness.

 Concerns and Risks

• Patients often have symptoms and signs of underlying 
malignancy and smoking related illness.

• Patients with LEMS are extremely sensitive to both suxa-
methonium and the nondepolarizing neuromuscular 
blocking drugs, and anticholinesterase agents may be 
ineffective at reversing the latter’s actions.

 Critical Illness Polyneuropathy and Myopathy

 Overview
• Critical illness polyneuropathy (CIP) is an acute axonal 

motor and sensory neuropathy that occurs in 50% of ITU 

Key Points
• Patients with MG often have poor respiratory 

reserve and require careful preoperative assessment 
and optimization of respiratory muscle function and 
drug treatment.

• Patients with MG are resistant to suxamethonium 
and sensitive to nondepolarizing neuromuscular 
blocking drugs. Their use should be titrated against 
effect using neuromuscular monitoring.
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patients; its incidence rises to almost 100% of patients 
with the severe sepsis.

• Clinical features of CIP include generalized muscle weak-
ness and wasting with absent or reduced reflexes. 
Diagnosis requires exclusion of other causes of weakness 
and nerve conduction studies.

• Prevention of CIP includes rapid treatment of sepsis and 
possibly tight glycemic control.

• Critical illness myopathy (CIM) is seen in a similar popu-
lation to CIP.

• There may be an association between CIM and the use of 
corticosteroids and neuromuscular blocking drugs.

• Definitive diagnosis requires muscle biopsy.

 Implications for the Neurointensive Care Patient
• CIP and CIM may coexist and are potent causes of failure 

to wean from mechanical ventilation.
• It may be difficult to differentiate between CIP and CIM, 

and the term polyneuromyopathy has been suggested to 
encompass both entities.

• Treatment is largely supportive while awaiting recovery.

 Muscle Diseases

 Muscular Dystrophies

 Overview
• The muscular dystrophies (MD) are a group of inherited 

muscle disorders characterized by progressive muscle 
weakness often ultimately resulting in respiratory failure.

• Duchenne muscular dystrophy (DMD) is the commonest 
(1 in 3500 live male births) muscular dystrophy and is due 
to a deficiency of dystrophin, a protein necessary for sar-
colemmal stability.

• Respiratory muscle failure and dilated cardiomyopathy in 
DMD often lead to death from cardiopulmonary causes. 
Associated scoliosis exacerbates respiratory dysfunction. 
Mean survival is 25 years.

• Patients are often receiving noninvasive nasal positive 
pressure ventilation (NPPV) especially during sleep.

 Concerns and Risks
• Patients with DMD with impaired respiratory function are 

at high risk for death when exposed to sedation or general 
anesthesia.

• Patients with DMD have an increased risk of a malignant 
hyperthermia type reaction with associated rhabdomyoly-
sis, hyperkalemia, and cardiac arrest when anesthetized 
with volatile anesthetic agents and suxamethonium.

• There is an increased need for cardiopulmonary support 
following surgery.

• Gastrointestinal pathology may lead to acute gastric 
dilatation.

 Myotonic Dystrophy

 Overview
• Myotonic dystrophy (DM1) is an autosomal dominant 

disease of muscle characterized by myotonia (persistent 
contraction following exercise of a muscle). Prevalence is 
1 in 20,000 of population.

• DM1 is a multisystem disease (Table 11.3).

 Concerns and Risks
• Patients with DM1 are sensitive to the respiratory depres-

sant effects of premedication, induction agents, and opi-
oid drugs.

• Suxamethonium may result in an increased myotonia 
making laryngoscopy and ventilation impossible. 
Hyperkalemia following suxamethonium has been 
reported.

• If muscle wasting is present, nondepolarizing neuro-
muscular blocking drugs may have a prolonged action. 
Anticholinesterase drugs may precipitate increased 
myotonia.

• Surgical stimulation, cold, and shivering may increase 
myotonia.

Key Points
• Patients with DMD require thorough assessment of 

respiratory and cardiac function. An FVC < 30% of 
predicted is associated with an increased need for 
postoperative respiratory support.

• Total intravenous anesthetic techniques should be 
considered for induction and maintenance of anes-
thesia. Volatile anesthetic agents and suxametho-
nium must be avoided.

• Following extubation, a period of NPPV may be 
necessary.

• Postoperatively, patients must be cared for in a 
high-dependency setting. Supplemental oxygen 
therapy must be used with caution.

• A nasogastric tube should be in situ to treat gastric 
distension and immobility.

Table 11.3 Systems affected by DM1

System Abnormalities
Cardiac Conduction defects which may result in sudden 

death. Cardiomyopathy, septal defects, and valvular 
disease

Respiratory Respiratory muscle weakness with alveolar 
hypoventilation and poor cough. Reduced 
ventilatory to carbon dioxide. Central and 
obstructive sleep apnoea. Undue sensitivity to 
sedative and anesthetic agents

Gastrointestinal Dysphagia, reduced rate of gastric emptying
Endocrine Hypothyroidism, diabetes mellitus
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Key Points
• Patients with DM1 require careful cardiorespiratory 

assessment.
• Reduced doses of sedative, induction, and analgesia 

agents are required.
• Suxamethonium should be avoided.
• Nondepolarizing neuromuscular agents should be 

carefully titrated using neuromuscular monitoring.
• Normothermia must be maintained perioperatively.
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Perioperative Pharmacotherapy 
in Neurosurgery: Risk Assessment 
and Planning

Alejandro E. Delfino, Javiera Benavides Tala, 
and Hernán R. Muñoz

 Inhaled Anesthetics

 Overview

These drugs are widely used as fundamental components of 
general anesthesia.

 Implications for the Neurosurgical Patient

In addition to their marked cerebrovascular effects, inhaled 
anesthetics produce important hemodynamic and respiratory 
changes in a dose-dependent manner that can have a signifi-
cant impact on the neurologic patient.

 Concerns and Risks

All inhalational anesthetics are potent cerebral vasodilators 
in a dose-dependent fashion; therefore, they have the poten-
tial to increase intracranial pressure (ICP).

Halothane is the most powerful cerebral vasodilator; how-
ever, currently it has limited use. It produces an increase in 
cerebral blood flow in association with a decrease in cerebro-
vascular resistance that can result in significant increases in 
ICP. Controlled hyperventilation can help to limit this effect.

Isoflurane, sevoflurane, and desflurane produce cerebral 
vasodilation and an increase in ICP, but the effects are clini-
cally significant with doses higher than 1 MAC. Desflurane 
might produce more vasodilation than the others and has 
been proposed to be the inhaled agent of choice for brain 

protection in patients undergoing temporary cerebral artery 
occlusion during cerebrovascular surgery.

Nitrous oxide has a variable effect from zero to marked 
cerebral vasodilation and the potential to increase ICP 
depending on the initial PaCO2 and the presence of adjuvant 
anesthetic drugs. Experimental evidence suggests that 
inhaled anesthetics cause neuro-apoptosis in the very young 
and the brain of the elderly. Nitrous oxide is the only inhaled 
agent that appears to worsen short-term outcome following 
transient focal cerebral ischemia.

 Intravenous Anesthetics

 Overview

They are used virtually in every general anesthetic, either 
only at induction or also during maintenance. These drugs 
are responsible for the hypnosis, while opioids provide the 
analgesic component of general anesthesia (balanced 
anesthesia).

 Implications for the Neurosurgical Patient

In general, intravenous anesthetics reduce the cerebral meta-
bolic rate and oxygen consumption, and because they have 
no vasodilatory effects, both cerebral blood flow and ICP are 
proportionally reduced.
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Key Points
• Inhaled anesthetics as a group cause cerebral vascu-

lar dilation and increased ICP in high doses.
• Avoid halothane if possible.
• Use isoflurane, sevoflurane, or desflurane at a con-

centration ≤1 MAC.
• Use nitrous oxide cautiously.
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 Concerns and Risks

The optimal anesthetic should maintain normal coupling 
between cerebral blood flow and metabolism, keep cere-
brovascular autoregulation intact, and not increase cere-
bral blood volume and ICP and ideally, (potentially 
combined with other drugs) provide neuroprotective 
effects.

Barbiturates and propofol are used during temporary clip-
ping of intracerebral arteries in cerebral vascular surgery 
(i.e., aneurysm and extra- to intracranial bypass surgery) 
because of their allegedly neuroprotective effects in focal 
ischemia. When barbiturates are used as the primary anes-
thetic (usually by infusion), emergence may be delayed. In 
addition, propofol infusion (short- or long-term) infrequently 
can be associated with impaired free fatty acid utilization 
and mitochondria activity (propofol infusion syndrome) 
often presenting as acidosis, cardiac dysrhythmias, and myo-
cardial dysfunction.

Alpha2-adrenoceptor agonists (e.g., dexmedetomidine) 
are now being used as a component of a balanced anesthesia 
and for sedation in the ICU. Although dexmedetomidine is 
associated with an easily managed level of sedation, rapid 
administration may be associated with hypertension and 
slow rate infusion with hypotension. In addition, there is the 
concern that dexmedetomidine might prevent normal cere-
bral vasodilation during hypoxemia.

Although etomidate is a reasonable choice for the induc-
tion of anesthesia in cardiovascularly compromised 
patients, it does not confer significant neuroprotection. A 
single dose of etomidate for the induction of anesthesia 
produces adrenal suppression that can be relevant in trauma 
and septic patients. As many neurologically impaired 
patients are receiving high-dose steroids as part of their 
underlying therapy, the adrenal suppression effects of 
etomidate might have less clinical significance in these 
patients. Etomidate during temporary clipping was associ-
ated with a reduction in brain oxygenation and should, 
therefore, be avoided in this context.

Opioids are necessary components for most surgical pro-
cedures to afford the patient with appropriate intra- and post-
operative analgesia. Although they inhibit the respiratory 
drive, the use of short-acting opioids (fentanyl, alfentanil, 
and remifentanil) is common in neurosurgical patients. 
Using the right dose and dosing frequency, even opioids with 
a long duration of action can be used safely (e.g., hydromor-
phone). The use of opioids and benzodiazepines requires 
caution, particularly toward the end of surgery, as they will 
impair respiratory drive leading to significant increments in 
PaCO2 and ICP.

Table 12.1 shows the effect of different drugs on some 
important parameters.

 Neuromuscular Blocking Drugs

 Overview

Neuromuscular blocking drugs (NMBs) are used to facilitate 
tracheal intubation, to assure lack of movement during sur-
gery and sometimes to facilitate mechanical ventilation in 
the ICU.

 Implications for the Neurosurgical Patient

NMBs are used in virtually all the neurosurgical patients; 
however, they have several adverse effects that can be harm-
ful for these patients.

 Concerns and Risks

NMBs can be classified into two groups according to their 
mechanism of action.

 (a) Depolarizing NMBs: succinylcholine is the only drug of 
this group in clinical use. Its rapid onset of action makes 

Table 12.1 Effect of different intravenous anesthetics on some cere-
bral physiologic parameters and arterial pressure

CBF CMR ICP
CO2 
reactivity

Arterial 
pressure

Halothane ⇑ ⇓ ⇑ ⇓⇓ ⇓⇓
Isoflurane ⇑ ⇓ ⇑ ⇓ 0 or ⇓
Sevoflurane ⇑ ⇓ ⇑ ⇓ 0 or ⇓
Barbiturate ⇓ ⇓ ⇓ ⇓ ⇓⇓ 0 ⇓
Propofol ⇓⇓⇓ ⇓ ⇓ ⇓ 0 ⇓⇓
Etomidate ⇓ ⇓ ⇓⇓ ⇓⇓ 0 0
Benzodiazepines ⇓ ⇓ ⇓ or 

0
⇓⇓ 0

Ketamine ⇑ ⇑ or 
0

⇑ ? ⇑

Opioids 0 0 0 ⇓ ⇓ or 0

CBF Cerebral blood flow, CRM cerebral metabolic rate, ICP intracra-
nial pressure, ⇑/⇓ slight increase/reduction, ⇓⇓ significant reduction, 
⇓⇓⇓ marked reduction, 0 without significant effect, ? uncertain effect

Key Points
• Consider intracranial distensibility and hemody-

namic parameters to choose the appropriate intrave-
nous anesthetics.

• The use of benzodiazepines and opioids to sedate 
and treat pain in awake patients with closed head 
trauma must be done very carefully.
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it particularly useful to obtain a rapid control of the air-
way. Some of its problems in neurologic patients include:

• Transient increase in ICP that might be dangerous 
when it is already elevated. Adequate depth of anes-
thesia, normal arterial pressure, and controlled PaCO2 
are required to reduce this adverse effect.

• Hyperkalemia: a single dose of succinylcholine 
(1–2 mg/kg) usually increases potassium plasma lev-
els by approximately 0.5–1.0  mEq/L; however, in 
some patients with severe skeletal muscle trauma, 
denervation injury with skeletal muscle atrophy, upper 
motor neuron lesions, paraplegia, spinal cord injury or 
transection, stroke, and closed head trauma, severe 
hyperkalemia leading to cardiac arrest has been 
described. The mechanism for hyperkalemia appears 
to be linked to the increased expression of extra-junc-
tional acetylcholine receptors on the muscle surface 
secondary to the abovementioned diseases.

 (b) Nondepolarizing NMBs include pancuronium, 
vecuronium, rocuronium, cisatracurium, and several 
others. With the advent of intraoperative electrophysio-
logic monitoring, use of nondepolarizing NMBs has 
become more limited. The use of these drugs is contrain-
dicated during EMG monitoring (e.g., acoustic neuroma 
surgery and facial nerve monitoring) or motor evoked 
potentials (e.g., for spine surgery). Great caution must be 
used when administering nondepolarizing NMBs in 
patients who have previously experienced a cerebral vas-
cular accident (i.e., ischemic stroke). In addition to the 
higher risk of hyperkalemia from depolarizing NMBs 
(see above), these patients are at high risk of being over-
medicated with nondepolarizing NMBs, particularly if 
neuromuscular monitoring is done on the paretic extrem-
ity (because of the higher concentration of postsynaptic 
receptors in that extremity secondary to upregulation).
• Residual paralysis secondary to their use is not a real 

adverse effect but undesired clinical practice and can 
lead to upper airway obstruction, hypoxemia, and 
hypercarbia within minutes. In addition, it has been 
associated with a higher rate of postoperative respira-
tory complications. To avoid this complication, the 
routine use of neuromuscular monitoring and careful 
clinical assessment before extubation is mandatory. 
Clinical manifestations include respiratory difficulty, 
problems swallowing secretions, and muscular weak-
ness. Residual paralysis must be rapidly treated with 
anti-acetylcholinesterases. Alternatively, sugamma-
dex has the advantage of reliably reversing profound 
blockade without the side effects of acetylcholinester-
ase inhibitors. Sugammadex is effective to reverse 
residual neuromuscular blockade in the neurosurgical 
setting, particularly when rocuronium has been used.

 Inotropic and Vasoactive Drugs

 Overview

The recognition that cerebral hypoperfusion is associated 
with adverse outcome in acute brain syndromes and during 
neurosurgery has led to an increase in the use of vasoactive 
drugs. Thus, some of the inotropes (adrenaline, dopamine, 
dobutamine, etc.) and vasoactive drugs (phenylephrine and 
noradrenaline) are extensively used in neurologic patients 
during surgery and ICU care. In some cases, vasodilators 
(sodium nitroprusside, nitroglycerin, calcium channel block-
ers, etc.) are also used.

 Implications for the Neurosurgical Patient

Normally inotropic drugs have minimal or no direct effect on 
cerebral vessels; therefore, their effects on cerebral perfusion 
pressure (CPP), cerebral blood flow, intracranial volume, and 
ICP mostly depend on their effects on systemic hemodynam-
ics. In patients with areas of brain with poor or lack of auto-
regulation (e.g., tumor, ischemia, or trauma), the maintenance 
of arterial pressure within a very tight range is critical. Sodium 
nitroprusside and nitroglycerin may worsen neurologic injury. 
While they do not have direct cerebrovascular vasodilatory 
effects, the reduction in arterial pressure may lead to vasodi-
lation in areas of preserved autoregulation and, secondarily, 
to an increase in ICP: This will result in a reduction of CPP.

 Concerns and Risks

Aggressive use of vasopressor drugs and fluids to raise arte-
rial pressure can lead to systemic (pulmonary edema, cardiac 
failure, and myocardial ischemia) and neurologic (brain 
bleeding and edema) complications.

Intravenous, and to a lesser extent also by oral route, 
nimodipine as a prophylaxis of cerebral vasospasm after sub-
arachnoid hemorrhage, can result in arterial hypotension. 
However, this does not contraindicate its use.

Key Points
• Succinylcholine should be used with great caution 

and only if it cannot be substituted with a nondepo-
larizing neuromuscular blocking agent.

• Residual paralysis must be ruled out and properly 
treated before extubation to be sure that the patient 
is safe while spontaneously breathing.

12 Perioperative Pharmacotherapy in Neurosurgery: Risk Assessment and Planning
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 Diuretics and Hypertonic Saline

 Overview

Diuretics, particularly mannitol and furosemide, and hyper-
tonic saline are used in neurosurgical patients to reduce ICP 
and/or to obtain intraoperative brain relaxation.

 Implications for the Neurosurgical Patient

Adverse effects are predictable and usually dose dependent. 
Therefore, these drugs can be applied safely to the neurosur-
gical patient if the clinician treats these known adverse 
effects in a preemptive fashion.

 Concerns and Risks

Hypovolemia: secondary to diuretics can result in hypoten-
sion and reduced CPP.

Hypervolemia: secondary to the use of mannitol and/or 
hypertonic saline. Although this is rather a theoretical prob-
lem, it is transient and would only theoretically occur after 
rapid administration. The consequences of transient hyper-
volemia would be most significant in patients with a history 
of congestive heart failure.

Electrolyte disorders: secondary to a high urine output 
(hyponatremia and hypokalemia) or massive load of crystal-

loid solutions, particularly hypertonic saline. Mannitol 
causes sodium diuresis, which should be replaced to prevent 
hyponatremia. Loop diuretics (e.g., furosemide) cause hypo-
kalemia, hypocalcemia, and hypomagnesaemia, which can 
cause cardiac arrhythmias and hypotension. When hyper-
tonic saline is used for hyperosmolar treatment, it can pro-
duce hypernatremia and hyperchloremic metabolic acidosis. 
When using hypertonic saline (e.g., as a 3% solution) in the 
neurosurgical patient, many clinicians limit administration to 
a serum sodium not higher than 150 mEq/L. Hyperchloremic 
metabolic acidosis can be prevented by administering the 3% 
sodium as a 50% mix of chloride and 50% as acetate.

 Antiemetic Drugs

 Overview

Post-craniotomy patients (this excludes transsphenoidal 
hypophysectomy) are at high risk of postoperative nausea 
and vomiting (PONV). Despite the lack of a documented 
case of harm caused by retching or vomiting in these patients, 
an important number of patients undergoing general surgery 
fear the occurrence of PONV more than postoperative pain. 
However, the potential risk caused by vomiting, the associ-
ated arterial hypertension, and high intra-abdominal/intra-
thoracic pressure leading to high ICP suggests that avoiding/
treating PONV in these patients is warranted.

 Implications for the Neurosurgical Patient

Antiemetic drugs for PONV prophylaxis/treatment include 
several groups of drugs with an excellent safety profile in 
general surgery patients. However, some agents (e.g., dro-
peridol and haloperidol) are associated with sedation. 
Droperidol is also an alpha-1 receptor agonist and may be 
associated with transient hypotension.

 Concerns and Risks

Some adverse effects might be more relevant in neurosurgi-
cal patients.

Hyperglycemia: It is the most frequent known adverse 
effect after dexamethasone 8–10  mg IV.  Steroid-induced 
hyperglycemia peaks between 8 and 10 h after IV adminis-
tration and can exceed 200 mg/dL. Significant hyperglyce-

Key Points
• Treat and exclude reversible causes of hypotension 

before using vasopressor drugs to improve CPP.
• Limited experimental and clinical evidence sug-

gests that norepinephrine might be the most appro-
priate catecholamine to augment cerebral perfusion 
in traumatic brain injury.

• Recommended therapy for severely elevated arte-
rial pressure after acute stroke include labetalol, 
nicardipine, and nitroprusside (used with great cau-
tion in patients with elevated ICP). Hemodynamic 
goals are greatly different between hemorrhagic 
stroke (tight control to prevent rebleeding) and isch-
emic stroke (permissive hypertension to improve 
collateral flow).

• Any pharmacologic intervention to reduce elevated 
arterial pressure in neurologic patients has to be 
very slowly and should be intensively monitored. 
With continuous treatment regimes, careful and 
repeated reassessments are paramount with particu-
lar considerations of the treatment effects on CPP.

Key Point
• Monitor electrolyte status after a period of high urine 

output and/or hypertonic saline administration.

A. E. Delfino et al.
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mia has been demonstrated to impair neurologic outcomes 
and increases the risks for infection and impairs wound heal-
ing. The use of dexamethasone for PONV in patients under-
going intracranial surgery should possibly not be considered 
the first-line therapy.

Sedation: A decrease in level of consciousness can occur 
secondary to many antiemetics including droperidol and 
haloperidol, with both time- and dose-dependent effects. 
Though symptoms may be mild at low-dose ranges, these 
drugs should be avoided in patients having craniotomy 
because the differential diagnosis of decreased level of con-
sciousness may be unnecessarily complicated in the immedi-
ate post-craniotomy period.

Extrapyramidal side effects: They can be secondary to 
droperidol/haloperidol and metoclopramide, usually after 
higher than recommended doses. Rarely, administration of 
haloperidol, droperidol, promethazine, and metoclo-
pramide may cause neuroleptic malignant syndrome. In 
the postoperative period of neurosurgical patient, this 
diagnosis must be considered in the presence of rigidity, 
autonomic  dysfunction, hyperthermia, and mental status 
changes. If unrecognized and improperly treated, the out-
come could be fatal.

Headache: Occurs in 3–5% of patients given 5-HT(3) 
antagonists at the usual doses (such us ondansetron and 
granisetron) and must be taken into consideration for the dif-
ferential diagnosis of headache in the neurological patient.

Endocrine effects: Patients who were treated with 
dexamethasone PONV prophylaxis showed changes in 
cortisol levels. This can be important information on the 
analysis of potential pituitary sufficiency after transsphe-
noidal surgery. On this matter, TIVA (total intravenous 
anesthesia) can be a possible alternative in patients with 
high PONV risk.

 Anticonvulsants

 Overview

Seizures can appear at anytime in a neurosurgical patient. Up 
to 60% of people with a diagnosis of brain tumor can present 
it, and the onset can be before, during, or after surgery. The 

risk of seizure depends on the type of pathology. However, 
prophylactic use of anticonvulsants is not free of adverse 
effects, and its indication is still a debatable issue. Supporting 
evidence in favor or against the use of antiepileptic drugs as 
a primary prophylaxis in patients with brain tumor has been 
erratic, and some centers recommend its use only after the 
first convulsive episode.

Phenytoin is probably still the most commonly used 
agent, although the emergence of new agents such as leveti-
racetam appears like an eligible choice with fewer side 
effects.

 Implications for the Neurosurgical Patient

Perioperative fluctuations in antiepileptic medication plas-
matic levels may occur, contributing to the development of 
seizures. Adverse effects are predictable and usually dose 
dependent. It must be remembered that during the postopera-
tive period, patients may have reduced protein binding (par-
ticularly affecting phenytoin) due to altered albumin and 
other drug-binding proteins making it imperative to monitor 
free drug concentrations in the perioperative period.

 Concerns and Risks

Patients with brain tumors appear to present more frequently 
the typical anticonvulsant-induced side effects, such as cog-
nitive impairment, myelosuppression, liver dysfunction, and 
dermatologic reactions compared with non-oncological 
patients.

Second-generation antiepileptic drugs such as levetirace-
tam shows similar efficacy in seizure controlling but greater 
tolerability and even fewer drug interaction as they are not 
metabolized by the hepatic P450 system.

Cognitive impairment: some problems, such us drowsi-
ness, dizziness, and behavioral changes, are usually dose 
related. They are less frequent with second-generation anti-
convulsant where doses as high as 5 g of levetiracetam are 
well tolerated without requiring level monitoring.

Hypotension: secondary to almost all these drugs espe-
cially when administered quickly by the intravenous route. 
Hypotension is often accentuated when these drugs are 
administered during surgery, as they may act synergistically 
with anesthetic agents having the same cardiovascular 
effects.

Bradycardia/arrhythmia: phenytoin when injected fast 
can produce arrhythmia including asystole. This risk is 
accentuated when the drug is administered during the period 
of general anesthesia.

Sedation/respiratory depression: secondary to benzodiaz-
epines and barbiturates. Respiratory depression can result in 
an increased arterial tension of CO2 and hypoxemia in 

Key Points
• Monitor blood glucose levels after dexamethasone 

administration. Treat hyperglycemia in neurologi-
cal patients to a goal of 130–180  mg/dL (current 
recommendations).

• Neurological and surgical causes of sedation, extra-
pyramidal signs, and headache must be ruled out 
before assuming that they are secondary to AEDs.

12 Perioperative Pharmacotherapy in Neurosurgery: Risk Assessment and Planning
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patients breathing spontaneously and thereby potentially in 
severe secondary brain injury.
Interactions:
• Chronic treatment with phenytoin and carbamazepine is 

associated with modest increase in acetylcholine receptor 
numbers, induced liver metabolism, and increased release 
of acute-phase reactant proteins that bind the NMDs, all 
causing reduced duration of neuromuscular blockade.

• Phenytoin, carbamazepine, and phenobarbital reduce the 
efficacy of corticosteroids and stimulate the cytochrome 
P450 enzyme resulting in an accelerated metabolism of a 
large spectrum of chemotherapeutic agents.
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Key Points
• The use of primary antiepileptic drugs in patients 

with brain tumor must be studied case by case, con-
sidering the type of tumor among other risk of sei-
zure. Because of the lack of efficacy and their 
potential side effects primarily prophylaxis must 
not be use routinely with newly diagnosed patients. 
When used and in absence of seizure, anticonvul-
sant must be discontinued a week after surgery.

• Patients with previous antiepileptic treatment must 
receive it during the perioperative period.

• Anticonvulsant monitoring plasma levels drugs is 
recommended during the perioperative period.

• Anticonvulsant must be administered slowly when 
active seizures are not currently present. Never 
inject phenytoin at a rate >50 mg min−1.

• When barbiturates and benzodiazepines are admin-
istered at a fast rate, check frequently hemodynamic 
and respiratory status until patient’s recovery; con-
sider admission to the intensive care unit.

• Monitor intraoperative neuromuscular blockade 
more frequently in patients under treatment with 
phenytoin and carbamazepine.

• In the presence of severe cutaneous reactions in 
patients receiving anticonvulsants other than benzo-
diazepines, consider changing to a different family 
of drugs.
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Specific Considerations Regarding 
Consent and Communication 
with Patients and Family Prior 
to Neurosurgery

Kenneth Abbey and Chloe Allen-Maycock

 Overview

For any medical procedure, informed consent consists of 
four basic elements: (1) voluntariness, (2) competence, (3) 
informed, and (4) comprehended (capacity). For neuroanes-
thesia, satisfaction of the elements may be more difficult 
due to both the underlying pathology and the difficult 
choices facing patients undergoing neurosurgery. As a result 
of the unique nature of neurosurgical cases, anesthesiolo-
gists need to allow more time and need to take more care in 
obtaining consent for the anesthetics used in those cases.

A review of the elements for valid consent is useful for 
understanding the challenges faced in obtaining valid con-
sent in neurosurgical cases. The classic criteria for voluntari-
ness was set forth in the Nuremberg Code which stated that 
the patient should be “able to exercise free power of choice, 
without the intervention of any element of force, fraud, 
deceit, duress, overreaching, or other ulterior form of con-
straint or coercion.” Several factors may impair the voluntary 
nature of informed consent. First, sedation is commonly 
encountered among preoperative patients and may constitute 
a form of constraint on a patient’s ability to fully evaluate 
and participate in informed consent. Sedation may be obvi-
ous in the case of a sleepy patient who has received a large 
dose of anxiolytic or may be more subtle, such as in a patient 
who has received a smaller dose of analgesic medication. 
The environment in which informed consent is obtained may 
also undermine voluntariness. Addressing informed consent 
in the operating room may make a patient more likely to feel 
pressured to agree to a procedure. The anesthesia provider 

may also limit voluntariness by deliberately limiting anes-
thetic choices for the patient, based on the anesthesia pro-
vider’s preference.

Patient competency is a legal term and designation. All 
adults are deemed competent unless designated otherwise by 
a court, and a declaration of incompetence is universally fol-
lowed by appointment of a legal guardian. Patients that have 
been declared incompetent cannot consent, and consent must 
be obtained from their designated guardian.

Capacity is distinct from competency and is a determina-
tion made by the physician. The subject of informed consent 
should have “sufficient knowledge and comprehension of the 
elements of the subject matter involved as to enable him to 
make an understanding and enlightened decision.” This 
requires that the patient have the capacity to provide informed 
consent and “implies that a patient has the ability to under-
stand and weigh medical information and make decisions.” 
The patient must be able to understand the medical problem 
and proposed treatment alternatives. For some procedures, this 
may be relatively simple. However, as the complexity of the 
medical problem and treatment increases, the patient’s deci-
sion-making capacity may be exceeded. Likewise, as the com-
plexity of the medical decision increases, so does the obligation 
of the physician to ensure that the patient has the capacity to 
understand the medical decisions and its implications.

Meeting the “informed” element of consent can be 
obtained by addressing the four key components of the 
PARQ discussion: (1) procedures, (2) alternatives, (3) risks, 
and (4) questions. The PARQ discussion can be utilized not 
only to provide information to the patient but also in deter-
mining the patient’s ability to understand the concomitant 
risks and alternatives.

 Implications for Neurosurgical Procedures

Obtaining informed consent from neurosurgical patients can 
be complex, due to the nature of the patient’s diagnosis, the 
treatment options, and the increased likelihood for dimin-
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ished decision-making capacity related to the neurosurgical 
procedure. First, voluntariness may be problematic for sev-
eral reasons. Neurosurgical problems often present treatment 
choices without a “good” choice. For example, a patient with 
a brain mass must decide between surgery, which may leave 
the patient with a significant neurologic deficit or even death, 
or not having surgery and risk the tumor growing causing 
neurologic deficits and again possibly death. Family mem-
bers may strongly support or oppose some options and may 
place pressure on the patient to choose a particular course.

Neurosurgical problems often compromise a patient’s 
decision-making capacity, and any diagnosis or treatment 
that alters mentation may be associated with diminished 
capacity. Neurosurgical conditions most likely to decrease 
capacity include stroke and dementia. In cases of delirium, 
waxing and waning mental status creates a moving target for 
the assessment of medical decision-making capacity. 
Additionally, based on the degree of delirium, sedative medi-
cations may be required to maintain the patient’s safety. The 
intensive care unit setting itself is associated with a high pro-
portion of patients with diminished medical decision-making 
capacity. Conditions among patients in the ICU can range 
from postoperative sedation to ICU psychosis, which inter-
fere to varying degrees with a patient’s ability to evaluate 
medical decisions, but interfere nonetheless. Psychiatric 
diagnoses can also impair capacity. Unfortunately, many 
physicians caring for impaired patients may not appropri-
ately identify them as such.

Much variability can exist within a given diagnosis or 
even between physicians evaluating whether a patient has 
capacity to provide informed consent. Other instruments that 
may be valuable in assessing capacity include the Mini- 
Mental State Examination (MMSE), which has been found 
to correlate with clinical judgments of incapacity. A score of 
<19 is associated with lack of capacity. The MacArthur 
Competence Assessment Tool for Treatment may also be uti-
lized and specifically incorporates information related to a 
patient’s decision-making situation. Unfortunately, these 
assessments can be time-consuming; the Mac-CAT takes 
about 20 min to perform.

Often, obtaining surgical consent implies consent for 
anesthesia, although the PARQ process for each should be 
distinct. It is possible, however, that a patient may be able to 
provide surgical consent without the capacity to consent to 
anesthesia. Again, it is incumbent on the anesthesia provider 
to weigh whether the patient has medical decision-making 
capacity, even if surgical consent has already been obtained 
from the patient.

 Concerns and Risks

Neurosurgical patients comprise a group at risk for incom-
plete and/or inadequate informed consent. Taking the nec-
essary time to assess a patient’s ability to engage in and 
understand informed consent is fundamental to ensure the 
patient’s ability to provide informed consent. Failure to 
obtain proper consent may subject the provider to a claim 
of battery (the tort of an inappropriate and unconsented 
touching).
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Key Points
• Address each element of informed consent, includ-

ing voluntariness, competence, informed, and com-
prehended (capacity).

• It is incumbent upon physicians taking care of neu-
rosurgical patients to ensure that informed consent 
is obtained.

• Neurosurgical patients comprise a high-risk group 
of patients who may have diminished medical deci-
sion-making capacity and may require additional 
time.

• Maintain a heightened awareness of factors poten-
tially interfering with obtaining informed consent.
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Neurotoxicity of General Anesthetics

Margaret K. Menzel Ellis and Ansgar M. Brambrink

 Introduction

Rapid evolution in the safety and sophistication of general 
anesthesia has paved the way for revolutionary advances in 
medicine and surgery. However, a growing body of both pre-
clinical and observational clinical evidence has fostered both 
scientific and public concerns regarding anesthetic neurotox-
icity, particularly in young children. Volatile anesthetic, 
nitrous oxide, and propofol exposure have all been studied in 
animal models, revealing similarly concerning toxic effects 
as well as negative effects on cognition and behavior.

The severity and consistency of this injury prompted sev-
eral large, retrospective database studies, the majority of 
which suggest an association between early anesthetic expo-
sure in young children and difficulties with behavior or cog-
nition later in life. Ongoing prospective investigations are 
underway to further explore these implications. While the 
current data does not support a change in our current clinical 
practice, those who provide anesthesia to pediatric patients 
should consider these concerns when discussing the risks 
and benefits of anesthesia with parents. In December 2016 
the Federal Drug Administration (FDA) issued a statement 
that requires the currently used anesthetics and several seda-
tive drugs to be labeled with a warning that drug exposure 
exceeding 3 hours may harm the developing brain. The avail-
able evidence, its current controversial discussion, and recent 
action of regulatory institutions have already influenced 
medical practice for millions of children exposed to such 

drugs each year. While three long-awaited longitudinal stud-
ies of neurodevelopmental outcomes after pediatric anesthe-
sia (the GAS, PANDA, and MASK studies) have shown 
reassuring results with regards to IQ testing, there is still a 
great need for further research that clarify risk and benefits 
of anesthetics and sedatives for young children with respect 
to other aspect of neurologic and behavioral developments. 
This chapter aims to provide structured brief summaries of 
the currently available knowledge to support the reader in 
following the ongoing discussion in the field and guide the 
discussion between healthcare providers and families when 
planning procedures that require sedation or anesthesia in 
young children.

 Current Clinical Evidence

Historically, the use of anesthesia for surgical procedures in 
very young infants raised concerns about hemodynamic 
safety and monitoring. As anesthetic monitoring and medica-
tion safety have dramatically improved over the past several 
decades, the risk of life-threatening cardiopulmonary com-
plications during general anesthesia has decreased. 
Furthermore, as our understanding of the physiology of neo-
natal pain and the infant brain has evolved, the previously 
accepted belief that neonates did not feel and could not 
remember the pain of surgery has now given way to a clear 
understanding of the detriment to young patients who 
undergo surgical procedures without anesthesia or analgesia. 
However, now that anesthesia can be safely provided to an 
increasing number of very young surgical patients, new con-
cerns have emerged regarding the long-term cognitive and 
behavioral effects of anesthetic exposure during brain devel-
opment, particularly in patients who are exposed to anesthe-
sia before 3 years of age.

Numerous retrospective, observational studies have been 
undertaken to assess the association of exposure to anesthe-
sia in infancy and early childhood with long-term alterations 
in behavior, development, learning, memory, cognition, and 
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language (Table 14.1). One retrospective birth cohort study 
of over 5000 children assessed the risk of learning disabili-
ties later in life in those who received general anesthesia 
before the age of 4. When compared to children who did not 
receive anesthesia at a young age, children who received two 
or more anesthetics were found to have a twofold increased 
risk of developing a learning disability; there was also a con-
comitant risk increase associated with a longer duration of 
anesthesia. Similar results from subsequent studies support 
these findings; cumulative exposures to volatile anesthetics, 
chloral hydrate, and midazolam in congenital cardiac sur-
gery patients have been found to be independent predictors 
of poor performance on neurocognitive testing, despite the 
multiple comorbidities and risk factors for neurologic injury 
in that population. When a cohort of patients was analyzed 
specifically for the development for attention deficit hyper-
activity disorder (ADHD) by the age of 19, a significant 
association with repeated anesthetic exposures was again 
noted. In a study comparing school-aged children who were 
exposed to general anesthesia for surgical procedures in the 
1st year of life with unexposed children, there was no differ-
ence in mean standardized test scores, but an inverse rela-
tionship was observed between test score and duration of 
anesthetic exposure, and a higher proportion of the exposed 
children had very poor test performance.

Other very large studies of academic performance have 
produced negative results. Contrary to the majority of prior 
studies, one Swedish study of approximately two million 
children found little to no association between anesthetic 
exposure in early childhood and impairment in academic 
function. In fact, they found that several other factors, includ-
ing being male, being born in December vs. January, and low 
parental education levels, were associated with a risk of poor 
academic performance that was several orders of magnitude 
higher than the very small risk associated with anesthetic 
exposure. It seems there may be variability of the phenotype 
of anesthetic neurotoxicity between populations.

The association between early anesthetic exposure and 
later diagnosis of a developmental or behavioral disorder has 
also been investigated. Multiple large retrospective cohort 
studies have demonstrated an increase in the likelihood of 
developmental or behavioral disorders in children who have 
received anesthesia, including an association of increased 
risk with cumulative anesthetic exposure. Other retrospec-
tive evidence suggests that deficits of language are more 
common in children exposed to anesthesia at an early age, 
even with a single exposure.

Recently, magnetic resonance imaging (MRI) has been 
explored as a potential modality for evaluating changes in 
brain structure in function in young adults with a history of 
exposure to anesthesia. In retrospective trials, anesthetic 
exposure in children and young adults has been associated 
with decreased grey matter volume, impaired neurocognitive 

testing and white matter lesions on postop MRI, and differ-
ences in the functional MRI measured activation of several 
brain areas during task performance. These findings have 
been demonstrated at multiple time points,

While these findings are compelling, the retrospective nature 
of the existing data prevents clear conclusions from being 
drawn. As with any retrospective study, the presence of con-
founders such as patient characteristics necessitating surgery, 
the homogeneity of any national population, possible effects of 
surgery itself, each patient’s social and economic environment, 
and other comorbidities cannot be excluded. Many of the 
patients in these studies were exposed to anesthesia decades 
ago; newer agents/improved monitoring make these results dif-
ficult to interpret. Moreover, the various outcome measures 
studied in these retrospective analyses (neurocognitive testing, 
diagnostic codes found in medical records, standardized test 
results, school performance) may not be comparable.

Three large, prospective studies are in progress at this 
time. The General Anesthesia and Apoptosis (GAS) study, a 
randomized, multicenter trial comparing neurocognitive out-
comes at 5 years of age following general and regional anes-
thesia for neonates undergoing inguinal hernia repair is 
ongoing. Preliminary results from the first 2 years of follow-
 up have shown no difference in neurodevelopmental out-
come. The Pediatric Anesthesia and Neurodevelopment 
Assessment (PANDA) study is a multicenter cohort study, 
comparing healthy children undergoing inguinal hernia 
repair under any type of anesthesia to unexposed siblings. 
Enrollment is ongoing, and neurocognitive and behavioral 
testing will take place at 8 and 15 years of age. Finally, the 
Mayo Anesthesia Safety in Kids (MASK) study, which will 
evaluate a large cohort of Minnesota children with multiple, 
single, or no anesthetic exposures through extensive pro-
spective neurocognitive testing, began recruitment in 2013.

 Proposed Mechanisms of Anesthetic 
Neurotoxicity

While it is challenging to perform prospective experiments in 
human subjects, there are several well-established in vitro and 
in vivo animal models for studying the cellular and molecular 
effects of exposure to anesthetic agents. Since brain develop-
ment involves a complex confluence of events, anesthesia may 
cause damage through various related mechanisms. Multiple 
animal studies have strongly associated exposure to a variety 
of anesthetic agents with cognitive and developmental disor-
ders in rodents and nonhuman primates. The consistent asso-
ciation of anesthesia with neurotoxicity and the theory that 
anesthetics exert their main actions through a relatively small 
number of receptor interactions (GABAA potentiation, NMDA 
antagonism) have prompted further investigation of these spe-
cific pathways and their related mechanisms.
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 Synaptogenesis

In humans, synaptogenesis begins in the third trimester of 
pregnancy and continues throughout life. The developing 
brain is most vulnerable to anesthetic toxicity during the 
period of highly active synaptogenesis known as the “brain 
growth spurt,” which is a rapid period of connection building 
that peaks at birth, a pattern that is seen both in humans and 
in other species. When animal models are used in studies of 
neurotoxicity, the developmental age of the animal model is 
chosen to correspond closely to that of the infant human 
brain.

Synaptogenesis is not a homogeneous process. Different 
areas of the brain may be most vulnerable to anesthetic neu-
rotoxicity at variable times during the brain growth spurt. In 
fact, there is evidence that vulnerability to anesthetic-induced 
neuroapoptosis may vary with the age of each individual 
cell. Further complicating this picture is the fact that differ-
ent anesthetic agents may actually have more potent toxicity 
during different stages of brain development. Although it is 
known that maturation of some brain areas, e.g., the frontal 
lobe, continues into young adulthood, there has been no 
investigation of the effects of anesthetic toxicity on this 
phase of brain development.

 Apoptosis

Ketamine, propofol, thiopental, isoflurane, sevoflurane, 
benzodiazepines, and nitrous oxide have all been shown to 
induce neuronal apoptosis in fetal or neonatal rodent, por-
cine, and nonhuman primate models. Ketamine, isoflurane, 
and propofol have also been shown to induce apoptosis of 
oligodendrocytes, which are critical for axonal 
myelination.

Apoptosis is seen in glutaminergic, GABAergic, and 
dopaminergic neurons throughout the hippocampus, cingu-
late cortex, and substantia nigra in rats exposed to volatile 
anesthesia. However, when the basal forebrain was exam-
ined (in which cholinergic neurons predominate in rats and 
humans), there was no significant difference between 
exposed and unexposed rats. Suppression of cholinergic sig-
naling by anesthesia may contribute to apoptosis of gluta-
minergic, GABAergic, and dopaminergic neurons that rely 
upon cholinergic stimulation to prevent atrophy and 
apoptosis.

Reactive oxygen species have also been implicated in 
anesthetic-induced neuroapoptosis. Antioxidants such as 
L-carnitine and pramipexole, which counteract the effects of 
reactive oxygen species, attenuate ketamine-induced neuro-
toxicity in rat forebrain culture and prevent both neuroapop-
tosis and cognitive impairment in rats when co-administered 
with isoflurane/nitrous oxide.

Anesthetic agents also lead to apoptosis through inflam-
matory processes that activate the extrinsic pathway. While 
many anesthetics have anti-inflammatory properties in the 
adult brain, they have been shown to promote inflammation 
in the developing rodent brain. Multiple inflammatory cyto-
kines including TNF-alpha and IL-6 are increased in animals 
after anesthetic exposure. These inflammatory mediators 
may exert a synergistic neurotoxic effect when combined the 
widespread inflammatory response seen after surgical 
stimulation.

Excitotoxicity may be another potential mechanism of 
anesthetic-induced neurotoxicity. Although GABAergic 
agents exert sedative-hypnotic effects in adults, GABAA 
receptor activation is an excitatory phenomenon during early 
development of the mammalian brain. Volatile anesthetics 
may produce excitotoxicity via potassium-chloride cotrans-
porter KCC-2. Activation of KCC-2 through GABAergic 
signaling in the mature brain leads to neuronal inhibition; 
however, in the immature brain, an immature form of KCC- 
2, known as NKCC1, is present. GABAergic activation of 
NKCC1 causes an excitatory response. Thus, while 
GABAergic medications are commonly used to treat excit-
atory conditions such as status epilepticus in the mature 
brain, it is possible that sustained paradoxical GABAA- 
mediated excitation may contribute to anesthetic-induced 
neurotoxicity in the developing brain.

 Micro-RNA

Small ribonucleic acid (RNA) molecules, known as micro- 
RNA (mi-RNA), are noncoding RNA molecules that bind in 
complexes to messenger RNA (mRNA), downregulating 
translation or increasing degradation of mRNA strands. 
Downregulation of anti-apoptotic pathways through mi- 
RNA signaling, in particular, miR-21 has been demonstrated 
after volatile, propofol, and ketamine anesthesia. Additional 
investigation into the interaction of anesthetic exposure and 
mi-RNA activity is ongoing.

 Impaired Neurogenesis

Reduction in neurogenesis following early exposure to gen-
eral anesthesia may lead to memory deficits. When postnatal 
day 14 rats and mice were exposed to daily isoflurane anes-
thesia for 4 days, they showed significant memory impair-
ments on subsequent testing. On histologic examination, no 
increase in cell death was observed; however, the hippocam-
pal stem cell pool was significantly smaller, and the number 
of hippocampal neurons was lower in the young rodents who 
were exposed to isoflurane. The underlying mechanism and 
significance of these findings is unclear.
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 Alteration in the Neuronal Network Structure

During neuron development, several outgrowths, known as 
neurites, begin to extend from the neuronal cell body. One 
of these is destined to extend, grow, and develop into a 
signal- transmitting axon, while the others will arborize 
into a network of signal-receiving dendrites. Dendrite 
development, arborization, and the density of small den-
drite projections known as dendritic spines, which increase 
the specificity of dendrite signal reception, are all impor-
tant parts of synapse building. Exposure to anesthetic 
agents has been demonstrated to increase synaptic spine 
density in some phases of brain development but not oth-
ers. This suggests that the effects of propofol on this aspect 
of synapse generation may be dependent upon the devel-
opmental stage of the brain. This effect was not observed 
with midazolam. Ketamine exposure is associated with a 
decrease in dendritic spine length and complexity. Since 
GABAergic neurons often function as interneurons, which 
form modulatory connections between other neurons, an 
alteration in their behavior during development could dis-
rupt the formation and function of important neural 
networks.

During axonal development, the establishment of axon- 
dendrite polarity, in which the axon becomes differentiated 
from the dendrites, is a crucial step in the development of a 
functional neuron. Isoflurane exposure delays this polariza-
tion process in mice; higher concentrations of isoflurane and 
a longer exposure time were associated with a dose- dependent 
retardation of neuronal polarization. Similar results were seen 
with exposure of the same model to propofol, but interest-
ingly were not seen with the pure GABAA agonist muscimol, 
arguing against a purely GABAA- mediated process.

Once polarity is established, the axonal neurite forms a 
growth cone, which is comprised of the flattened end of the 
extending neurite and several small, spiky extensions of actin 
and microtubules known as filopodia. The filopodia respond 
to attractive and repulsive external guidance cues, which 
influence the growth cone to extend and collapse, respec-
tively. The balance of these alternating influences and result-
ing morphologic changes guides the growing axon down a 
specific path. This process requires precise timing, as the 
elongation of axons toward their eventual targets requires the 
presence of a series of time-limited signals. When a model of 
embryonic mouse neocortical neurons were exposed to iso-
flurane, impaired collapse of the axonal growth cone in 
response to a repulsive cue was observed; once the cells were 
allowed to recover from isoflurane, a normal collapse 
response was restored. Although these effects on the sensi-
tivity of the growth cone to repulsive cues are short-lived, 
even a temporary alteration in axon migration may be associ-
ated with a long-term change in brain development or may 
contribute to eventual neuroapoptosis.

 Role of Glial Cells

Glial cells, which include microglia, astrocytes, oligoden-
drocytes, ependymal cells, and Schwann cells, are the sup-
port system for neurons. They provide nutrients and oxygen, 
degrade and remove dead neuronal cells, and provide physi-
cal structural support to maintain the spatial relationships 
between neurons.

In astrocytes, which are responsible for a diverse set of 
functions including nutrient provision, maintenance of ionic 
balance, and support of the blood-brain-barrier endothelium, 
cytostructural changes have been clearly observed when rat 
cells were exposed to isoflurane in vivo. Interestingly, these 
changes did not seem to affect cell function or survival, sug-
gesting that astrocytes may be relatively resistant to toxicity 
from anesthetics. In fact, astrocytes may actually be instru-
mental to attenuate propofol-induced neuroapoptosis.

Microglial cells act as macrophages in the central nervous 
system, removing dead and injured cells and infectious 
agents. Given the observed increase in pro-inflammatory 
mediators after exposure to general anesthetics, it has been 
theorized that microglial activation may be the source of 
these inflammatory mediators and may lead to accelerated 
destruction of other neuronal cells. Indeed, when 6-day-old 
mouse pups were exposed to sevoflurane anesthetics on three 
consecutive days, the number of cells that stained positive a 
marker of microglial cell activation, was significantly 
increased compared with unexposed controls. This suggests 
that stimulation of microglial cells may be an important step 
in the neuroinflammatory cascade associated with anesthetic 
toxicity in the developing brain.

Oligodendrocytes, which are necessary for myelination in 
the central nervous system white matter, have been shown to 
be subject to isoflurane-, ketamine- and propofol-induced 
apoptosis in fetal and neonatal rhesus macaques. This apop-
tosis occurs at the point of maturation when the oligodendro-
cytes developed the ability to myelinate axons, suggesting 
that a deficit in myelination could partially explain anesthetic- 
associated problems with neurobehavioral development. 
Further investigation is needed to determine whether or not 
oligodendrocytes remain vulnerable to the toxic effects of 
anesthesia as well during later stages of brain development.

 The Role of Surgery

Since the vast majority of anesthetic exposures occur simul-
taneously with a surgical procedure, the effect of surgery 
itself on the developing brain must also be considered. 
Exposure to pain is associated with long-term behavioral 
changes in both animals and humans and that analgesia is 
necessary to address pain resulting from surgical procedures 
and other conditions. Neonates with a history of  circumcision 
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without local anesthesia had a stronger pain response to sub-
sequent routine vaccination than neonates who were either 
uncircumcised or who had been pre-treated with a local 
anesthetic prior to undergoing circumcision. In one retro-
spective study of children who underwent surgery or diag-
nostic procedures under general anesthesia before the age of 
4, the children who had surgery had a significantly higher 
rate of behavioral abnormalities on testing at age 10–12 than 
the children who underwent diagnostic procedures. This 
data, while conflicting, suggests that the relationship between 
pain stimulus, anesthetic exposure, and neurotoxicity war-
rants systematic investigation.

 Reducing Neurotoxicity

Several therapeutic agents have been shown to be poten-
tially protective against anesthetic-induced neurotoxicity. 
In animal models, alpha-2 agonists have been shown to be 
protective against neuroapoptosis and cognitive impair-
ment induced by isoflurane, ketamine, and propofol. 
Dexmedetomidine, a selective alpha-2 receptor agonist 
with sedative and analgesic properties, has been shown to 
attenuate both neuroapoptosis and long-term memory 
impairment when co-administered with isoflurane anesthe-
sia in rats. Multiple other agents have been studied in ani-
mals with mixed evidence in reducing markers of apoptosis: 
erythropoietin, bumetanide, lithium, estradiol receptor 
antagonists, etc.

Pramipexole, which restores mitochondrial integrity and 
has antioxidant properties, was protective against cognitive 
impairment when administered to 7-day-old rats alongside 
an anesthetic of midazolam, nitrous oxide, and isoflurane; 
similar results have been seen with several other antioxidant 
medications and substances, including melatonin, curcumin, 
L-carnitine, and bone marrow stromal cells.

Inhaled substances have also been studied as neuroprotec-
tants. Hydrogen and xenon gases are both able to quickly 
neutralize reactive oxygen species and have been shown to 
reduce neuroapoptosis and oxidative stress, as well as mem-
ory and behavioral deficits. Preconditioning with isoflurane 
itself, when administered for a short period of time on the 
day prior to a 6-h general anesthetic with 1.5% isoflurane, 
has been shown to ameliorate isoflurane-mediated apoptosis 
in young rats. Early evidence suggests that low concentra-
tions of carbon monoxide administered as a carrier gas com-
ponent may also be protective, possibly through modulation 
of cytochrome oxidase activity and reduction of oxidative 
stress. More research is needed in this area, as identification 
of a successful, feasible mitigation strategy could have pro-
found clinical impact.

Finally, there is evidence in experimental studies that 
providing environmental enrichment may actually reverse 

the neurocognitive deficits seen after exposure to anesthe-
sia. Rat studies have found that an enriched environment 
may improve clinical tests of memory impairment over sev-
eral months, while memory deficits persisted in the rats liv-
ing in the standard (deprived) environment. It is unclear 
how this will translate to human infants; the overwhelming 
majority of whom already grow up in an “enriched environ-
ment” and are intensely tended to following anesthesia and 
surgery.

 Conclusions

The majority of anesthetic medications, including the vola-
tile anesthetics, propofol, NMDA antagonists (nitrous oxide, 
ketamine), GABAA agonists (including barbiturates and ben-
zodiazepines), nitrous oxide, and synergistic combinations 
thereof have been strongly associated with neurotoxicity and 
cognitive disorders in the developing brains of several ani-
mal species, including nonhuman primates. Many mecha-
nisms of neurotoxicity have been described in preclinical 
experiments, and new mechanisms continue to emerge. 
These data support the observed association of impaired cog-
nitive and behavioral development when anesthetic exposure 
occurred during the vulnerable period. Results from both, 
prospective animal and retrospective human cohort studies 
have fueled concerns about the long-term effects of anesthe-
sia as the body of evidence grows. Indeed, neurocognitive 
dysfunction has now been shown to persist for years in a 
cohort of nonhuman primates following even a single, albeit 
prolonged (24 h) neonatal ketamine anesthetic. Nevertheless, 
while the laboratory evidence is robust, there is still no defin-
ing evidence available that these effects are translatable to 
humans. Furthermore, the bulk of available human data is 
almost exclusively retrospective in nature. Results from the 
large, prospective GAS, PANDA, and MASK studies have 
found no difference in IQ in children who received a short 
general anesthetic as infants compared to those who did not; 
however, the effect of early childhood exposure to anesthesia 
upon other neurobehavioral outcome measures is still uncer-
tain. Thus, at the moment anesthesiologists and parents alike 
are still faced with the dilemma, as we still cannot say 
whether or not anesthetic exposure in infancy and childhood 
results in any human neurocognitive or behavioral pheno-
type later in life.

The SmartTots initiative, which is a collaborative public- 
private partnership between the International Anesthesia 
Research Society (IARS) and the FDA, works to address 
gaps in science regarding pediatric anesthetic safety and neu-
rotoxicity. The current consensus of this expert group of 
anesthesiologists and scientists is that mounting concerns 
about the potential for cognitive or behavioral impairment in 
the future should not prevent urgent or emergent pediatric 
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surgery, as withholding a necessary surgical procedure is 
likely to cause patient immediate harm. If the need for sur-
gery is less clear, discussion of the risks, benefits, and timing 
of surgery should take place between the anesthesiologist, 
the surgeon, and the parents.

It is important to note that at this time, there is no recom-
mendation to support a change in clinical practice based upon 
the current state of the evidence. However, some anesthesi-
ologists choose to employ putative mitigation strategies, such 
as regional anesthesia or the use of an opioid-heavy anes-
thetic, to reduce the amount of anesthetic exposure; while 
there is no evidence to support this as a neuroprotective strat-
egy, it may be acceptable based on clinical judgment and the 
individual characteristics of each patient. The use of a combi-
nation of regional anesthesia, dexmedetomidine, and opioid 
as a substitute for volatile anesthetics, ketamine, or benzodi-
azepines is currently being investigated; at this time, it is 
unknown whether the elimination of the offending agents in 
pediatric practice will be feasible or will affect the potential 
long-term neurologic sequelae of anesthesia and surgery.

Ongoing prospective studies may help to link these labo-
ratory observations to outcomes in humans. Until that time, 
anesthesiologists should counsel patients and families 
regarding the current state of our understanding of the neuro-
logic risks of anesthesia.
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Postoperative Neurocognitive Disorders 
in the Geriatric Patient

Katie J. Schenning and Miles Berger

 Overview

Adults 65 and older represent the fastest-growing age group 
in the United States, and these older adults already account 
for one third of all surgical patients. Accordingly, there has 
been an increase in the number of older patients with spinal 
pathology such as symptomatic degenerative spine disease, 
tumors, and fractures. Multilevel fusions on these older 
patients are a relatively common occurrence as are other 
neurosurgical procedures such as decompressions, discecto-
mies, and deformity corrections. Geriatric patients have 
decreased functional reserve, not only cardiac and pulmo-
nary function but neurologic function as well. Individuals 
over the age of 65 are particularly at risk for neurocognitive 
changes after surgery. In fact, 30–80% of older adults 
become delirious after major surgery, 30–40% experience 
early postoperative cognitive dysfunction (POCD), and 
10–15% develop late POCD.

 Preoperative Cognitive Function

The prevalence of cognitive impairment in patients present-
ing for surgery has been reported from 25% to 45% of patients 
before elective cardiac surgery and in over 30% of patients 
before non-cardiac surgery. This is not surprising when con-
sidering that 35–50% of older adults in the United States have 
a diagnosis of mild cognitive impairment (MCI) or dementia. 
It is likely that preoperative cognitive impairment is fre-
quently unrecognized due to lack of formal screening.

The presence of preoperative impaired cognition is a 
risk factor for postoperative morbidity and mortality. 
Postoperative delirium is one of the most common postop-
erative complications associated with preoperative impaired 
cognition. Additionally, when compared to patients without 
pre-existing deficits, patients with baseline cognitive 
impairment prior to surgery have an increased risk for 
developing cognitive dysfunction that is present at both 3 
and 12 months postoperatively.

 Current Status of Preoperative Cognitive 
Screening

Though it has been well established that preoperative cogni-
tive impairment is a leading risk factor for postoperative 
delirium and POCD, preoperative cognitive function is not 
routinely or formally assessed in the majority of institutions 
in the United States. It is not uncommon for the only patients 
that are identified as having pre-existing cognitive dysfunc-
tion are those that either carry a diagnosis of dementia or 
those that report subjective memory complaints. The optimal 
preoperative neurocognitive assessment of geriatric patients 
as outlined by the American College of Surgeons (ACS) 
National Surgical Quality Improvement Program (NSQIP) 
and the American Geriatrics Society (AGS) 2012 guidelines 
includes assessing the patient’s cognitive ability, depression 
screening, identifying risk factors for developing postopera-
tive delirium, and screening for alcohol and other substance 
abuse/dependence. More recently, the AGS published a best 
practice statement regarding postoperative delirium. This 
statement includes a recommendation to “assess and clearly 
document preoperative cognitive function in older adults at 
risk of postoperative delirium.”

There are several reasons to evaluate and carefully docu-
ment the geriatric patient’s cognitive status. First, a thor-
ough understanding of the preoperative neurocognitive state 
is required in order to determine whether a change has 
occurred postoperatively. There is perhaps greater impor-
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tance for the use of neuropsychological testing before and 
after surgery in patients with gliomas in eloquent areas, 
because several tasks in the domains of language, memory, 
and executive functions have been shown to deteriorate after 
tumor resection surgery. Next, preoperative neurocognitive 
screening can direct the informed consent process and guide 
optimal perioperative medical management as described 
below.

While it is unrealistic to administer an extensive neuro-
psychological test battery to all geriatric patients before elec-
tive surgery, it is likely possible to administer a brief 
screening test preoperatively. Tests that have been used in 
this context include the following:

• Animal fluency test
• Mini-Cog
• Cognitive Disorder Examination (CODEX)
• Clock-in-the-Box test
• Montreal Cognitive Assessment (MoCA)
• Mini Mental Status Exam (MMSE)

 Informed Consent Considerations

In 2016, the American Society of Anesthesiologists launched 
a patient safety initiative focused on improving brain health, 
fostering understanding, developing best practices, and 
increasing awareness of postoperative delirium and POCD 
with the goal of laying groundwork for research into mini-
mizing the incidence and effects of these postoperative neu-
rocognitive disorders. The initiative will first focus on 
reducing delirium through patient education, provider edu-
cation, and research advocacy. The goal of the initiative is to 
accelerate the adoption of best practices and ensure patients 
are aware of risks when making decisions regarding surgical 
interventions.

The preoperative informed consent process is a dual 
responsibility between surgeons and anesthesiologists. 
The possibility of postoperative delirium and/or cognitive 
dysfunction should be discussed with at-risk patients, 
since these are two of the most common postoperative 
complications in older adults. Risk factors are listed in 
Table 15.1. There is a wide range of postoperative neuro-

cognitive trajectories. Some older patients clearly show 
postoperative cognitive improvement, particularly if the 
surgery improves cerebral blood flow (as in the case of an 
endarterectomy for carotid artery stenosis) or if the sur-
gery ameliorates disease processes that are detrimental to 
brain function (such as the resection of an intracranial 
tumor). Many patients will show no significant change in 
overall cognitive trajectory; nonetheless, a sizable minor-
ity of older patients will experience either postoperative 
delirium or cognitive dysfunction after perioperative care. 
For this reason, discussing the risks of postoperative delir-
ium or cognitive dysfunction is an essential component of 
helping patients and their families set realistic expecta-
tions about their postoperative recovery process. Patients 
may experience confusion or other cognitive problems for 
days to months after anesthesia and surgery. While anes-
thesia is unlikely to be the sole “cause” of POCD or delir-
ium, there is clear level 1 evidence that perioperative 
anesthetic management modulates the risk of postopera-
tive neurocognitive disorders. Likewise, a large body of 
literature suggests that both surgical and anesthetic man-
agement influence the risk of developing postoperative 
neurocognitive disturbances. Considering this, and since 
we already consider much more rare risks on anesthetic 
consent forms (such as the real but miniscule risk of intra-
operative death or awareness with explicit recall), we 
believe it is appropriate to include the risks of POCD and 
delirium as part of the consent process.

Whether anesthesia and surgery actually contribute to 
longer-term cognitive decline that lasts for more than months 
is unclear; further prospective studies are necessary to 
address this issue. Indeed, whether anesthesia and surgery 
can precipitate, accelerate or help cause dementia (such as 
Alzheimer’s disease), and the frequency with which this hap-
pens is currently one of the most controversial questions in 
perioperative medicine.

 Implications of Postoperative 
Neurocognitive Disorders 
and Recommendations

Although postoperative delirium or cognitive dysfunction 
may appear to be “soft” diagnoses or subjective assessments, 
as opposed to the more “hard” physiologic measures such as 
blood pressure or PaO2 to which anesthesiologists are accus-
tomed to handling, there should be zero doubt that both post-
operative delirium and cognitive dysfunction are extremely 
important problems both from the perspectives of individual 
patients and the larger healthcare system. Both postoperative 
delirium and cognitive dysfunction are associated with 
increased mortality, decreased quality of life, increased 
healthcare costs, early exit from the work force, and long- 

Table 15.1 Patient risk factors for postoperative neurocognitive 
disorders

Increasing age
Low educational attainment
Pre-existing cognitive impairment
Frailty
Alcohol abuse
ASA status

K. J. Schenning and M. Berger
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term cognitive decline. Whether this long-term cognitive 
decline is “caused” by postoperative delirium or cognitive 
dysfunction or whether both the short-term dysfunction (i.e., 
delirium and POCD) and the long-term decline are both 
symptoms of a common underlying causal process (such as 
poor preoperative neurocognitive reserve) is a major ques-
tion that will need to be resolved by future prospective stud-
ies. Nonetheless, postoperative delirium and cognitive 
dysfunction both clearly matter to our patients and affect 
their quality of life. Thus, both postoperative delirium and 
cognitive dysfunction should matter to us as anesthesiolo-
gists, and it is incumbent upon us to discuss the risks of these 
disorders with patients and to do everything we can to help 
prevent them (Table  15.2). This is a core part of the ASA 
brain health initiative, and for good reason, our patients 
deserve nothing less.
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Table 15.2 Recommended interventions to prevent delirium or POCD

Intervention
Level of 
evidence

If BIS monitor is available, titrate anesthetic 
administration to maintain 45–60 range during general 
anesthesia

1b

In MAC cases, if BIS monitor is available, titrate to a 
BIS range of ~80 or higher

1B

If EEG monitoring of any type is available, avoid burst 
suppression

3b

Consider avoidance of elective surgery 5
Minimize centrally acting anticholinergics and 
benzodiazepines

1b

Key Points
• Postoperative delirium and cognitive dysfunction 

are two of the most common postoperative compli-
cations or adverse events experienced by older 
patients

• Preoperative cognitive impairment is a risk factor 
for subsequent postoperative delirium and postop-
erative cognitive dysfunction

• The geriatric patient’s preoperative cognitive status 
should be evaluated and carefully documented

• Perioperative physicians should include a discus-
sion of postoperative delirium and cognitive dys-
function in the informed consent conversation with 
at-risk patients

• Careful intraoperative anesthetic management can 
decrease the risk of postoperative delirium and pos-
sibly of longer-term cognitive dysfunction

15 Postoperative Neurocognitive Disorders in the Geriatric Patient
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The Chronic Pain Patient Scheduled 
for Neurosurgery

Sydney E. Rose and Kimberly Mauer

 Implications for the Neurosurgical Patient

The neurosurgical patient has distinctive characteristics 
important for his/her perioperative management. The under-
lying pathology of several neurologic diseases has the poten-
tial to cause severe hemodynamic and/or physiologic 
derangements, and this must be taken into great consider-
ation when planning a patient’s anesthetic. Likewise, chronic 
pain patients have unique considerations and alterations of 
physiology important to assess in the perioperative period. 
These factors in combination make it imperative that, when-
ever possible, providers recognize chronic pain patients hav-
ing neurosurgery so a multidisciplinary approach may be 
taken to devise an optimal perioperative analgesic and anes-
thetic plan.

Optimizing a chronic pain patient for any type of surgery 
begins with early consultation by the surgeon to a pain man-
agement specialist. A thorough focused preoperative assess-
ment should be done. The anesthesiologist should specifically 
review any manifestations of neurological disease in detail 
with the patient. If a patient is a known chronic pain patient, 
information should be obtained about the patient’s current 
pharmacotherapy regimen. Names, class, dosage, and dura-
tion of use should be noted as well as perceived efficacy and 
side effects. Additional details such as underlying pain type, 
location, quality, intensity, and modifiers are also important 
to review. In neurosurgical patients, neuropathic conditions 
such as hyperalgesia, allodynia, or motor weakness should 
also be discussed and documented ahead of time.

Taking the extra time to focus on the details of a patient’s 
chronic pain history allows for the lines of communication to 
open up between the care teams and the patient. It also allows 
the anesthesiologist to educate the patient, establish trust, 
alleviate anxiety, and set expectations for the upcoming neu-
rosurgery. This is important as anxiety and psychological 
distress in the perioperative period have been associated with 
higher postoperative pain scores, less early physical therapy 
participation, and more cases of chronic pain postopera-
tively. Psychological preparation of the patient should be 
conducted for all neurosurgical cases but is especially impor-
tant for chronic pain patients having neurosurgery.

A multidisciplinary approach (behavioral therapy, speech 
therapy, and physical therapy) may be necessary for optimal 
recovery, depending on the individual patient, type of neuro-
surgery, and what recovery is expected to entail. Many 
chronic pain patients depend on complementary and alterna-
tive medicine (CAM) approaches, such as massage or accu-
puncture, to improve daily function. Thus, it is helpful to 
understand which CAM strategies the patient gains benefit 
from, so that they can be reinstated postoperatively, as soon 
as possible. Establishing a provider-patient relationship 
ahead of time may also be helpful in providing coping mech-
anisms for the patient.

The following common pain-related clinical scenarios 
arising in neurosurgical patients warrant specific attention.

 Scalp Pain from Craniotomies

The incidence of scalp pain has decreased substantially with 
the use of modern bone fixation systems (as opposed to wire 
bone closures). Scalp pain following a craniotomy does, how-
ever, remain a concern for some patients. Occipital nerve 
blocks can provide profound anesthesia of the back of the head 
and scalp, and are done under ultrasound guidance at the C2 
tubercle. Supraorbital and oricular-temporal blocks are other 
blocks that can help prevent or treat pain from craniotomies 
affecting the frontal and temporal cranial regions. Blocks can 
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help with opioid sparing, which is very desirable in the neuro-
surgical patient population because using less opioids reduces 
the risk opioid-induced cognitive dysfunction.

 Chronic Pain Patients Having Spine Surgery

Patients presenting for spine surgery often have a history of 
chronic pain. There are several strategies that can be imple-
mented along the perioperative course to optimize postsurgi-
cal outcome.

Obesity and cigarette smoking are each independent risk 
factors for low back pain and are associated with worse post-
surgical outcomes. Patients should be made aware of these 
risk factors so that they have an opportunity to play an active 
role in reducing modifiable risk factors. Pre-surgical depres-
sion is another risk associated with worse postsurgical out-
come. If appropriate, referrals can be made to dieticians (for 
management of obesity), for smoking cessation help, or for 
psychological evaluation prior to scheduling surgery.

It is especially important to identify chronic pain patients 
presenting for back surgery who are on chronic opioid ther-
apy. Optimizing these patients may involve reducing opioid 
consumption leading up to surgery in order to maximize the 
opioid analgesic benefit a patient can achieve both during 
and post-surgery. While opioid reduction can work wonders 
for a chronic pain patient undergoing surgery, it is important 
to note that an opioid reduction strategy that is too quick can 
result in opioid withdrawal, and derail physiologic homeo-
stasis resulting in worsening overall surgical risk. There is a 
delicate balance in preparing chronic pain patients for sur-
gery. Perioperative recommendations are as follows:

Prior to surgery, a detailed discussion with the patient 
should be had, addressing:

• Current opioid regimen
• Surgical and postsurgical pain management history
• Increased potential for postoperative pain
• Concerns and expectations related to surgical pain 

management
• A post-surgery pain management plan
• Discuss that once the patient is healing from surgery, opi-

oid medications will be tapered back down to preopera-
tive doses

Day of surgery and intraoperatively:

• Consider adjuvant medications, examples include:
 – Acetaminophen 1000 mg PO or IV q8
 – Gabapentin 300–600 mg PO up to three times daily
 – Ketorolac 15–30 mg IV q6 h
 – Celecoxib 200–400 mg PO q 24 h
 – Ketamine IV 0.5  mg/kg bolus or 4–10  mcg/kg/min 

infusion

 – Lidocaine IV 1.5 mg/kg bolus plus 1–2 mg/kg/h infusion
• Administer opioids to meet patient requirements based 

on:
 – Pre-surgical daily consumption
 – Type of surgery
 – Anticipated acute postoperative requirements

• Local wound infiltration by surgeon.

Immediate postoperative phase:

• Titration of opioids to acceptable level of pain (maintain-
ing respiration rate of 12–14 if patient is spontaneously 
breathing)

• Note that opioid-tolerant patients may have requirements 
up to 4x the amount that opioid-naïve patients require for 
the same surgery

• Close monitoring for oversedation as well as opioid 
withdrawal

• Titration of adjuvant medications.
• Consider initiation or continuation of infusions (ket-

amine, lidocaine)
• Consider initiation of PCA; avoid basal rates
• Consider continuous pulse oximetry (SpO2%); chronic 

opioid patients are at high risk for oversedation

Postoperative transition phase:

• Continue adjuvants that are or can be converted to PO 
(acetaminophen, gabapentin)

• Check in, remind/re-establish expectations and goals with 
patient

• Calculate 24 h opioid requirement, ideally, this should be 
done at least 24–48 h postop

• Divide daily opioid requirement into PRN use of short- 
acting PO opioid available every 3 or 4 h

• If patient is on very high requirements and is not getting 
adequate coverage with the above, consider delivering ¼ 
to ½ of the 24 h opioid dose as a long-acting formulation

• Once appropriate, begin tapering opioids to preoperative 
doses

• Outline clear taper plan in notes so that it can be docu-
mented in discharge summary if taper is to be continued 
out of hospital

• Consider follow-up with pain management specialist if 
not already established with one

 Patients with Opioid Addiction

The pain management of patients recovering from opioid 
addiction, who are on medications such as Suboxone or other 
variants of buprenorphine to treat opioid addiction, can be 
challenging. Buprenorphine is a mixed agonist (weak) and 
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antagonist at mu-opioid receptors and has a relatively long 
half-life, of approximately 5 days. Ideally, for patient’s on 
buprenorphine, treatment of intraoperative and immediate 
postoperative pain is achieved with non-opioid strategies 
such as regional anesthesia, ketamine infusions or lidocaine 
infusions. If surgery is minor and not many opioid medica-
tions are expected to be needed for the postoperative pain 
period, we often recommend just increasing the buprenor-
phine dose by a small amount for a few weeks (taking advan-
tage of its weak agonist effects). This is typically enough to 
cover the postoperative pain period.

If the procedure is expected to be moderately painful and 
require more pain control postoperatively, and is elective, we 
recommend discontinuing the buprenorphine 1 week before 
hospital admittance. This will allow buprenorphine to be dis-
placed from the opioid receptors so that pure opioid agonists 
will be able to bind and work.

In emergent situations, with no time for weaning off 
buprenorphine, and pain control using opioids is required, 
we recommend using lipid soluble opioids both intraopera-
tively and postoperatively. At high doses, lipid soluble opi-
oids, such as fentanyl, alfentanil, remifentanil, or sufentanil, 
will antagonize the effects of buprenorphine and produce an 
analgesic effect.

Another medication commonly used to treat opioid addic-
tion is Methadone. Methadone has a very long half-life, and 
because of this, we recommend that methadone doses not be 
increased more than every 2–3 days, especially when titrat-
ing upward. Methadone’s popularity as a treatment for opi-
oid addiction is declining, and most pain management 
specialists are working on transitioning patients off of long-
acting agents like methadone. Nonetheless, perioperative 
patient’s on Methadone are not rare and it is important to 
know how to treat these patients who present for any type of 
surgery including neurosurgeries.

 Fibromyalgia

Fibromyalgia (FM) is another common complex chronic 
pain disorder in which advanced preparation is key to a suc-
cessful postoperative outcome. Fibromyalgia is character-
ized by widespread musculoskeletal pain. Patients typically 
have complaints of tenderness and soreness of mostly soft 
tissue structures such as muscles, tendons, and ligaments. 
Pain is often accompanied by fatigue, anxiety, depression, 
and cognitive disturbances. Physical exam may reveal minor 
motor and sensory abnormalities but lacks signs of muscle or 
joint inflammation.

Cognitive behavioral therapy and physical activity play a 
key role in decreasing functional disability and mood distur-
bances in patients with FM. Since patients with FM are at risk 
for FM flares and prolonged recoveries after surgery, it is pru-
dent to start preoperative preparation well in advance of the 

day of surgery. If possible, prior to surgery, patients with FM 
should have an established relationship with a cognitive- 
behavioral therapist and be actively trained in pain coping 
skills, including thought stopping, relaxation, and 
distraction.

There is potential for prolonged immobilization during 
and after neurosurgery. Since physical activity is an impera-
tive part of pain control in patients with FM, a clear plan to 
keep immobility to a minimum should be discussed in 
advance. Painful areas not involved in the surgical field 
should be well padded with foam or towels. The patient’s 
positioning should be checked routinely during surgery and 
adjusted off points of excess pressure. Physical activity 
should be resumed as soon as possible post surgery. Patients 
with FM having neurosurgery may require more physical 
therapy than those without FM. Arrangements for postsurgi-
cal physical and/or occupational therapy should be made 
well in advance.

If a patient is already taking medications for FM such as 
antidepressants, gabapentin, or pregabalin, they should be 
continued perioperatively. It is not advisable, however, to 
start a new medication for FM treatment immediately prior 
to surgical intervention. As with most chronic pain patients, 
optimizing medical/pain management of patients with FM 
for neurosurgery can be a challenge. Ideally, having an 
interdisciplinary team that offers a combination of 
cognitive- behavioral, educational, and physical interven-
tions and is involved early on in the patient’s care will pro-
vide optimal management of the patient with FM having 
neurosurgery.

 Post-laminectomy Syndrome

Post-laminectomy syndrome (PLS), also known as failed 
back surgery syndrome, refers to patients who, despite hav-
ing undergone a technically successful surgical repair, have 
suboptimal long-term clinical results. PLS patients often suf-
fer from back pain and/or leg pain, and this may be unchanged 
or new post-surgery. PLS patients will also often have persis-
tent functional and quality of life limitations.

Patients with PLS refractory to conservative therapies such 
as medications, physical therapy, and complimentary therapies 
may have implanted devices such as spinal cord stimulators or 
intrathecal pumps. Patients with these implants presenting for 
surgery require evaluation and special attention.

 Spinal Cord Stimulator Patients

Spinal cord stimulators modulate pain through electrical 
impulses. There is not any medication delivered through a 
spinal cord stimulator (SCS), so medication requirements of 
these patients are not affected or changed by the SCS implant. 
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There is, however, the potential of electromagnetic interfer-
ence with these devices. Strong interference can occur from 
an electrocautery, MRI (most devices are not MRI compati-
ble), or cardiac defibrillation resulting in devastating compli-
cations such as severe burns, arrhythmias, or even death. 
Complications can occur even if the SCS is turned off. If a 
patient with an SCS undergoes a procedure in which electro-
cautery is to be used, bipolar electrocautery is preferable. If 
monopolar electrocautery must be used, ensure that a 
grounding pad is applied and placed as far away from the 
SCS generator as possible.

 Intrathecal Pump Patients

Intrathecal pumps are implanted pumps that deliver opi-
oids and or adjuvant medication to the intrathecal space. 
Perioperative recommendations for patients with intrathe-
cal pumps presenting for surgery are similar to those for 
chronic opioid patients presenting for back surgery as out-
lined above. Understanding the patient’s current pump 
medication regimen and settings is imperative. Any time a 
patient with an intrathecal pump (ITP) presents to an 
inpatient setting, the pump should be interrogated, and the 
provider who manages the pump should be contacted. In 
terms of perioperative planning, detailed decisions and 
planning regarding ITP perioperative management should 
be made with the patient, the ITP outpatient provider, and 
the surgeon. If the pump is to be turned off, or needs to be 
emergently explanted, careful attention must be paid to 
account for potential withdrawal. ITP medication with-
drawal, especially opioid or baclofen withdrawal, can be 
fatal. It is essential a plan is in place prior to turning off or 
explanting an ITP if the pump is active at the time of 
implantation.

 Concerns and Risks

 Preoperative Opioid Tolerance

For years, opioids have been our first choice when managing 
postsurgical pain, but a multimodal approach has been 
proven to work better. There is now a call in outpatient pain 
management to move away from using opioids for managing 
pain. In particular, if opioids have not been reduced, there is 
likely opioid tolerance prior to surgery.

Altered opioid pharmacology can also have major impli-
cations in the perioperative setting and should not be taken 
lightly. We know that reducing opioids preoperatively leads 
to less opioid use postoperatively. In addition, weaning opi-
oids preoperatively often results in less postoperative opi-
oid use.

 Preoperative Neuropathic Pain

Both gabapentin and pregabalin have clear efficacy in treat-
ing preoperative neuropathic pain. In addition, these drugs 
have efficacy for reducing postoperative pain, when adminis-
tered immediately prior to surgery. In addition, preoperative 
gabapentin and/or pregabalin treatment has been shown to 
decrease postoperative delirium, improve patient satisfac-
tion, decrease opioid consumption, decrease anxiety, 
decrease postoperative pain, decrease nausea, and decrease 
chronic pain.

The most effective strategy for reducing postoperative 
neuropathic pain and for treating preoperative neuropathic 
pain is to start the medication preoperatively or immediately 
postoperatively and continue it for a few days. These anti- 
neuropathic agents can work in conjunction with epidural 
analgesia, NSAIDS, and other multimodal approaches.

 Significance of Postoperative Pain/Clinician 
Education

A multimodal treatment strategy is beneficial for controlling 
the postoperative neurosurgical pain. Liberal use of opioid 
medications will prevent early neurologic evaluation and may 
obscure neurologic deterioration so we administer opioid 
medications only as absolutely necessary. The recommended 
guidelines by many institutions and state medical boards are 
no more than 90 morphine equivalents daily. This refers to a 
90 morphine equivalent amount when both the short and 
long-acting opioid medications dosages are added together. 
High levels of postoperative pain are associated with sympa-
thetic surge, an increased risk of pulmonary, and cardiovascu-
lar complications, which are the most common reason for 
delayed discharges and are responsible for prolonged conva-
lescence after a patient undergoes in-patient surgery.

Key Points
• Chronic pain patients have unique considerations 

and alterations of physiology important to assess in 
the perioperative period.

• Optimizing chronic pain patients for any type of 
surgery should begin with the consultation of a pain 
management specialist.

• Planning for neurosurgery for the chronic pain 
patient ideally involves a multidisciplinary team 
including a pain management specialist, surgeon, 
anesthesiologist, and the patient.

• Addressing modifiable risk factors such as obesity, 
smoking, and depression may lead to better postsur-
gical outcomes.
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• Preoperative administration of anti-neuropathic 
pain agents such as gabapentin and pregabalin has 
been shown to reduce postoperative opioid use.

• There is evidence that gabapentin and pregabalin 
combined with opioids are more effective for anal-
gesia than opioids alone and can be opioid sparing.

• If a chronic pain patient with an implantable pain 
device such as an SCS or ITP presents for neurosur-
gery, careful consideration and understanding of 
these devices is necessary for delivering a safe anes-
thetic and achieving adequate pain management.

• Uncontrolled postoperative pain is associated with 
sympathetic surges and can increase pulmonary, 
cardiovascular, and neurologic complications.

• A multimodal treatment strategy is beneficial for 
controlling pain in the postoperative neurosurgical 
patient, especially if they have chronic pain.
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Anesthesia for Patients Scheduled 
for Intraoperative Electrophysiological 
Monitoring

Antoun H. Koht and Tod B. Sloan

 Introduction

A variety of anesthesia methods can be used during surgery 
where intraoperative neurophysiological monitoring is used. 
Clearly, the anesthesia must be titrated to each patient and 
adjusted for the various comorbidities, including the degree 
of neural compromise that may impact monitoring. In gen-
eral, the choice of anesthesia depends on the particular moni-
toring modalities being used. The major limitations are when 
techniques are sensitive to inhalational agents (IH) and/or 
when they are sensitive to neuromuscular blocking agents 
(NMB). Some modalities are insensitive to both (e.g., audi-
tory brainstem responses [ABR]), others are sensitive to 
NMB only (e.g., electromyography [EMG]) or IH only (e.g., 
cortical somatosensory evoked potentials [SSEP]), and some 
are sensitive to both IH and NMB (e.g., transcranial motor 
evoked potentials (MEP)). Although each monitoring modal-
ity used contributes to limitations to the choice of anesthetic 
agents, the modality with the most restrictions often defines 
the major anesthetic considerations.

The protocols below are usually successful with various 
types of monitoring. In these listings the doses are approxi-
mate for adults and need to be individualized for any given 
patient. Unless specifically mentioned, inhalational anesthet-
ics mentioned here refer to desflurane (Des) or sevoflurane 
(Sevo). These are preferable to nitrous oxide because of their 
more desirable cortical and spinal effects. In general, desflu-
rane or sevoflurane can be substituted for each other at MAC 
equivalent concentrations. Also in these techniques, infu-
sions of sufentanil, fentanyl, and remifentanil can generally 

be substituted for each other at clinically equivalent infusion 
rates. Similarly, intermediate-acting non-depolarizing NMB 
can usually be substituted at equivalent doses. Induction 
boluses ideally should be the same agent as used subse-
quently by infusion (e.g., propofol) since induction will 
“load” the patient in preparation for the infusion which 
follows.

 Monitoring During Posterior Fossa Surgery

 Auditory Brainstem Response

Monitoring during posterior fossa surgery frequently 
involves the auditory brainstem response (ABR) and electro-
myography (EMG) of muscles to assess the function of cra-
nial nerves at risk. In addition, somatosensory evoked 
potentials (SSEP) and motor evoked potentials (MEP) may 
also be monitored along with the ABR to assess the brain-
stem by monitoring the transmission of their activity through 
the brainstem.

The ABR is produced by stimulation of the cochlea using 
“clicks” delivered into the ear canals. The sound elicits 
responses from the brainstem which can be recorded from 
electrodes near the ear and on the top of the head. Usually 
five major waves can be recorded in the 10 ms after stimula-
tion, but only three major waves are usually monitored. 
These are produced by the extracranial portion of the eighth 
cranial nerve (wave I), nuclei in the medulla (wave III), and 
nuclei in the pons (wave V). When monitoring involves only 
the ABR, there are no anesthetic restrictions since this is nei-
ther sensitive to IH nor sensitive to NMB.  Any anesthetic 
technique can be chosen and should be guided by consider-
ations of the patient and surgery. In the unlikely event that 
the Eustachian tube is blocked, the use of nitrous oxide 
should be avoided because it could cause a middle ear ten-
sion that interferes with sound transmission through the mid-
dle ear and thereby alter the ABR.
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Anesthesia for Posterior Fossa Surgery with ABR only

• Induction as usual
• Maintenance as usual (IH and NMB as desired)

 Cranial Nerve Electromyography

The most common addition to ABR during posterior fossa 
surgery is monitoring the various cranial nerves at risk, 
especially the facial nerve. This monitoring is usually 
accomplished using the muscles which are innervated by the 
cranial nerves. Termed electromyography (EMG), this 
activity is usually recorded using pairs of needle electrodes 
placed in the chosen muscles. Normally silent under anes-
thesia, EMG activity can be seen as a result of inadvertent 
mechanical stimulation of the nerve (brief burst activity) or 
potentially more damaging stretch or nerve ischemia (pro-
longed neurotonic “trains”). Finally, the surgeon can use an 
electrified probe to locate the nerve or nuclei or to test nerve 
integrity by evoking an EMG response with the probe (trig-
gered EMG).

Because this monitoring assesses muscle responses, it 
is sensitive to NMB. They reduce the EMG amplitude and 
may obscure responses indicative of neural injury. For this 
reason, NMB is not usually recommended during EMG 
monitoring. Several studies have shown that partial neuro-
muscular blockade has been used with electrically evoked 
EMG when the responses are robust and the partial block-
ade is carefully controlled. However, when neural pathol-
ogy is present, or when spontaneous activity is monitored, 
partial neuromuscular blockade may prevent adequate 
monitoring.

During microvascular decompression for hemifacial 
spasm, the lateral spread response may be monitored. In this 
case stimulation of one branch of the facial nerve may abnor-
mally activate muscles in other branches of the nerve. 
Thought to be related to the pathologic process giving rise to 
the spasm, the loss of this response is thought to signal a suc-
cessful decompression of the nerve. This response is particu-
larly sensitive to non-depolarizing agents such that their use 
should be avoided if possible. In surgeries where ABR is 
combined with EMG, a balanced anesthetic is often chosen 
(e.g., opioids and inhalational agents) with NMB used with 
intubation to wear off.

Anesthesia for Posterior Fossa Surgery with ABR and 
EMG

• Induction as usual
• Maintenance as usual (IH as desired)
• Let NMB wear off after induction and avoid additional 

neuromuscular blockade (avoid non-depolarizing agents 
if lateral spread is being monitored)

 Corticobulbar Responses

Occasionally corticobulbar responses are utilized during 
posterior fossa surgery to monitor cranial nerves VII (facial) 
or X (vagus). This monitoring is done using stimulation of 
the cerebral cortex using the techniques of motor evoked 
potentials (see below) with EMG recording of the orbicularis 
oris and orbicularis oculi (c.n. VII) or vocalis (c.n. X) mus-
cles. If the MEP is not otherwise being monitored, anesthetic 
considerations listed for their use below need to be added to 
those of the other techniques being employed.

 Monitoring Cerebral Ischemia

 Electroencephalography

A variety of procedures utilize monitoring for potential isch-
emia in the cerebral cortex. A good example is carotid endar-
terectomy. The techniques usually used to monitor for 
cerebral ischemia include electroencephalography (EEG), 
SSEP, MEP, and a variety of non-electrophysiological tech-
niques (transcranial Doppler ultrasound, cerebral oximetry, 
and jugular bulb oxygen saturation). If the only monitoring 
modality used is electroencephalography (EEG), the anes-
thesia is straightforward since it is insensitive to NMB (i.e., 
use as much as appropriate for other needs) and only sensi-
tive to high doses of IH and large doses of intravenous seda-
tives (e.g., propofol).

The EEG is produced by the spontaneous inhibitory and 
excitatory synaptic potentials of the pyramidal cells in the 
superficial layers of the cerebral cortex. It is usually recorded 
from pairs of scalp electrodes, each of which records the 
summated potentials generated by a small volume of cortex 
beneath the electrode. It can also be recorded directly from 
the surface of the cortex after a craniotomy (e.g., awake cra-
niotomy). Anesthetic agents generally produce rhythmic 
activity of 8–10 Hertz (Hz), but at higher doses where these 
agents markedly reduce synaptic activity the EEG is mark-
edly reduced in amplitude and frequency mimicking the 
effect of cerebral ischemia.

The choice of anesthesia is usually designed to produce a 
rhythmic EEG that is associated with light to moderate anes-
thesia with IH (usually be limited to 1 minimal alveolar con-
centration (MAC) or lower) and can be titrated to the 
EEG. Of note, the EEG effects of the IH vary with the spe-
cific agent, particularly with nitrous oxide. Similarly, high 
doses of sedative-hypnotic agents (e.g., propofol) can also 
produce burst suppression or electrical silence such as that 
used for metabolic suppression. Opioids are usually used to 
supplement the inhalational agents and can produce EEG 
slowing without amplitude loss.

A. H. Koht and T. B. Sloan
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Anesthesia for Monitoring Cerebral Ischemia with EEG 
only

• Induction as usual
• Maintenance balanced anesthesia (~1 MAC inhalational 

agent)
• Opioids and NMB as needed

Of note, for the recommendations in this chapter, inhala-
tional agents refer to the halogenated anesthetics (e.g., des-
flurane and sevoflurane) and not nitrous oxide. Although 
nitrous oxide can generally be substituted for the haloge-
nated agents at MAC equivalent doses, these recommenda-
tions favor the halogenated agents because they have better 
anesthetic utility (unconsciousness, amnesia, and reduce 
reflex movement). In addition, nitrous oxide may need to be 
abruptly stopped to increase the oxygen concentration in a 
period of concern causing a shift in anesthetic effect at a 
time when monitoring is particularly important. Also of 
note, nitrous oxide and the halogenated agents are synergis-
tic such that a combination of these agents is particularly 
depressant on the responses such that the combination is not 
recommended.

 Somatosensory Evoked Potentials

Additional anesthesia considerations apply if somatosensory 
evoked potentials (SSEP) are used with the EEG during 
monitoring for cerebral ischemia. The SSEP is produced by 
electrical stimulation of peripheral nerves such as the 
median, ulnar, or posterior tibial nerve. Activation of the 
nerve produces a volley of activity which travels along the 
neural pathway of proprioception and vibration entering the 
spinal cord via the dorsal nerve root and ascending the ipsi-
lateral posterior column to the cervical-medullary junction. 
The volley travels on to the contralateral medial lemniscus 
pathway after synapsing near the nucleus cuneatus or graci-
lis. Following transmission at a second synapse in the ventro- 
posterolateral nucleus of the thalamus, the volley travels to 
the primary sensory cortex through thalamocortical radia-
tions. The sensory response can be monitored by electrodes 
placed along peripheral nerves, near the spinal cord (espe-
cially along the cervical spine), but is most commonly 
recorded by scalp electrodes over the sensory cortex. These 
scalp electrodes indicate transmission through the entire 
pathway and are used to detect cortical ischemia. The promi-
nent anesthetic effect appears to be blocking of transmission 
through the thalamus and the depression of synaptic activity 
in the cerebral cortex (similar to the effects on the EEG).

In these cases an IH must be kept low enough to keep the 
cortical SSEP responses large enough to be monitored. In 
general, cortical SSEP amplitudes are often acceptable with 

IH concentrations between 0.5 and 1 MAC. However, the 
effect is nonlinear; there is usually a concentration “thresh-
old” such that above that level the cortical SSEP response is 
markedly reduced in amplitude. Each patient may have a 
different threshold so the IH must be titrated to effect. The 
use of an infusion of a short-acting opioid decreases the 
need for higher doses of inhalation agents, and a propofol 
infusion may be added if additional cerebral effects are 
needed.

Anesthesia for Monitoring for Cerebral Ischemia with 
SSEP

• Induction as usual (e.g., propofol)
• Maintenance balanced anesthesia (0.5–1 MAC IH)
• Propofol infusion (25–75 μg/kg/min)
• Opioid infusion as needed
• NMB as needed

 Motor Evoked Potentials with SSEP

Additional anesthetic restrictions apply if motor evoked 
potentials (MEP) are also monitored to evaluate for ischemia 
in the motor cortex or motor pathway. Motor evoked poten-
tials are produced by electrical stimulation of the motor cor-
tex using scalp electrodes or direct cortical stimulation (e.g., 
during awake craniotomy). This produces a volley of activity 
which traverses the corticospinal pathway to the anterior 
horn cells in the spinal cord where a lower motor neuron can 
be activated to produce muscle responses. The MEP can be 
monitored by epidural electrodes (the D wave) but are most 
commonly recorded as compound muscle action potentials 
using electrode pairs placed in muscles (typically flexors of 
the hand and foot). The primary anesthetic effects on these 
myogenic MEP responses appear to involve synaptic inhibi-
tion in the spinal cord and considerations regarding NMB 
(similar to considerations for EMG). There are no apparent 
anesthetic restrictions for epidural recording of the D wave.

As mentioned above with the discussion of EMG, NMB 
are not recommended or must be severely restricted to partial 
blockade with tightly controlled infusions. In addition, the 
myogenic MEP response is more sensitive to IH than the 
SSEP. As such inhalational agents must usually be restricted 
to less than 0.5 MAC and may have to be completely avoided. 
If used, relatively insoluble agents such as desflurane or 
sevoflurane are recommended in case these low doses are not 
compatible with MEP responses such that they need to be 
eliminated. As such with MEP, intravenous agents (e.g., pro-
pofol, opioids) are frequently used to supplement the low 
doses of inhalational agents or as a total intravenous anes-
thetic (TIVA) when inhalation agents must be avoided. It is 
important to add that a key anesthesia component with MEP 
is a bite block since lip and tongue bite injuries are common 
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(especially if the bite block falls out when prone). Usually 
recommended is rolled gauze between the lateral incisors 
and molars.

Anesthesia for Monitoring Cerebral Ischemia with SSEP 
and MEP

• Induction as usual
• Maintenance balanced anesthesia with 1/2 MAC or less
• Propofol infusion (25–75 μg/kg/min)
• Short acting Opioid infusion (remifentanil 0.1–0.4 μg/kg/

min)

 Monitoring During Supratentorial Masses 
and Cerebral Vascular Surgery

 SSEP and MEP

Monitoring during surgery for supratentorial masses and 
intracranial vascular lesions (e.g., aneurysms) usually 
involves the SSEP and MEP to map the brain to locate the 
sensory and motor cortex and to monitor for ischemia from 
retraction, temporary clipping, trapping, or accidental vascu-
lar occlusion. In these cases, opioids (e.g., remifentanil) and 
propofol infusions are used. The addition of a low concentra-
tion of IH helps keep the propofol infusion at low levels, 
protect against movement or recall in case of accidental 
interruption of the infusions, and to enable early wake up. To 
enable early neurological exam, the use of long-acting opi-
oids is avoided, and the propofol infusion should be stopped 
about an hour before the end of surgery or longer if burst 
suppression was used. EEG monitoring can often be used to 
assess the cortical anesthetic effect, particularly if burst sup-
pression is used for metabolic suppression.

Anesthesia for Monitoring Intracranial Tumors and 
Neurovascular Surgery with SSEP, MEP, and EEG

• Induction as usual
• Maintenance with Inhalation agent ≤0.5MAC
• Propofol infusion 25–75 μg/kg/min
• Opioid infusion (e.g., remifentanil 0.1–0.4 μg/kg/min)
• NMB intermediate-acting agent for induction then none
• If burst suppression is needed propofol infusion is raised 

to150 μg/kg/min to achieve suppression within 10 min. If 
faster suppression is needed a bolos dose of 50  mg 
(0.7–1 mg/kg) can be used

 Monitoring During Awake Craniotomy

Awake craniotomy is frequently utilized when seizure foci, 
tumors, or arterial-venous malformations are near the cortical 
areas of motor or language function. Sedation and supplemen-
tary analgesia may be used with a scalp block or field infiltra-
tion of local anesthesia. During the monitoring to identify the 

motor or speech regions, supplementary anesthetics are 
stopped to allow a fully cooperative patient. They can identify 
muscle activity indicative of motor cortex stimulation and 
demonstrate language “pauses” when the surgeon electrically 
stimulates the language areas. Monitoring is usually done to 
identify native seizure activity or seizure activity resulting 
from cortical stimulation in addition to its use to locate the 
sensory, motor, and speech cortex. Supplementary sedation 
can be accomplished using infusions of propofol or dexme-
detomidine and supplementary analgesia using remifentanil. 
Recent experience supports the possibility of achieving speech 
and motor mapping with little effects from small doses of 
remifentanil (≤0.5 μg/kg/min).

Anesthesia for Cerebral Procedures during Awake 
Craniotomy

• Scalp block with long acting local anesthetic
• Sedation with propofol infusion (10–50  μg/kg/min) or 

dexmedetomidine (0.2–0.5 μg/kg/h)
• Supplementary analgesia with remifentanil infusion 

(0.02–0.18  μg/kg/min) as needed (keeping respiratory 
rate 8–12/min)

• Stop supplementary agents during testing
• Restart sedation and supplementary analgesia after the 

completion of testing

 Monitoring During Spinal Corrective Surgery

 Spine Surgery with SSEP

Monitoring during spinal corrective surgery usually involves 
the SSEP and MEP to monitor the spinal cord pathways, 
cauda equina, and peripheral nerves. It usually involves 
monitoring of EMG from muscles innervated by the cauda 
equina and nerve roots at risk.

When providing anesthesia for spinal surgery where only 
the SSEP is used, a balanced anesthetic using opioids, muscle 
relaxation as needed, and 0.5–1 MAC inhalational agent is 
usually acceptable. Propofol is often utilized (e.g., 80–120 μg/
kg/min) in addition to opioid (sufentanil [0.2–1 μg/kg/h], fen-
tanyl [3–6 μg/kg/h], or remifentanil [0.2–0.4 μg/kg/min]). The 
sufentanil and fentanyl infusions need to be turned off about 
30–45  min before the end of surgery. Remifentanil may be 
particularly helpful in short cases and when large opioid doses 
are needed (e.g., with chronic opioid use). When EMG and 
MEP are not being used, NMB should be acceptable. Since 
wake-up tests are still occasionally used, plans for such a pro-
cedure should be incorporated into the anesthesia planning.

Anesthesia for Spinal Corrective Surgery with SSEP only

• Induction as usual (e.g., propofol)
• Maintenance balanced anesthesia (0.5–1 MAC inhala-

tional agent)
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• Propofol infusion (80–120 μg/kg/min)
• Opioids – sufentanil bolus as needed then 0.2–1.0 μg/kg/h 

turn off 30–45 min before end
• NMB as needed

 Anesthesia with Dexmedetomidine

An alternative approach is to use dexmedetomidine (0.2–
0.5 μg/kg/h) instead of, or supplementary to, the propofol. 
An infusion of propofol (e.g., 50 μg/kg/min) or a low-dose 
inhalational agent (e.g., 0.5 MAC) is usually used since dex-
medetomidine is not reliably amnestic. Because the mecha-
nism of dexmedetomidine action is not opioid like (i.e., 
central alpha-2 stimulation), it may be helpful in opioid- 
tolerant patients.

Alternate Anesthesia for Spinal Corrective Surgery with 
only SSEP using Dexmedetomidine

• Induction as usual (e.g., propofol)
• Maintenance balanced anesthesia (0.5–1 MAC inhala-

tional agent)
• Dexmedetomidine infusion (0.2–0.5  μg/kg/h) turn off 

30–45 min before end
• Propofol infusion (25–50 μg/kg/min) if IH not used
• Opioids  – sufentanil bolus as needed than 0.2–0.5  μg/

kg/h, turn off 30–45 min before end
• NMB as needed

 Spine Surgery with SSEP and Peripheral Nerve 
Electromyography

The most frequent addition to SSEP in spine surgery is EMG 
of muscles innervated by peripheral nerve roots at risk (par-
ticularly when portions of the cauda equina are included in 
the operative field). Similar to the use of EMG in posterior 
fossa surgery, NMB must be restricted. Of note, after induc-
tion of anesthesia and the baseline monitoring responses are 
acquired, surgeons may request relaxation for muscle dissec-
tion in an extensive, multilevel spinal surgery or to assist in 
the exposure of the spine during an anterior abdominal 
approach. With profound neuromuscular blockade, the EMG 
will not be monitorable; however, when the blockade resolves 
to two to three responses in a train of four (TOF), the EMG 
will often be monitorable. Small and mechanically elicited 
responses may, however, be obscured. If possible, it is usu-
ally recommended to avoid NMB during the portion of the 
surgical procedure involving EMG monitoring.

If muscle relaxation must be used during the portion of sur-
gery when EMG monitoring is used, tightly controlled infu-
sions of intermediate-acting drugs such as rocuronium 
(5–10 μg/kg/min) or vecuronium (0.5–0.8 μg/kg/min) are usu-
ally used to produce two to three responses in the TOF. In this 

case the EMG can usually detect muscle activity from electri-
cally stimulated responses such as differentiating functional 
nerve tissue from non-neural tissue subsequent to stimulation 
of tissue in the cauda equina. This also includes the stimula-
tion of pedicle screw pilot holes or pedicle screws to identify 
low stimulation thresholds consistent with medial screw 
placement that may place a nearby nerve root at risk for 
injury. With pedicle screw stimulation, data suggests that a 
deeper neuromuscular block (only one response in a train of 
four) may artificially increase the pedicle screw threshold 
which could reduce the ability to signal the need for reposi-
tioning the screws.

Since pathology in the nerve roots, peripheral nerves, or 
muscles (including chronic compression) may hamper EMG 
recording, partial paralysis may mask some small EMG 
responses. In addition, the detection of nerve root compro-
mise from mechanical means might be reduced similar to 
facial nerve monitoring above, such that avoidance of NMB 
is desirable. In general, since the sensitivity of muscle groups 
to muscle relaxants varies, optimal TOF monitoring is done 
in the muscles being used for monitoring.

Anesthesia for Spinal Surgery with SSEP and EMG

• Induction as usual (e.g., propofol)
• Maintenance balanced anesthesia (0.5–1 MAC inhala-

tional agent)
• Propofol infusion (80–150 μg/kg/min)
• Opioids  – sufentanil bolus as needed than 0.2–1.0  μg/

kg/h turn off 30–45 min before end
• Higher doses of opioids and lower doses of propofol can 

be used
• NMB as needed for induction, possibly for muscle dissec-

tion then none
• (Rarely acceptable 2+/4 twitches in TOF in muscles 

monitored for monitoring nerve stimulation but not 
spontaneous or mechanical nerve irritation)

 Anesthesia When SSEP Cannot Be Recorded

In general, the ability to use IH and partial muscle relaxation 
is very helpful in anesthetizing spine surgery patients. 
However, an increasing number of patients are presenting for 
spinal corrective surgery who have significant neurological 
compromise with numbness, weakness, and tingling such as 
with myelopathy or neuropathy. In these patients, anesthesia 
is more challenging due to poor SSEP responses; hence the 
IH concentration must be reduced or eliminated to facilitate 
monitoring. In this case the anesthesia becomes a total intra-
venous anesthetic (TIVA) usually with infusions of propofol 
(100–200 μg/kg/min) and opioids (e.g., sufentanil, fentanyl, 
or remifentanil as above). Since these responses may be very 
small, it is recommended that NMB not be utilized during 
the monitoring.
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Anesthesia for Spinal Corrective Surgery in Patients 
where SSEP Cannot be Recorded at Low Dose IH

• Induction as usual (e.g., propofol)
• Pure TIVA – no IH, no nitrous oxide
• Propofol infusion (100–200 μg/kg/min)
• Opioid infusion – sufentanil bolus or preferably as infu-

sion of 0.2–1.0 μg/kg/h, turn off 30–45 min before end
• In long cases an early sufentanil infusion 1  μg/kg/h 

tapered down after 1 h to 0.8 μg/kg/h for the second hour 
and so on to 0.2–0.5 μg/kg/h, for the rest of the operation 
and stopped 1 h before the end of surgery. Higher sufent-
anil doses will allow lower propofol infusion rates

• NMB as needed for induction, possibly for muscle dissec-
tion then none (with EMG monitoring)

 Spine Surgery with SSEP, EMG, and MEP

Monitoring spinal corrective surgery in regions of the spine 
above the cauda equina usually utilizes EMG, SSEP, and 
MEP monitoring. Because of the sensitivity of MEP to anes-
thetic agents, anesthesia with MEP monitoring is one of the 
most challenging anesthetics because both IH and NMB 
must be severely restricted or avoided. For a medically 
healthy patient who is without neurological compromise, the 
use of 0.5 MAC of inhalational agent (e.g., 3% Des or 0.5% 
Sevo) is useful, especially with patients who are opioid- 
tolerant. Hence, after a standard induction with propofol and 
a short- or intermediate-acting muscle relaxant 0.5, MAC 
inhalation agent can often be used with an opioid infusion 
(such as sufentanil [0.2–1 μg/kg/h in long cases] or remifen-
tanil [0.1–0.4 μg/kg/min in short procedures]) and a propofol 
infusion (50–150 μg/kg/min).

Anesthesia for Spinal Surgery with SSEP, MEP, and EMG

• Induction as usual (e.g., propofol)
• Propofol infusion (50–150 μg/kg/min)
• Low dose IH (less than or 0.5 MAC)
• Opioid infusion  – sufentanil bolus as needed than 0.2–

1.0 μg/kg/h, turn off 30–45 min before end. Or remifentanil 
(0.1–0.4 μg/kg/min) and fentanyl (3–5 μg/kg/h) infusion.

• NMB as needed for induction, possibly for muscle dissec-
tion then none
• (Rarely acceptable 2+/4 twitches in TOF in muscles 

monitored for monitoring nerve stimulation but not 
spontaneous or mechanical nerve irritation)

• For long cases, sufentanil 1  μg/kg/h for first hour fol-
lowed by 0.8 μg/kg/h for the second hour and 0.5 μg/kg/h 
for the third hour and down more in the following hours 
to stop 1 h during closing

Of note, experience with dexmedetomidine and MEP has 
been problematic and may not be successful. Hence propofol 
is recommended.

 Spine Surgery When MEP Cannot Be Recorded

This technique using 0.5 MAC of desflurane or sevoflurane 
usually works well with patients with robust neural function 
and excellent responses. But occasionally the MEP 
responses are too small which necessitates turning off the 
IH and adjusting the propofol and sufentanil infusions. In 
this case a pure TIVA technique is recommended. Since it 
would be preferable to begin the maintenance anesthetic 
with the technique ultimately used (so as to not change the 
anesthetic during the monitoring), some practitioners start 
with TIVA when there is any question about neural func-
tioning. If the addition of a low concentration of IH is sub-
sequently desired, then with the demonstration of adequate 
baseline monitoring responses, the addition of 0.5 MAC of 
desflurane or sevoflurane can be tried with observation of 
the effect.

Anesthesia for Spinal Surgery in Patients Where MEP is 
Difficult to Record

• Induction as usual (e.g., propofol)
• Pure TIVA – no IH or nitrous oxide
• Propofol infusion (100–200 μg/kg/min)
• Opioid infusion – sufentanil infusion of 0.2–1.0 μg/kg/h 

turn off 30–45 min before end
• NMB as needed for induction, possibly for muscle dissec-

tion then avoid as possible
• (Rarely acceptable 2+/4 twitches in TOF in muscles 

monitored for monitoring nerve stimulation but not 
spontaneous or mechanical nerve irritation)

 Anesthesia with Opioid-Tolerant Patients 
(Ketamine and Lidocaine)

Also challenging are the increasing number of patients for 
spinal corrective surgery with chronic pain and opioid toler-
ance where the usual opioid infusion doses are inadequate. If 
the surgery is limited to spinal levels below the conus of the 
spinal cord (usually L1-L2), frequently only EMG and SSEP 
are monitored allowing the use of some IH (e.g., 0.5 MAC) 
or dexmedetomidine. However, if MEP is monitored, these 
agents are often inconsistent with monitoring, so a TIVA 
technique becomes essential and supplementation utilized to 
address the opioid tolerance. Without supplementation the 
propofol infusion rate is often excessive (e.g., 180–200 μg/
kg/min) resulting in response depression and loss, or the opi-
oid infusion is simply inadequate to provide adequate 
anesthesia.

One of the most common supplements to assist in opioid- 
tolerant patients is ketamine. Ketamine can be given as an 
intermittent bolus (0.5–1 mg/kg/h), or as an infusion (0.25–
0.5 mg/kg/h) (3–5 μg/kg/min). An infusion can also be made 
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by mixing the ketamine into the propofol infusion. Typically 
the initial mixture is 2 mg ketamine per cc of propofol. This 
addition is tapered down with each new 50 cc of propofol (1 
½, 1, ½, none – depending on length of case) used for infu-
sion as the ketamine is metabolized more slowly than pro-
pofol. In addition, it is desirable to reduce the presence of 
ketamine near awakening avoid hallucinations in postopera-
tive recovery. Note that the ketamine will increase the SSEP 
amplitude so you may see a slow decline in SSEP amplitude 
as the ketamine is tapered. Midazolam may be added to 
reduce the undesirable effects of ketamine.

Ketamine is also an excellent agent for anesthesia in very 
young children with an immature nervous system. For exam-
ple, young children (less than 6  years) have incompletely 
developed motor pathways and may be very difficult to mon-
itor with MEP. In these patients a ketamine-based anesthetic 
may be required, and an enhancing MEP stimulation tech-
nique using spatial enhancement or double pulse stimulation 
may be needed.

Alternatively, or along with the ketamine, a lidocaine 
infusion can be used (1.5 mg/kg/h, 25 μg/kg/min, maximum 
rate 2 mg/min). It is not clear if it is enhancing, but the mech-
anism of analgesia is not based on opioid action so it can be 
helpful in the opioid-tolerant patient. It usually allows a 
reduced propofol and opioid infusion rates.

Anesthesia for Spinal Corrective Surgery in Patients with 
Opioid Tolerance

• Induction as usual (e.g., propofol)
• Pure TIVA – no IH or nitrous oxide
• Propofol infusion (80–150 μg/kg/min)
• Opioid infusion  – sufentanil infusion 0.3–1.0  μg/kg/h, 

turn off 30–45 min before end
• Ketamine as a separate infusion (0.25–0.5  mg/kg/h) or 

mixed in the propofol (see text)
• Lidocaine as a separate infusion (25  μg/kg/min, maxi-

mum 2 mg/min)
• NMB as needed for induction, possibly for muscle dissec-

tion then none
• (Rarely acceptable 2+/4 twitches in TOF in muscles 

monitored for monitoring nerve stimulation but not 
spontaneous or mechanical nerve irritation)

 Intramedullary Spinal Cord Surgery

During surgery for intramedullary spinal cord surgery, the 
considerations for spinal corrective surgery with EMG and 
MEP apply as above. The one addition to the monitoring is 
the monitoring of the D wave of the motor evoked response 
using epidural electrodes. This addition does not change the 
anesthetic requirements listed above because the D wave is 
not affected by IH or NMB.

 Tethered Cord or Cauda Equina Pathology

During spinal surgery to release a tethered cord or to correct 
pathology in the cauda equina, the considerations listed 
above for spinal corrective with EMG apply. In these cases, 
the surgeon utilizes an electrified stimulation probe to test 
tissue in the operative field to determine if the tissue is func-
tional or can be resected. Innervation related to bowel and 
bladder function is extremely important to the patient out-
come, and additional techniques may be employed (e.g., bul-
bocavernosus reflex). It is highly recommended that NMB 
not be utilized during monitoring in these cases because of 
the importance of this stimulated EMG technique. If SSEP 
or MEP is also monitored, then the respective considerations 
mentioned above in spinal surgery apply.

 General Comments

 Mask Induction in Patients

It is worth mentioning that in patients where an intravenous 
line is not available for induction (such as in a child or a rare 
adult), a mask induction with sevoflurane with or without 
nitrous oxide works fine. Usually there is time for the concen-
tration of these agents to decline after transition to the tech-
niques mentioned above in time for the need for intraoperative 
monitoring.

 Alternatives to Propofol

If propofol is unacceptable or unavailable, studies have 
shown that dexmedetomidine (see above), methohexital, 
etomidate, and midazolam have been used. Experience with 
these with MEP is limited; however, methohexital and etomi-
date have been used. Concerns about adrenal suppression 
and outcome suggest etomidate use may be less ideal.

 Anesthesia Contribution to EP Monitoring

In addition to contributing to the effectiveness of the moni-
toring through anesthetic agent choice, the anesthesiologist 
provides assistance during the differential diagnosis of a 
monitoring change. When changes occur, the search for 
physiological (e.g., hypotension, hypothermia), unfavorable 
positioning (especially the upper extremity), and anesthetic 
causes involve the anesthesiologist. Finally, when changes 
suggest the neural structures are at increased risk, the anes-
thesiologist can help support neurological system. This may 
be particularly important during neural ischemia such as dur-
ing the use of temporary clips, accidental arterial occlusions, 

17 Anesthesia for Patients Scheduled for Intraoperative Electrophysiological Monitoring



122

and other surgical maneuvers. In these circumstances the 
anesthesiologist can often raise the blood pressure to enhance 
collateral circulation (particularly if relative hypotension is 
occurring) and may be able to decrease oxygen requirements 
by decreasing metabolic oxygen consumption.

 Conclusion

In general, the anesthetic technique is initially chosen based 
on the patient comorbidities, the degree of patient neural dys-
function or pathology, the actual surgery to be performed, and 
the specific monitoring modalities to be used. Once the base-
line monitoring responses are acquired, the anesthetic tech-
nique may need to be adjusted if the chosen technique is 
inadequate for anesthesia or key monitoring responses cannot 
be consistently recorded. In all cases, it is desired to reach and 
maintain a steady state of anesthesia before and during the 
monitoring. This constant anesthetic effect allows the moni-
toring to focus on potentially deleterious effects on the ner-
vous system. Then, when changes in the monitoring occur, the 
anesthesiologist can assist in determining if changes in physi-
ology (e.g., blood pressure, oxygenation) or changes as a con-
sequence of unfavorable positioning have contributed to the 
change in the monitoring. In addition, if a deleterious effect is 
occurring from a procedure-related effect, then the anesthesi-
ologist may be able to reduce that effect by improving the 
physiological environment (e.g., increasing blood pressure).
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Factors Influencing Outcome 
in Neurosurgical Anesthesia

R. Ryan Field

 General Risk

 Overview

Some risks for neurosurgical patients concern the neuroanes-
thesiologist independent of their surgical intervention.

 Education

Neurosurgical patients should not be concerned regarding 
obtaining intervention at an academic training center. 
Sufficient evidence suggests in both general and specific 
terms that not only does additional human capital catch 
errors more frequently and provide more frequent in-house 
supervision but also that the surgical outcome is not wors-
ened by the presence of trainees.

 Surgical Site Infections

Both preoperative corticosteroid and chemotherapy demon-
strate higher incidences of organ-space, but not incisional, 
surgical site infection. Neoadjuvant chemotherapy unfortu-
nately increases the risk of organ-space surgical site infec-
tion by as much as five times, while corticosteroid use 
preoperatively nearly doubles organ-space surgical site 
infection risk.

In spine surgery, surgical site infection independently asso-
ciates with female sex, inpatient status, insulin- dependent dia-
betes mellitus, preoperative steroid use greater than 10 days, 
hematocrit under 35, body mass index above 30, wound clas-
sification, ASA classification, and operative duration.

 Patient Risk Factors for Operative 
Complication

Age greater than 60, elevated C-reactive protein above 
3 mg/L, and high Helsinki class score of four independently 
correlate with increased risk for postoperative complication 
in general, leading to increased length of stay, cost of care, 
and 30-day morbidity and mortality.

 Epilepsy Surgery

 Overview

Patients with epilepsy receive one of the most thorough pre-
operative workups available secondary to the multiphasic 
process of epilepsy surgery; however, they also frequently 
present with significant comorbidity and risks unique to their 
epilepsy itself.
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Key Points
• Neurosurgical encounters in the academic center do 

not consistently increase risk to the neurosurgical 
patient.

• Steroid use, particularly prolonged preoperative 
steroid use, increases the risk of surgical site infec-
tion in the neurosurgical patient.

• Neoadjuvant chemotherapy also increases this risk.
• Patient risk factors at baseline significantly predict 

the likelihood of perioperative surgical morbidity 
and mortality.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_18&domain=pdf
mailto:fieldr@uci.edu


124

 Implications for the Neurosurgical Patient

Epilepsy surgery remains a life-changing surgical interven-
tion. Patients receive surface EEG and often proceed to strip, 
grid, and depth electrode placement or stereoelectroencepha-
lography (SEEG) probes. Most continue the process and navi-
gate further surgery for foci resection or vagal nerve stimulator 
placement.

Temporal lobe epilepsy probably represents the most 
common epilepsy amenable to frank surgical resection. 
Surgical intervention leaves the patient seizure-free in almost 
half of cases, while roughly two-thirds exhibit a highly desir-
able outcome. Length of epilepsy if predominantly tonic- 
clonic, particularly epilepsy for longer than 1 year prior to 
surgical resection, increases the risk of seizure recurrence by 
almost 250%. However, many investigated factors do not 
contribute to the risk of a negative surgical outcome: gender, 
race, family history of epilepsy, febrile seizure history, status 
epilepticus history, non-tonic-clonic temporal lobe epilepsy 
duration, IQ, and seizure frequency.

For epilepsy not confined to the temporal lobe, or for 
incompletely effective temporal lobe epilepsy surgery, vagal 
nerve stimulator insertion surgery may improve seizure fre-
quency, quality, duration, and life impact. Vagal nerve stimu-
lator surgery does not provide as much benefit to patients 
who already underwent temporal lobe resection. They show 
median improvements ranging from 42.5% at 3-month dura-
tion of stimulation to 50.5% at 24-month stimulation. For 
non-resected epilepsy, patients obtain improved results. Over 
60% of patients receiving vagal nerve stimulator implanta-
tion report an at least 50% improvement in their epilepsy, 
over 40% also report at least a 75% improvement, over 25% 
report a greater than 90% improvement, and almost 10% are 
seizure-free.

 Brain Tumor

 Overview

Brain tumor outcomes constantly evolve as treatments, both 
surgical and medical, change. Many factors including tumor 
type and location may affect clinical course, morbidity, and 
mortality.

 Implications for the Neurosurgical Patient

For both primary and metastatic brain tumor, presence of 
pre-, intra-, and/or postoperative seizure can influence out-
comes and medical decision-making. Age less than 60 (OR 
1.66), grade I or II glioma (OR 4), low total tumor volume 
(OR 2.18), and frontal tumor location (OR 2.28) all increased 
the risk of preoperative seizure. Presence of isocitrate- 
dehydrogenase mutation (OR 2.52) increased risk in a gli-
oma subgroup. Age greater than 60 (OR 3.32), low tumor 
volume (OR 3.17), complete surgical resection (OR 15.5), 
diencephalic location (OR 12.2), and high-grade (OR 5.67) 
increased risk for intraoperative seizure. Interestingly, anti-
epileptic therapy did not affect seizure occurrence rates. 
Further work must be done to identify if seizure prophylaxis 
measurably improves perioperative seizure risk in sub-
groups; clarification may help maximize the value of this 
therapy while reducing the exposure of the patient to side 
effects.

In primary tumor, histologic classification helps deter-
mine recurrence rates. In cases of gross total resection, 
recurrence rates for ependymoma were 7.3%, astrocytoma 
47.6%, and no recurrences occurred for hemangioblastoma. 
Tumor location did not affect neurological outcome. 
Ependymoma patients improved 20% of the time, 69% had 
no improvement, and 10.9% worsened. With astrocytoma, 
4.8% improved, 47.6% experienced no change, and 47.6% 
worsened. With hemangioblastoma, 8.3% improved, while 
91.7% experienced no change in neurologic condition 
post-resection.

For atypical meningioma, the overall postoperative com-
plication rate is roughly 26%. Gross total resection, chemo-
therapy, and radiation failed to affect 5-year survival. 
High-grade meningioma, III compared to II, survived 5 years 
less often. Preoperative weakness dramatically worsened 
5-year survival.

For glioblastoma, after second surgical resection, median 
survival was 11.4 months. MGMT methylation, young age, 
and completeness of resection correlated with improved 
median survival. Preoperative identification of younger 
patients and MGMT methylation presence may be useful 

Key Points
• Temporal lobe surgical intervention correlates with 

good surgical and seizure outcomes.
• Tonic-clonic seizure activity shows less improve-

ment after temporal lobectomy if the activity pres-
ents greater than 1 year prior to surgery.

• Many other patient factors, though investigated, do 
not change seizure surgery outcome.

• Extra-temporal epilepsy and surgically refractory 
temporal lobe epilepsy may indicate candidacy for 
vagal nerve stimulator implantation surgery.

• Vagal nerve stimulator implantations show good 
outcome results, but not as good if the patient previ-
ously received temporal lobectomy.
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tools in identifying the value of a second surgical resection, 
possibly improving preoperative counseling.

With metastatic disease, postoperative stereotactic radio-
surgery finds frequent use. Patients with less than four 
 metastases and controlled systemic disease can have postop-
erative stereotactic radiosurgery with low risk of distant 
brain failure and safe improvement of local control.

 Vascular Neurosurgical Intervention

 Overview

Whether endovascular or open, vascular neurosurgical inter-
vention makes great impact on the quality of life, morbidity, 
and mortality of neurosurgical patients.

 Implications for the Neurosurgical Patient

 Aneurysm
For aneurysm intervention, young age less than 50 reduces 
postoperative complication by roughly half (95% CI 0.3–0.7) 
and reduces mortality by roughly 60% (95% CI 0.2–0.9) 
when measured against those 60 and older. Patients between 
ages 50 and 60 showed similar impact on outcomes based on 
their age at presentation independently. These findings sug-
gest the neuroanesthesiologist should risk-adjust for patient 
age greater than 60 at presentation.

In open intervention patients, preoperative anemia and 
transfusion both showed independent increases in adverse 
outcomes. Preoperative anemia correlated with increased 
hospital length of stay (OR 2.5), more frequent perioperative 
complication (OR 1.9), and increased rates of return to the 
operating room (OR 2.1). Transfusion history showed an 
overall increase in perioperative complication rates (OR 2.4).

Unruptured aneurysm remains an important patient popu-
lation pathology requiring careful thought to the risk of sur-
gery versus the risk of rupture. A new comorbidity index 
helps objectively assess the risk of perioperative complica-
tion. Twenty comorbidities ranging from neurological disor-
der to weight loss, acute myocardial infarction, GI bleeding, 
coagulopathy, hypothyroidism, depression, and hyperlipid-
emia create a composite risk score. This risk score improved 
prediction of morbidity and mortality, length of stay, and 
total economic patient charges and outperformed the previ-
ous two gold standard indices.

Beyond preoperative risk secondary to patient condition, 
unruptured cerebral aneurysm size plays a significant role in 
outcome. For very small unruptured aneurysm intervention, 
mortality rate was 0%, and early postoperative neurological 
deficit was 6.6%, which improved to 2.7% after 30  days. 
Posterior location predicted the highest risk of early neuro-
logical deficit, while middle cerebral artery aneurysm pre-
dicted the lowest rate of postoperative deficit at only 1.5%.

 Other Vascular Outcomes and Risk Factors
Over 17 years, 72 patients were included in a review of risk 
factors for AVM recurrence. Only three cases exhibited 
recurrence; however, deep venous drainage of the AVM and 
presence of a diffuse AVM nidus both correlated with 
increased likelihood of recurrence. Preoperative emboliza-
tion did not correlate by statistical analysis, but a differently 
designed study may show significance in the future since 
radiographic evidence suggested preoperative embolization 
played a role in recurrence in all three positive cases.

In cases of Moyamoya disease, a review of 31 cases iden-
tified only two risk factors: presence of any acute infarct in 
any location, even small ones, and impaired reserve on imag-
ing. Both findings significantly predicted ischemic injury 
postoperatively.

Key Points
• The data on brain tumor medical and surgical out-

comes are limited.
• Although it is now possible to identify high-risk 

groups for the development of pre- and intraopera-
tive seizure, the use of antiepileptic prophylaxis 
does not appear to improve outcomes definitively.

• Histologic classification can predict how likely a 
primary complete tumor resection is to improve or 
maintain neurological outcomes.

• The global complication rate of atypical meningi-
oma resection is higher than that for benign menin-
gioma at 26% of all cases. Preoperative weakness 
and high tumor grade identification help council 
patients regarding 5-year survival.

• Metastases to brain remain safely amenable to post-
operative stereotactic radiosurgery when the total 
number of metastases is less than four and systemic 
disease is well controlled.

Key Points
• For aneurysm surgery, age greater than 60 plays a 

significant role in perioperative outcomes.
• While transfusion worsens morbidity and mortality, 

preoperative anemia predicts a higher likelihood of 
perioperative complication.

18 Factors Influencing Outcome in Neurosurgical Anesthesia
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 Brain Trauma

 Overview

Brain trauma presents a significant challenge to the neuroan-
esthesiologist and neurosurgeon. Outcomes are often poor, it 
is often difficult to predict who will do well, and cerebral 
trauma often does not present in isolation. More often, these 
patients suffer complex problem lists of polytrauma all 
requiring different methodologies and competing ideals of 
management.

 Implications for the Neurosurgical Patient

Patient risk factors for mortality after subdural hematoma 
include age older than 60, presence of gangrene, presence of 
ascites, ASA class 4 or higher, coma, or bleeding disorder. 
Reoperation increased when patients exhibited symptoms of 
pneumonia, were of male sex, or became delirious during their 
hospitalization. Serious adverse events increased when patients 
were ventilator dependent, required dialysis, tested positive for 
delirium, possessed ASA class 4 or higher, or were of male sex. 
Length of stay increased similarly for patients except in cases 
requiring dialysis. Eighteen percent of patients died within 
30  days when presenting with subdural hematoma; 64% of 
cases were male, and the average age at presentation was 71.

In cases of epidural hematoma, decompressive surgery 
should begin swiftly in patients experiencing a secondary mas-
sive cerebral infarction. Hematoma location, volume, GCS, 
duration, and extent of herniation, as well as preoperative shock, 
guide prediction of who will benefit from rapid decompression. 
Furthermore, they collectively create an epidural hemorrhage–
massive cerebral infarction index (EDH- MCI) ranging from 0 
to 18 points, consistently outperforming empiric decision alone. 
Hematoma evacuation surgery for patients scoring 9 points or 

less had excellent outcomes. Adding duraplasty improved out-
comes in patients who scored 13 points or more. In cases 
between these two limits, patients needed to exhibit some 
extremes to undertake more extensive surgery, including unsta-
ble shock, severe brain stem injury, and/or unresponsive dilated 
pupils after burr hole evacuation. These patients also had a 
higher rate of postoperative massive cerebral infarction.

 Spine Trauma

 Overview

Spinal trauma remains a devastating injury where outcomes 
data are guiding medical and surgical therapy.

 Implications for the Neurosurgical Patient

Of the decisions to be made with regard to the traumatic spine 
injury patient, the most important may be whether surgical 
decompression will benefit the patient or not. Waiting to make 
this decision may be the most impactful factor in neurological 
outcome. Of patients who received early surgical intervention 
within 24 h of injury, patients showed improved motor scores, 
better neurologic improvement rate, shortened length of hospi-
tal stay, and reduced requirement for ICU stay, and complica-
tion rates were reduced by almost 40%. Sadly, mortality 
remained the same independent of early or late surgical inter-
vention. While mortality may not have improved, of those who 
could survive, neurological recovery improves faster and to a 
greater extent when receiving surgery within 24 h of injury.

The second most controversial intervention may be whether 
systemic steroids improve patient perioperative outcomes. In 
pharmacotherapy meta-analysis, methylprednisolone showed 
no significant improvement in neurological outcome. No class 
1 evidence reported a positive correlation between methyl-
prednisolone administration and improved neurological out-
come. Of evidence other than class 1, meta- analysis grading 
showed significant methodological flaws in positive study out-
comes. Given the outcome of the meta- analysis, the results of 
these nonclass 1 contributions were statistically more likely 
secondary to chance.

• For unruptured aneurysms, a new index improves 
the quality of counsel and can improve patient 
selection for intervention.

• When aneurysms are very small, intervention itself 
presents very little risk to medical and surgical 
outcomes.

• AVMs with deep venous drainage and diffuse nidus 
are more likely to recur.

• Preoperative embolization may contribute to recur-
rence rates for completely resected AVMs, but fur-
ther work must be done to confirm this hypothesis.

• Any history of acute infarct or evidence of poor 
cerebral circulatory reserve predicts postoperative 
ischemic events reliably.

Key Points
• Patients with subdural hematoma fare differently 

based on their preoperative risk which may guide 
medical decision-making.

• For patients with epidural hematoma, a recent index 
can outperform empirical judgment alone in patient 
selection for simple hematoma evacuation, dura-
plasty, radical intervention, and possibly medical 
therapy only.

R. R. Field
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In the future, we may explore further the role of induced 
hypothermia to prevent damage from the secondary cascade in 
patients who acutely suffer spinal cord injury. As of now, there 
is more animal evidence than human evidence for neuropro-
tection in hypothermic subjects. Of the human evidence, there 
are few randomized controlled trials, and furthermore, there is 
little guidance on therapeutic parameters such as core tem-
perature ranges and duration of therapy that will ultimately 
improve neurological outcome. Therefore, it is currently too 
early to make firm recommendations on induced hypothermia 
in spinal cord injury secondary to immature guidelines, but 
hopefully a clear protocol will emerge soon that shows benefit 
to neurological outcome and informs care.

 Other Spine Surgery

 Overview

Spine surgery presents a collection of diverse risks common to 
neurosurgery and unique to spinal surgery. Patient factors, sur-
gical site, and surgical approach all affect neurosurgical 
outcomes.

 Implications for the Neurosurgical Patient

A significant percentage of the patient population presenting 
for spinal surgery suffers from obesity. Spinal pathology 
may arise from excess bodyweight in some situations, but 
the general population has shifted to a higher prevalence of 
obesity regardless. This obesity creates longer surgical times, 
increased complication rates, and increased total cost of care, 
even when controlling for comorbidity. However, patients 
with obesity still report similar benefits from surgery for 
adult spinal deformity, even if their overall quality of life 
does not improve as much as the lives of patients who do not 
co-present with obesity at the time of surgery.

In degenerative cervical disease, the most important pre-
dictors of outcome were preoperative symptom severity and 
duration of symptoms; however, patient age at presentation 

had no significant correlation. The number of patient comor-
bidities and/or presence of diabetes, surprisingly, only show 
mixed effects in a number of studies of excellent graded 
methodology. Smoking only changed outcome in those with 
diabetes, while severity of psychological disease did worsen 
outcome. Only lower extremity weakness and/or co- 
presentation of upper and lower extremity symptoms showed 
correlation with poorer outcome, while bowel and bladder 
dysfunction did not. Positive Babinski sign does not consis-
tently predict poor outcome, while leg spasticity and spastic 
gate do. Hand atrophy at presentation, sexual dysfunction, 
and possibly male sex predict poor outcome. Gradual onset 
of symptoms predicts worse outcome, yet slow disease pro-
gression predicts good outcome.

Patients receiving lumbar or thoracic minimally invasive 
surgery, for adult spinal deformity or tumor, do not necessar-
ily show significant surgical outcome improvement com-
pared to more invasive techniques. The rates of medical 
complication and increased hospital length of stay postoper-
atively may be less. Unfortunately, the outcomes data quality 
for these assertions currently lacks robust evidence and may 
contain bias. Overall, posterior lumbar interbody fusion 
patients report over 70% would recommend and repeat their 
experience, while 88% felt significant improvement.

Key Points
• The most detailed outcomes data for spinal surgery 

describe the population presenting for posterior cer-
vical intervention.

• While male sex and smoking in the presence of dia-
betes may worsen surgical outcome, it is perhaps 
surprising that medical comorbidity does not more 
significantly affect outcome.

• This may be secondary to patient selection, effec-
tively screening the most comorbid.

• Currently, the best predictors of surgical outcome 
are the patient’s medical condition upon presenta-
tion for surgery rather than his or her intraoperative 
and postoperative medical management or surgical 
technique.

• Minimally invasive techniques may improve the 
rate of medical complication and length of hospital 
stay, but not the surgical outcome.

• The evidence for minimally invasive techniques 
requires further development and rigorous method-
ology to determine the true difference, if any.

• Obesity significantly determines cost outcomes, but 
surgical outcomes remain good.

• Despite all comorbidities, and the invasiveness of 
intervention, most patients report good outcomes, 
that they are satisfied, would have surgery again, 
and would recommend surgery to others.

Key Points
• The most important intervention we may be able to 

make, as neuroanesthesiologists, is to make an 
operating room and ourselves available to the 
patient as early as possible after injury.

• Perioperative steroids show no evidence of impact on 
neurological improvement in the spinal cord injury 
patient.

• Induced hypothermia shows promise, but no current 
evidence guides protocol for maximizing impact on 
neurological outcome.

18 Factors Influencing Outcome in Neurosurgical Anesthesia
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and Total Intravenous Anesthesia 
with Target-Controlled Infusion 
for Neuroanesthesia

Pablo O. Sepúlveda V. and Francisco A. Lobo

 Overview

The ideal anesthetic drug or combination of drugs for neuro-
surgical procedures is often debated. Disregarding the actual 
characteristics of the drugs in question, an ideal regimen 
should have the following properties: favorable pharmacoki-
netics with fast onset and fast offset, insensitive decrement 
times, maintenance of hemodynamic stability, favorable 
effect on the physiology of the central nervous system 
(decreasing cerebral blood volume, decreasing intracranial 
pressure (ICP), maintaining CO2 reactivity and cerebral 
autoregulation, not increasing cerebral metabolic rate 
(CMR), not affecting cerebrospinal fluid physiology), allow-
ing neurophysiological monitoring with minimal interfer-
ence, be anticonvulsant or at least not induce seizure activity, 
decrease edema, and finally should, with its own intrinsic 
properties, protect the brain from ischemia. Also, such a drug 
or regimen should have an adequate dose-response relation-
ship for use in the awake neurosurgical patient with minimal 
ventilatory effects, with fast and easy titration to adjust indi-
vidual requirements and adequate for easy measurement of 
its clinical effects. Such a drug does not exist, and in our 
daily clinical practice, we must instead choose from the 
existing armamentarium, those drugs that best fulfill the 
listed properties.

Whether a primarily intravenous or an inhalational tech-
nique is superior remains a subject of debate. One common 
approach has been to appraise the merits of both techniques 
with respect to several clinical endpoints like emergence 
times, neurosurgeon satisfaction, discharge from PACU, or 
incidence of early complications like nausea, vomiting, and 
pain. However, clinical comparisons of IV and inhaled-based 

anesthesia are difficult to interpret considering the likely dif-
ferent mechanisms of action of the anesthetic drugs and the 
issues of equipotency. A recently published systematic 
review and meta-analysis concluded that mean ICP values 
were lower and cerebral perfusion pressure (CPP) values 
were higher with propofol-maintained anesthesia.

 Physiologic Properties of Anesthetic Drugs

Table 19.1 summarizes the effects of intravenous anesthetics 
and volatile agents on CBF, CMR, and ICP.

Changes in CBF with rising volatile anesthetic concentra-
tions from 1 MAC to 2 MAC are patient-related and depend 
on the baseline metabolism. As volatile MAC increases 
above 1 MAC, cerebral blood flow will increase, while cere-
bral metabolic rate decreases. This uncoupling of metabolic 
rate and blood flow in the cerebral circulation is relatively 
unique to volatile anesthesia. Propofol, on the other hand, 
tends to maintain the CBF-CMR coupling.
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Table 19.1 Cerebral blood flow (CBF), cerebral metabolic rate 
(CMR), and intracranial pressure response for different anesthetic 
drugs

CBF CMR ICP
Dexmedetomidine ↓ → or ↓ →
Barbiturates ↓↓ ↓↓ ↓↓
Etomidate ↓↓ ↓↓ ↓↓
Propofol ↓↓ ↓↓ ↓↓
Benzodiazepines ↓ ↓ ↓
Opioids → or ⇃ or ↾ → or ↓ → or ↾
Ketamine ↑↑ ↑ or → ↑ or ↑↑
N2O ↑↑ ↑ or → ↑↑
Xenon ↓(gray) ↑(white) ↓ ↑ or →
Isoflurane ↑ or → ↓↓ → or ↾ or ↑
Sevoflurane ↓ or → or ↾ ↓ or ↓ ↓ → or ↾ or ↑
Desflurane ↓ or ↑ ↓↓ ↑ or →
↾: slight increase; ↑ increase; ↑↑ marked increase; → no change
⇃: slight decrease; ↓decrease; ↓↓ marked decrease
Adapted from Cottrell and Young’s Neuroanesthesia 5th Ed, Mosby

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_19&domain=pdf
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Another goal of anesthetic drugs used during brain and 
spine surgery is the allowance of neurophysiological moni-
toring  – electroencephalogram and evoked potentials. 
Volatile agents provoke abnormal and dissociated EEG 
waveform morphology and frequency and decrease ampli-
tude and prolong latency of somatosensory evoked potentials 
(SSEP) in a dose-dependent manner. Propofol anesthesia 
will achieve a better preservation of evoked responses and 
produce a dose-dependent EEG burst suppression. Other 
intravenous anesthetic agents such as ketamine may increase 
gamma-beta wave activity on EEG and enhance SSEPs, 
whereas dexmedetomidine produces an EEG most similar to 
normal sleep.

Neuroinflammation and ischemic damage may occur 
during and after brain and spine surgery, as well as in cases 
of traumatic brain injury. The neuroprotective role of many 
anesthetics has been thoroughly investigated but results 
are inconclusive. In fact, it is looking more likely that 
 anesthetics themselves may contribute to the presence of 
neuroinflammation. Very recently, sevoflurane and isoflu-
rane were shown to induce structural changes in brain 
endothelial cells, increasing blood brain barrier permeabil-
ity and leading to disturbed neuronal function. For spinal 
surgery, intravenous anesthesia has been shown to provide 
smoother emergence, less coughing, and less dramatic 
hemodynamic responses while maintaining reliable 
neuromonitoring.

Other intravenous drugs may be added to achieve impor-
tant clinical endpoints. Esmolol blunts postoperative sys-
temic and cerebral hemodynamic changes after intracranial 
surgery is associated with better postoperative pain control 
and is potentially neuroprotective. Ketamine, although clas-
sically contraindicated in the neurosurgical patient, might be 
considered as one important pharmacological option in the 
management of the neurosurgical patient due to the reduc-
tion in neuroinflammation, cognitive impairment, and pain 
signal modulation.

Parecoxib, a cyclooxygenase-2 inhibitor, also seems to 
reduce the incidence of postoperative cognitive dysfunction 
in the elderly, probably through anti-neuroinflammatory 
pathways, and thus can be included in the postoperative pain 
management.

 Negative Neurologic Effects of Anesthetic 
Drugs

Assessment of the effects of intravenous and volatile agents 
in in  vitro, animal, and human models of brain injury or 
anesthetic exposure is required to gain further insight regard-
ing potential roles of intravenous versus inhalational tech-
niques in neurosurgical patients.

 Neurotoxicity

Anesthesia has been associated with developmental distur-
bance with worse long-term neurologic/cognitive out-
comes in the young mammalian brain. In the last decade, 
research has produced contradicting evidence, implicating 
volatile agents, nitrous oxide, ketamine, and, in a lesser 
extent, propofol. In children undergoing magnetic reso-
nance imaging during sevoflurane or propofol anesthesia, 
higher levels of cerebral lactate and glucose were observed 
in children under sevoflurane anesthesia and a strong asso-
ciation between these metabolites and the occurrence of 
emergence delirium. Additionally, propofol significantly 
decreases the severity and incidence of emergence agita-
tion and delirium in pediatric patients. There is still no 
clarity about the significance of these findings, but they do 
generate questions about pediatric exposure to volatile 
agents.

 Cognitive Impairment

The effects of the different anesthetic drugs in the aging 
brain constitute another field for research and collection 
of evidence for the preference of TIVA in the neurosurgi-
cal patient. The brain suffers significant changes with age, 
and exposure to anesthetic drugs may accelerate a declin-
ing cognitive trajectory with a possible link between anes-
thesia and long-term cognitive decline. The role of the 
anesthetic technique is currently unknown and uncertain, 
but there is some evidence which suggests benefits of 
intravenous propofol- based anesthesia. In patients at 
high-risk for postoperative cognitive changes who carry 
the Apolipoprotein E4 allele, there is a strong association 
between an inhalation-based general anesthesia regimen 
and postoperative cognitive dysfunction. In patients with 
preoperative amnestic mild cognitive impairment under-
going spine surgery, sevoflurane anesthesia accelerated 
the progression of mild cognitive impairment, whereas 
propofol or epidural anesthesia did not. TIVA with propo-
fol has also been reported to be associated with lower CSF 
levels of interleukin-6, a known biomarker of neuroin-
flammation, up to 48 h after surgery, suggesting that the 
anesthetic technique may affect the neuroinflammatory 
response.

The latest published evidence shows that patients between 
65 and 75 years of age undergoing high-risk esophageal sur-
gery had a better postoperative cognitive performance when 
receiving propofol-based anesthesia compared to those 
receiving sevoflurane anesthesia, with lower levels of the 
neuroinflammatory mediator’s TNF-α, IL-6, and S-100β 
protein in the propofol regimen.

P. O. Sepúlveda V. and F. A. Lobo
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 Monitoring Anesthetic Depth

Some anesthesiologists prefer to monitor depth of TIVA 
using the bispectral index (BIS) or other forms of processed 
EEG.  The current “consciousness monitors” or “depth of 
anaesthesia monitors” have been designed to reduce the risk 
of intraoperative awareness based on an index of frontal 
electroencephalographic activity. After years of inconsistent 
results, there remains a need for monitors that more closely 
reflect the electrophysiology of (un)consciousness. Several 
methodological and technological problems with current 
consciousness monitors exist and include the following:

 A. Current consciousness monitors correlate a clinical state 
to a numerical index. The index does not give informa-
tion about the effect of the progressive increase in drug 
concentration on brain areas that are not involved in the 
maintenance of consciousness.

 B. Generalization of the intra- and inter-patient variability 
remains poor. The patients lose or recover consciousness 
in a broad range of values of the consciousness monitors’ 
indices.

 C. It is possible that an index varies in an individual patient in 
spite of using the same anesthetic agent at the same con-
centration and also independent of the noxious stimulus. 
The use of neuromuscular relaxants has been shown to 
interfere on the electromyographic response, which in turn 
interferes on the value of the consciousness monitor index.

 D. The concentration-effect relationship for the index is 
highly variable. In some cases, the index may decrease 
its predictive value when anesthetic concentrations 
increase, while in other cases there is no relevant change 
in the predictive value in spite of important changes in 
anesthetic concentration.

 E. The behavior of the monitors in the change from “not 
responding” to “responding” status is variable: some 
indexes may rapidly change their values, while others 
may be slower to respond.

Given these limitations, it seems that intravenous anesthe-
sia may be reasonably administered without a processed 
EEG, which is a philosophy supported by evidence. 
Numerous studies show that the frequency of awareness is 
no greater with TIVA-TCI compared to inhaled anesthesia. 
On the other hand, BIS correlates poorly with the expired gas 
fraction, is frequently insensitive to significant changes in 
the expired gas fraction, and is vulnerable to interindividual 
variability. There are also conditions in which halogenated 
anesthetic gases generate distorsions in the assessment of the 
pEEG. For example, sevoflurane induces EEG beta activity 
at concentrations over 3%. Processed EEGs (BIS, SEDLINE, 
CSI, NARCOTREND, etc.) only partially represent the hyp-

notic condition and therefore should be used both in intrave-
nous and inhaled anesthesia in the context of multiparameter 
analysis, ideally including monitors that display the EEG 
spectrogram.

 Titration and Variability

The variability of anesthetic drug requirements is a known, 
but poorly systematized fact in clinical practice. For exam-
ple, the use of MAC50 or EC50 values only correspond to a 
statistical figure which is useful for a single patient and 
could result in under- or overdosing of many patients. On 
the other hand, the MAC95 or EC95 mostly produce over-
dosing. A preferable approach is to identify the individual-
ized requirements for each patient, therefore overcoming 
the multiple covariates that impact variability, such as age, 
BMI, gender, concomitant drug use, baseline neurologic 
condition, etc., adding objective clinical parameters (i.e., 
loss of response to call).

The main objectives of titration have historically centered 
on the risk of intraoperative awareness and awakening, but 
recently the discussion has migrated to the negative effect of 
the excess of anesthetic agents, such as postoperative delir-
ium and cognitive alterations occurring at all ages.

 Ease of Use of TIVA (TCI) Versus Inhaled 
Anesthetics for Titration of Loss 
of Consciousness

TCI (target-controlled infusion) technology is widely used 
globally, with the exception of the United States. TCI is a 
software package included with infusion pumps and includes 
a population pharmacokinetic model for different drugs (pro-
pofol, remifentanil, fentanyl, ketamine, etc.) in which the 
anesthetist can use to introduce a required calculated concen-
tration for a desired effect. The best model of each drug 
includes the most important co-variable (age, height, weight, 
BMI, etc.) to describe the model. Each model adjusts the 
dose using the biometric data from the individual patient, 
based on drug distribution and/or clearance pharmacokinet-
ics data. The TCI pumps include an algorithm that iterate 
very frequently to adjust the infusion to maintain the pro-
posed plasma or effect concentration stable. The pump reas-
sumes the target when we change the syringe and calculates 
the decremental time when we stop the infusion, helping the 
awake time prediction.

TCI allows the anesthesiologist to titrate using a step-by- 
step approach, or a flash induction, as required. It includes an 
effect-site model as a guide when the plasma and effect site 
are not equilibrated. The pharmacokinetic models included 
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in the TCI pumps can represent different populations includ-
ing obese patients, elderly patients, or children, but in every 
case the anesthetist can adjust the required concentration for 
the clinical condition. TCI has given the anesthetist the 
chance to abandon mental calculation to reach and maintain 
calculated plasma concentration for a clinical endpoint.

TCI has been implemented commercially for propofol 
and remifentanil. Propofol TCI can be used in two PKPD 
model: Marsh model for patients between 16 and 65 years. 
This model uses only the co-variable of weight to describe 
the pharmacokinetic of the drug. The Schnider model is 
more adequate to be used in older patients.

The use of alfa-2 agonist like dexmedetomidine has been 
relatively well established in the TCI context employed in a 
three-compartment model. Dexmedetomidine TCI has been 
shown to have several beneficial effects, including reduced 
anesthetic requirement, less postoperative pain, and reduced ICU 
length of stay, mechanical ventilation, and occurrence of delir-
ium helping to reduce the postoperative neuroinflammation.

The ideal titration of an anesthetic drug may be achieved 
through small increasing steps in plasma concentration (Cp) 
followed by plateaus that allow the anesthesiologist time to 
assess the effect produced by the drug. When the patient loses 
response to command, Cp is kept stable when using TCI, 
allowing unconsciousness to have been specifically titrated. 
All of this is only possible using TCI infusors (Fig. 19.1).

 TIVA Versus TCI

The TIVA technique based on mental calculation is impre-
cise. It is based on empirical mental adjustments of speed of 
administration, using data from regular patients, and does 
not consider the pharmacokinetic complexity of the process.

Recent pooling of global TCI data has allowed research-
ers to construct a more comprehensive model that is able to 
explain the great kinetic variability through the use of mul-
tiple covariates. For example, TCI compensates for distribu-
tive transfer to deep tissues as well as metabolic clearance by 
adjustment of flow speed by the software to maintain the Cp 
proposed by the anesthesiologist. “Manual TIVA” does not 
consider the hysteresis (or delay) of the temporal course of 
the effect compared to the plasma drug concentration and 
also cannot generate tendencies during the titration phase or 
any other moments in which there is a change in Cp.

Although there has been a debate about the predictive 
capacity of TCI systems that include models representing 
effect, predictability is certainly improved by allowing a rea-
sonable amount of time for plasma effect-site equilibrium. 
The equilibrium time (based in data using BIS index) in chil-
dren and young adults is  approximately 2 min, while in older 
patients it is approximately 4 min for propofol Probably this 
data will be readjusted using new EEG markers as alpha 
band or slow wave saturation time.

Fig. 19.1 Stepwise induction with propofol. When the patient loses 
consciousness, remifentanil infusion is started and is increased at the 
moment of skin incision. Anestfusor simulator (www.smb.cl/anestfu-

sor_serie2_st.html). TCI is used for all drugs. The theoretical projection 
of drop in blood drug concentrations can be observed at the extreme 
right
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The effector site models also allow for the prediction of 
emergence, thus optimizing surgical planning. The anesthetic 
technique also requires changing the drug Cp to adjust to the 
dynamics of surgery. In case a change in Cp is required, it is 
impossible to mentally calculate the distribution phase the 
drugs are in at that particular point in time, especially in the 
case of liposoluble drugs such as propofol. TCI permits changes 
in Cp targets during surgery without the need to calculate the 
distribution or elimination condition of the drug, with the pos-
sibility of returning to the initial titration target later.

 The Titration of Nociception

The control of surgical stress, also known as nociceptive 
response, is one of the central tasks of anesthesiology distinct 
from maintenance of unconsciousness. The instruments used to 
measure this nociceptive response are still under development.

The utility of the hypertensive response or the heart rate 
response has shown to be insufficient to perform an assessment 
of surgical stress. When comparing BIS, to the assessment of 
motor response, or to the drug plasma concentration, the pre-
dictability is close to chance, and thus not particularly helpful.

The most flexible drug for adjustments in nociceptive control 
is remifentanil. It can also be used as a TCI, given that its phar-
macokinetic profile is very different in young compared to older 
patients. Remifentanil is preferentially initiated after titration of 
propofol effect in TCI. Other opioids with long half-lives, such 
as sufentanil or fentanyl, may be used in high-dose boluses dur-
ing surgeries that require postoperative mechanical ventilation, 
meaning a neurologic evaluation or an awake test will be diffi-
cult to achieve. An additional benefit of remifentanil TCI is the 
synergistic effect when administered with propofol.

BIS monitoring used in combination with TCI systems 
during anesthesia leads to a significant reduction of applied 
hypnotics and opioids in spinal surgery. Similar study using 
TCI systems monitors of auditory evoked potentials of mean 
latency led to less patient movement and better sedation con-
ditions. TCI systems used in slow induction approach may 
be particularly useful for inexperienced personnel (e.g., non- 
anesthetist sedation providers) or in settings where neuro-
monitoring is not available or not implemented.

The new option of neuromonitoring with spectrogram and 
frontal oximetry and the fine-tuning titration approach using 
TCI are showing interesting results reducing the POCD and 
delirium (Table 19.2).

 Recommendations for the Use of TIVA 
Without TCI

 (a) Consider use of guiding simulator to correct infusion rates 
(available simulators: Anestfusor: www.smb.cl/anestfu-
sor_serie2_st.html; TivaTrainer www.eurosiva.org).

 (b) Use a pEEG which includes spectrography in the context 
of multiparametric analysis (pharmacological, biomet-

ric, and hemodynamic data, comorbid conditions, and 
expertise in the “calibration” of the patient during a 
titrated induction). Idealy including monitors that dis-
play raw EEG and the spectrogram with the properties of 
scaling adjustment of EEG amplitude, speed and power.

 (c) Consider the complexity of the PK/PD interaction of the 
drugs. This is an option to have a rational approach 
reducing drug consumption, cost, and poor hemody-
namic outcomes.

Table 19.2 Advantages of TCI

(a)  Allows the anesthesiologist to perform dynamic and 
individualized titration

(b)  Levels of Cp can be modified in a continuous manner without the 
need of calculating speed of perfusion

(c)  The model used to control the infusion considers the hysteresis 
(delay) between plasma concentrations (Cp) and the effect-site 
concentrations (Ce)

(d) Can recover the calculated Cp after changing the infusion syringe
(e)  TCI allows performing slow, stepwise titrated inductions, 

avoiding Cp plasma peaks, which are frequent when using the 
intermittent bolus manual technique

(f)  It decreases the risk of underdosing the patient
(g)  The prediction of the effect allows for shortening the transition to 

extubation and return of consciousness
(h)  The titration of the Cps helps to maintain hemodynamic stability 

and better control anesthetic depth
(i)  The Cps calculated by the pharmacokinetic can include multiple 

population covariates
(j)  Aids in the transfer of patients to imaging suites, with the capacity 

to reinstall the initial Cp target upon return to the operating room

Key Points
• Inhalational and intravenous anesthetic exposure 

may be associated with neuroinflammation and 
cognitive impairment but also may have neuropro-
tective properties in specific clinical situations.

• Currently available intravenous anesthetics have 
numerous beneficial neurophysiologic properties 
including decreased cerebral metabolic rate and 
intracranial pressure

• Inhalational anesthetics may increase cerebral 
blood flow and intracranial pressure

• “Depth of anesthesia monitors” utilize frontal pro-
cessed EEG to guide anesthetic dosing but are 
imprecise measures of anesthetic depth. These 
monitors may limit anesthetic overdose and delir-
ium, but the common limits used (BIS 40–60) are 
an arbitrary value not proved to be valid in old, 
frailty, very young children, etc. Thus, we require 
monitors that represent better the complex phenom-
enon of anesthetic unconsciousness.

• Target-controlled infusion technology for intravenous 
anesthesia and analgesia is widely used and provides 
the ability for individual titration-based pharmacoki-
netics, patient-level biometric data, and effect sites.
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Preparing for Anesthesia 
in Neurosurgical Patients

Melissa Brockerville and Pirjo Manninen

 Introduction

Preparation for the surgical treatment of patients with neuro-
logical disease involves multiple elements related to the 
patient, the procedure, the anesthetic, and the location where 
the procedure will be performed. These patients often pres-
ent with a wide range of pathological processes that may 
place additional demands on their management. The neuro-
surgical operating rooms and neuroradiological suites are 
highly complex as well as technical environments where 
healthcare professionals from various disciplines interact. 
Individuals from neurosurgery, anesthesia, nursing, neuro-
physiology, and radiology each bring unique perspectives, 
demands, and contributions to the care of the patient. 
Effective communication among individuals and disciplines 
is essential to the safe and efficient function of the entire 
team. Communication failure can lead to catastrophic medi-
cal errors. Careful planning is required with respect to the 
anesthetic techniques, as well as the equipment requirements 
for anesthesia, surgery, and neurological monitoring. 
Infectious complications following neurosurgical procedures 
can significantly impact on patient outcome and require 
careful adherence to established protocols.

 Communication

Communication is essential in the operating room. Prior to 
the commencement of anesthesia, communication among 
the anesthesiologist, surgeon, nursing staff, and neurophysi-
ology team must take place to ensure that each understands 
the medical concerns of the individual patient and the 
requirements for the specific procedure. Miscommunication 
has been identified as a major source of medical error lead-
ing to significant patient morbidity and mortality. 

Communication between the neurophysiology team and 
anesthesiology team is necessary to ensure that the form of 
anesthesia used allows for appropriate neuromonitoring.

All preoperative checks should include confirmation that 
informed consent has been obtained for the procedure to be 
performed, as well as adjunctive investigations and treat-
ments such as medical imaging, invasive monitoring, and 
possible blood transfusion. The World Health Organization 
(WHO) aimed to improve surgical safety by developing a 
checklist entitled the WHO Surgical Safety Checklist. This 
checklist identifies a simple set of surgical safety standards 
that can be applied in all countries to provide a framework 
for safe intraoperative care. This list ensures that key critical 
safety elements are incorporated to minimize avoidable risks 
at various stages throughout the procedure – prior to induc-
tion of anesthesia, after induction of anesthesia and before 
surgical incision, and the period during or immediately after 
wound closure. All hospitals should follow the WHO 
Surgical Safety Checklist or adopt a hospital specific safety 
checklist.

 Preoperative Assessment

The planning for the anesthetic management and for the pre-
vention of complications related to anesthesia begins with 
the preoperative assessment of the patient. This includes the 
review of the concerns of the specific neurological disease as 
well as other medical comorbidities, the current neurological 
status of the patient, and presence of any acute symptoms 
such as those of elevated intracranial pressure (ICP) (nausea, 
vomiting, headache, seizure, focal neurological symptoms). 
The preoperative assessment should include an anesthetic 
directed physical examination. A thorough preoperative 
assessment of the patient’s airway is critical in preparation 
and in prevention of devastating complications. Patients may 
present with acute or chronic cervical spine disease or 
trauma, placing them at increased risk of spinal cord injury 
with excessive neck motion. Appropriate investigations are 
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undertaken with consideration of the patients’ medical 
comorbidities and neurosurgical procedure. Depending on 
the urgency of the procedure, the anesthesiologist should 
ensure that there are no optimizable factors prior to proceed-
ing with non-emergent surgery. Some neurosurgical proce-
dures are performed on an urgent or emergent basis, thus 
limiting time for preoperative preparation.

The preoperative assessment should include an explana-
tion of the anesthetic and a discussion of anesthetic risks. A 
detailed discussion and psychological preparation is espe-
cially necessary in surgical procedures requiring patient par-
ticipation, such as an awake craniotomy with cortical 
mapping, where lack of preparation may result in failure of 
the procedure. Patients should be advised to continue most 
routine medications and especially neurological medications 
(such as dexamethasone and anti-epileptic agents). However, 
for some procedures such as insertion of deep brain stimula-
tors or epilepsy surgery, patients may need to hold their regu-
lar medications. The anesthesiologist should consult with the 
surgeon in these specific cases.

 Preparation for Anesthesia

 The Operating Room

Many neurosurgical procedures are now performed in com-
plex operating rooms that are combined with other modali-
ties of therapy and investigation. These include the magnetic 
resonance imaging (MRI)-operating room, interventional 
neuroradiology-operating room, or the placement of a com-
puterized tomography, or MRI scanner in a regular operating 
room. Advanced planning is absolutely necessary to ensure 
that the layout of the room allows space for all necessary 
anesthetic, surgical, and imaging equipment. All the safety 
aspects must be considered for the imaging, especially when 
MRI is used with respect to MRI compatible equipment 
(anesthesia machine, monitors). The protection of all person-
nel from radiation exposure is required during x-ray and CT 
imaging.

 Positioning

Surgical positions can include supine, prone, semi-sitting, sit-
ting, lateral, and park bench. Each of these positions has their 
own unique anesthetic considerations, and the anesthesiolo-
gist should be familiar with possible complications related to 
these positions. Some of these positions will require addi-
tional positioning tables and adjuncts such as padding, arm 
boards, and headframes. The anesthesiologist should also 
consider the final position of the patient for surgery when 
placing intravenous, arterial, and central lines and monitors. 

In cases of spinal instability or cervical myelopathy, special 
table/frames may be used to turn the patient to the prone posi-
tion. A soft bite block should be used during neurosurgical 
procedures. In the dependent position, this keeps the mouth in 
a slightly open position and prevents tongue protrusion and 
subsequent compression by the teeth. During motor evoked 
potentials (MEP), the bite block helps to prevent laceration to 
the tongue during stimulation. Direct pressure on the eyes 
should be avoided in the prone position to prevent corneal 
abrasions and central retinal artery occlusion.

Neurosurgical procedures can be long procedures, and 
patients are at risk for perioperative peripheral nerve injuries. 
The anesthesiologist should follow the ASA Practice 
Advisory for the Prevention of Perioperative Peripheral 
Neuropathies for positioning strategies and protective pad-
ding. If possible, the anesthesiologist should ascertain that 
the patient can comfortably tolerate the operative position 
prior to induction of anesthesia such as neck extension or 
flexion.

 Monitors

A comprehensive review of standard equipment should be 
carried out prior to the commencement of anesthesia. A 
checklist is a useful tool to ensure a proper safety check of 
the anesthetic machine. Standard monitors required during 
general anesthesia include electrocardiogram, blood pres-
sure, oximetry, capnography, and an agent-specific anes-
thetic gas analyzer. Temperature and neuromuscular blockade 
monitoring are highly recommended. Recommendations for 
monitoring during sedation vary, but during conscious seda-
tion neurosurgical procedures, such as awake craniotomy, 
monitoring of respiratory function with end-tidal CO2 and 
respiratory rate is critical.

Many other additional monitoring devices may be used 
during neurosurgical procedures. Invasive monitoring such 
as intra-arterial lines and central venous catheters can assist 
hemodynamic monitoring and allow ease of intraoperative 
blood sampling. Other methods used to monitor volume sta-
tus are available such as systolic pressure variation, pulse 
pressure variation, and stroke volume variation; however, 
their use in clinical practice has not become a standard of 
care. A precordial Doppler or transesophageal echocardio-
gram should be considered when there is a risk of venous air 
embolism. Urinary catheters should also be placed in longer 
procedures for assessment of fluid balance and monitoring of 
disorders such as diabetes insipidus. Brain function monitor-
ing (bispectral index, entropy) is used to monitor depth of 
anesthesia. Specific brain monitors such as jugular venous 
oximetry, brain tissue oxygen tension, near infrared spec-
troscopy, and cerebral microdialysis may be used when there 
are concerns with cerebral oxygenation.
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Cardiac arrest carts equipped with defibrillators and 
drugs for emergency resuscitation must be located nearby 
and maintained regularly. Some neurosurgical procedures 
can be associated with massive blood loss. Pressure bags or 
a rapid transfuser should be readily available. In multilevel 
spinal surgeries, a blood salvage system may be of 
assistance.

 Anesthesia Considerations

 Medications

Anesthetic medications should be prepared and labeled 
with appropriately colored labels, generic drug names, 
and concentration. All medications must be positively 
identified by label checking prior to administration. Potent 
vasoactive agents are infused through appropriate infu-
sion pumps. Several medications, such as heparin and 
insulin, are commonly administered using the wrong con-
centration; therefore, some advocate that these drugs 
should only be administered after a double check of dose 
is conducted by another independent provider (nurse or 
surgeon).

The role of neurological protection by selective use of 
anesthetic agents is controversial but should be considered in 
high-risk procedures. Most anesthetic agents, including bar-
biturates, propofol, sevoflurane, desflurane, and isoflurane, 
have been shown to offer some element of neuroprotection. 
The actual technique of the anesthetic, inhalation versus total 
intravenous anesthesia, and the actual anesthetic agents cho-
sen are probably not of the greatest concern.

Neuromonitoring (somatosensory evoked potentials, 
MEP, electromyography) may influence the type of anes-
thetic planned. Total intravenous anesthesia is often used in 
patients with MEP monitoring, while electromyography 
recordings also preclude the ongoing use of muscle relax-
ants. This should be discussed with the surgeon and neuro-
physiologist prior to the commencement of anesthesia.

Large complex surgeries (spine, vascular lesions) can be 
associated with significant blood loss. Tranexamic acid has 
been shown to reduce blood loss and the need for blood 
transfusion in spine surgery cases, and its use should be con-
sidered on a case-by-case basis.

Neurosurgical anesthesia frequently entails caring for a 
patient with significant comorbidities during long, complex 
operative procedures. During this time, the responsibility of 
medication dosing falls to the anesthesiologist. Depending on 
the patients’ medical comorbidities and/or the surgical proce-
dure, medications such as antibiotics, insulin, anti- 
fibrinolytics, anti-epileptic agents, and antiparkinson’s drugs 
may need to be re-dosed. Some anti-epileptic and antiparkin-
son’s drugs can only be given orally, and consideration should 

be given to administration through a naso- or orogastric tube. 
An alternative parenteral anti-epileptic drug could also be 
chosen in consultation with a neurologist.

 Airway

The anesthesiologist should prepare various airway adjuncts 
and have skilled assistance readily available to aid whenever 
there is potential for difficult airway management. Once 
intubation of the trachea has been confirmed, the endotra-
cheal tube must be definitively secured to prevent the loss of 
the airway during positioning of the patient. Controversy 
exists surrounding the optimal approach to airway manage-
ment in the patient with unstable cervical spine. No single 
airway management technique has been shown to be supe-
rior. The choice will be guided largely by the skill set of the 
anesthesia provider and available equipment. If the patient 
has an unstable c-spine, inline stabilization should be per-
formed, but the practitioner must recognize that that this may 
make airway management more difficult. The plans for 
emergence and extubation or for delay of extubation of the 
patient’s airway at the end of the procedure should also be 
considered and planned for preoperatively. However, com-
plications such as excessive bleeding during the surgical pro-
cedure may also require a change in the original plans.

 Hemodynamic and Fluid Goals

Hemodynamic goals during the procedure will depend on 
the indication for the procedure and the patients’ medical 
comorbidities. Blood pressure targets vary for intraoperative 
and postoperative management and should be discussed with 
the surgeon prior to commencing anesthesia. The main goals 
of fluid management are to maintain normovolemia and 
avoid hypo-osmolarity. In recent years, there has been a 
move away from liberal fluid management to goal-directed 
fluid therapy to improve perioperative morbidity and mortal-
ity. This is a method of determining the optimal dose of fluid 
therapy, inotropes, and/or vasopressors by using an algo-
rithm to optimize cardiac output and oxygen delivery.

 Temperature

In the majority of cases, the patient’s core temperature should 
be monitored to ensure normothermia. Appropriate warming 
devices such as heated air blankets and fluid warmers are 
often necessary to ensure normothermia during prolonged 
procedures. Hypothermia has been investigated as a means 
of neuroprotection. An updated Cochrane review published 
in 2015 found no evidence that induced hypothermia was 
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associated with a significant reduction in mortality or severe 
neurological disability in patients undergoing brain surgery. 
This review also concluded that there was no increased risk 
of harm.

 Concerns and Risks

 Errors in Patient Identification and Wrong-Site 
Surgery

A systematic review published in 2015 stated that current 
estimates for wrong-site surgery are 1 event per 100,000 pro-
cedures. In a national survey of practicing neurosurgeons, 
25% admitted to having cut skin on the wrong side of the 
head at least once in their careers, and 32% admitted to hav-
ing removed lumbar disk material at the wrong level. The 
American College of Surgeons released a statement on 
Ensuring Correct Patient, Correct Site, and Correct Procedure 
Surgery in 2002 with guidelines to eliminate wrong-site sur-
gery. The surgical team should verify the patient identity and 
procedure to be performed and confirm consent with the 
patient or their representative; the surgeon should mark the 
correct site before the patient is given any medications, and 
all imaging should be in the operating room. There should be 
a final verification process of correct site with all members of 
the surgical team during the surgical safety checklist.

 Infection

Surgical site infection is a catastrophic complication of neuro-
surgery. The National Healthcare Safety Network, a national 
voluntary reporting system, in 2013 reported an overall inci-
dence of 23.1% in surgical site infections. Of these, 2.4% were 
related to neurological surgery (craniotomy and ventricular 
shunt). Risk factors for meningitis following craniotomy 
include leakage of cerebrospinal fluid, concomitant incision 
infection, male gender, and longer surgical duration. Additional 
risk factors for infection in spine surgery include age greater 
than 60 years, smoking, diabetes, previous surgical infection, 
BMI greater than 25.5, and alcohol abuse.

The Clinical Practice Guidelines for Antimicrobial 
Prophylaxis in Surgery in 2013 provided a standardized 
approach to antibiotic use to prevent surgical site infections. 
This guideline recommends antibiotic prophylaxis for all 
craniotomies, cerebrospinal fluid shunting procedures, 
implantation of intrathecal pumps, and spinal procedures 
with or without instrumentation. The recommended agent 
for prophylaxis is intravenous cefazolin (2 g, 3 g for patients 
weighing ≥120  kg). Alternative agents for patients with 
B-Lactam allergies include clindamycin (600–900  mg) or 
vancomycin (15 mg/kg). Vancomycin may also be used in 

patients with known methicillin-resistant Staph. aureus 
(MRSA). Administration of cefazolin and clindamycin 
should be within 60 min prior to surgical incision and vanco-
mycin within 120  min because of the required prolonged 
infusion time. Cefazolin and clindamycin should be re-dosed 
at 4 and 6  h, respectively, given their short half-lives in 
patients with normal renal function. Vancomycin has a half- 
life of 4–8 h and likely does not need to be re-dosed during 
most surgical procedures. Re-dosing should also be consid-
ered in patients if excessive bleeding occurs. Other preventa-
tive measures include strict adherence to aseptic technique 
and maintenance of intraoperative normothermia.

 Difficult Airway Management

In 2011 the ASA closed claims analysis stated that difficult 
intubation remained a concern, representing 5% of claims 
reported. In the previous 2005 report, 19% of claims were 
related to patients in the neurosurgical or spine surgical 
groups. There are published algorithms for management of 
the anticipated and unanticipated difficult airway.

Emergence from anesthesia is another critical time, espe-
cially in patients following neurosurgical or spine proce-
dures where extubation may lead to airway complications 
and the need for urgent reintubation. Situations include the 
development of airway compromise with neck hematoma or 
edema following cervical spinal surgery. Patients who have 
been in the prone position or park bench for a prolonged 
period may also develop airway edema and/or macroglossia. 
Guidelines are also established for extubation. Reintubation 
may be extremely difficult in these circumstances; thus all 
patients at risk for airway edema should be carefully evalu-
ated prior to extubation.

 Out of the OR Procedures

Increasing numbers of neurosurgical imaging studies and/or 
interventions are being performed in  locations remote from 
the standard operating room (MRI, CT, angiography, endo-
vascular therapies). Anesthetic care in these remote locations 
may include monitoring, conscious sedation, general anesthe-
sia, or ventilator and circulatory support to critically ill 
patients. Providing safe anesthetic care in remote settings can 
be challenging. Factors that increase risk include unfamiliar 
environments, lack of anesthesia equipment and support, and 
lack of consistency in monitoring devices available. The 
anesthesiologist may have limited access to the patient during 
the procedure, or the patient may be in a separate room. 
However, regardless of the setup, the anesthesiologist should 
be able to see both the patient and the monitor either by direct 
observation or on a video camera during the procedure. The 
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equipment, drugs, and resuscitation cart available in these 
remote locations should be the same as that available in other 
anesthetizing locations. All sites should be equipped or have 
access to a difficult airway cart to allow safe and efficient 
management of the difficult airway. Patients and all personnel 
involved in the care of patients in remote radiology locations 
should be advised about and protected from radiation expo-
sure. Anesthesiologists should be aware of the potential safety 
hazards (electromagnetic, auditory) and required precautions 
needed specifically in the MRI scanner.

Suggested Reading

American College of Surgeons [Internet]. Statement on ensuring cor-
rect patient, correct site and procedure surgery. [Updated 2002 
Dec 1; cited 2015 Dec 15]. Available from https://www.facs.org/
about-acs/statements/41-correct-patient-procedure.

American Society of Anesthesiologists Task Force on Intraoperative 
Awareness. Practice advisory for intraoperative awareness and 
brain function monitoring  – a report by the American Society 
of Anesthesiologists task force on intraoperative awareness. 
Anesthesiology. 2006;104(4):847–64.

American Society of Anesthesiologists Task Force on Prevention of 
Perioperative Peripheral Neuropathies. Practice advisory for the 
prevention or perioperative peripheral neuropathies  – an updated 
report by the ASA task force on prevention of perioperative periph-
eral neuropathies. Anesthesiology. 2011;114(4):741–54.

Apfelbaum JL, Connis RT, Nickinovich DG, Pasternak LR, Arens JF, 
Caplan RA, Committee on Standards and Practice Parameters, 
American Society of Anesthesiologists Task Force on Preanesthesia 
Evaluation, et al. Practice advisory for the preanesthesia evaluation – 
an updated report by the American Society of Anesthesiologists 
task force on preanesthesia evaluation. Anesthesiology. 
2012;116(3):522–38.

Apfelbaum JL, Hagberg CA, Caplan RA, Blitt RC, Connis RT, 
Nickinovich DG, American Society of Anesthesiologists Task Force 
on Management of the Difficult Airway, et al. Practice guidelines 
for the management of the difficult airway – an updated report by 
the American Society of Anesthesiologists task force on manage-
ment of the difficult airway. Anesthesiology. 2013;118(2):251–70.

Benes J, Giglio M, Brienza N, Michard F. The effects of goal directed 
fluid therapy based on dynamic parameters on post-surgical out-
come: a meta-analysis of randomized controlled trials. Crit Care. 
2014;18(5):584.

Bratzler DW, Dellinger EP, Olsen KM, Perl TM, Auwaerter PG, Boln 
MK, et al. Clinical practice guidelines for antimicrobial prophylaxis 
in surgery. Am J Health Syst Pharm. 2013;70(3):195–283.

Cavallone LF, Vannucci A. Extubation of the difficult airway and extu-
bation failure. Anesth Analg. 2013;116(2):368–83.

Eichorn V, Henzler D, Murphy MF. Standardizing care and monitoring 
for anesthesia or procedural sedation delivered outside the operating 
room. Curr Opin Anaesthesiol. 2010;23(4):494–9.

Guercio JR, Nimjee SM, James ML, McDonagh DL.  Anesthesia 
for interventional neuroradiology. Int Anesthesiol Clin. 
2015;53(1):87–106.

Hempel S, Maggard-Gibbons M, Nguyen D, Dawes A, Miake-Lye I, 
Beroes J, et al. Wrong site surgery, retained surgical items and surgi-
cal fires – a systematic review of surgical never events. JAMA Surg. 
2015;150(8):796–805.

Jhawar BS, Mitsis D, Duggal N. Wrong-sided and wrong-level neuro-
surgery: a national survey. J Neurosurg Spine. 2007;7(5):467–72.

Martini RP, Larson DM.  Clinical evaluation and airway manage-
ment for adults with cervical spine instability. Anesthesiol Clin. 
2015;33(2):315–27.

Merchant R, Chartrand D, Dain S, Dobson G, Kurrek M, Lagace A, 
et al. Guidelines to the practice of anesthesia- revised edition 2015. 
Can J Anesth. 2015;62(1):54–67.

Metzner J, Posner KL, Lam MS, Domino KB. Closed claims’ analysis. 
Best Pract Res Clin Anaesthesiol. 2011;25(2):263–76.

Milani W, Antibas P, Prado G.  Cooling for cerebral protection 
during brain surgery (review). Cochrane Database Syst Rev. 
2015:1–53. https://www.ncbi.nlm.nih.gov/pubmed/25626888.

Key Points
• Effective communication between individuals and 

all disciplines is essential to the safe and efficient 
function of the operating room team.

• Miscommunication has been implicated in adverse 
patient events.

• Operative briefings guided by a surgical safety 
checklist can improve communication and reduce 
errors in patient identification and wrong-site 
surgery.

• Patients must be appropriately prepared based on 
their neurological and medical concerns.

• Psychological preparation of the patients should 
include a discussion of the requirements of the 
intraoperative procedure, postoperative implica-
tions, and outcome.

• Adequate preparation of all aspects of the operating 
room is essential to their efficient and safe function 
including appropriate resuscitative equipment.

• Neurosurgical patients can present unique chal-
lenges to airway management during induction and 
emergence.

• Important aspects of anesthesia management 
include positioning, hemodynamic goals, fluids, 
neuroprotection, and the effects of anesthesia on 
neuromonitoring.

• Surgical site infection is a serious complication of 
neurosurgery. Risk factors for postoperative infec-
tion vary depending upon the specific neurosurgical 
procedure.

• The indications and administration of presurgery 
prophylactic antibiotics should be according to 
established guidelines.

• Neurosurgical and imaging procedures performed 
remote from the operating room require additional 
planning and safety precautions.
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Basics of Neurosurgical Techniques 
and Procedures

Jennifer D. Sokolowski, Tony R. Wang, and Kenneth C. Liu

 Overview

Neurosurgical procedures are a collaborative effort between 
surgical, anesthesiology, and nursing teams. Approaches to 
the cranial vault are generally designed to minimize retrac-
tion and manipulation of surrounding neural tissue and to 
provide the shortest distance possible from the surgeon’s 
hands to the surgical target. Cranial procedures are unique in 
that the approach vector can take on any number of trajecto-
ries. The position of the patient’s head is determined by the 
anatomic location of the lesion and the approach and expo-
sure selected by the neurosurgeon. Similarly, approaches to 
the spine are dependent on the target of interest and are typi-
cally posterior, anterior, lateral, or some combination of the 
three.

 Implications for the Neurosurgical Patient

 Cranial Surgery

Cranial procedures are often performed with the patient’s 
head in three-point fixation to minimize movement of the 
operative field during the procedure. Approaches are fash-
ioned depending upon the goal of the operation and the ana-
tomic area of interest. Superficial lesions are most easily 
operated upon by placing the lesion near the top of the opera-
tive field, e.g., frontal lesions are typically positioned supine, 
occipital lesions prone, and temporal lesions lateral. Surgery 
of deeper structures such as the cranial nerves and the arter-
ies of the skull base often require retraction of neural struc-
tures to adequately visualize and manipulate the surgical 
target. To minimize neural retraction, many techniques such 
as CSF diversion, hyperventilation, and/or mannitol admin-

istration are frequently utilized. Head of the bed elevation or 
reverse Trendelenburg positioning is used to produce opti-
mal drainage of blood from the head through veins and 
venous sinuses. Careful communication must occur between 
the surgeon and anesthesiologist to balance the desire to have 
a dry field and the risk of creating a situation which puts the 
patient at high risk of having a venous air embolus (i.e., sur-
gical site above the level of the heart).

Transsphenoidal resection of sellar region tumors is per-
formed with the patient in a modified beach chair position. 
Surgeons require access to the nose or mouth, and thoughtful 
placement of the endotracheal tubing is required, angled to 
the side opposite the surgeon. The abdomen is often prepared 
in case a fat graft is needed for closure in instances of CSF 
leak. Also, hormone-secreting tumors or large tumors com-
pressing the hypothalamic-pituitary neural axis may induce 
changes in the neuroendocrine baseline or cause a hypopitu-
itarism event that could have implications for cardiovascular 
and pulmonary function.

Cautery is primarily used to control bleeding in the surgi-
cal field by the induction of thermal damage to incompetent 
blood vessels. The majority of non-neurosurgical procedures 
rely on monopolar electrocautery, which creates a current 
between a handheld electrode and an electrode placed on the 
patient’s skin. This typically creates an arc of electricity 
between the handheld electrode and the tissue in closest 
proximity. Because this runs a current through the patient’s 
body, neurosurgeons are hesitant to use monopolar electro-
cautery in an electrically active organ such as the brain, for 
fear of inducing cortical arrhythmias and/or seizures. 
Furthermore, the use of monopolar cautery should be used 
with caution in patients harboring an electrically active 
device such as a pacemaker or implanted automatic defibril-
lator. More commonly, bipolar cautery is used for hemostasis 
in cortical tissue where the current runs between two poles in 
the forceps-shaped handpiece, obviating the need to run 
electrical current through the entire body. Other methods of 
hemostasis typically involve tamponading the bleeding area 
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with a biologic agent (such as methoxycellulose) soaked in 
thrombin. These methods tend not to work as well when the 
patient is hypertensive.

In patients undergoing cerebrovascular procedures, 
intraoperative angiograms are occasionally performed to 
confirm obliteration of the vascular anomaly. These are 
typically accomplished using a transfemoral approach with 
a catheter coupled with a fluoroscope. Intracranial Doppler 
ultrasonography is also used to confirm patency of parent 
vessels especially after aneurysm surgery. Intraoperative 
optical angiography is another method, albeit fairly new, 
that is used to evaluate the circulation in the surgical field. 
Injection of a fluorescing agent systemically can be visual-
ized through digital infrared processing via the surgical 
microscope.

 Spinal Surgery

The perioperative risk of spinal procedures varies widely and 
is correlated to the extent of the procedure. Patients with 
extensive spinal deformity and scoliosis may have decreased 
range of motion and decreased chest wall compliance, which 
has implications for intubation and for ventilation. Spinal 
procedures are performed with the patient in the supine, 
prone, or lateral positions. Positioning becomes particularly 
paramount in cases of prior cervical surgery, critical cervical 
stenosis, and/or instability. The specific intubation technique 
should be thoroughly discussed preoperatively, as conscious 
fiber-optic intubation or use of a portable video laryngoscope 
can be performed to mitigate the chances of cervical spinal 
injury. Anterior approaches to the thoracic and lumbar spine 
may involve a thoracotomy and benefit from the anesthesi-
ologist utilizing a double-lumen endotracheal tube. Transoral 
approaches to the high cervical spine may require keeping 
the patient intubated postoperatively because of airway 
edema.

Spinal procedures may be associated with significant 
blood loss; this is especially true with large multilevel sur-
geries with pedicle subtraction osteotomies and arthrodesis 
for spinal deformity. In cases with high expected blood loss, 
it is common to use intraoperative blood salvage or autolo-
gous blood donation and readminister the patient’s lost 
blood. In patients who lack risk factors, such as coronary 
artery disease or prior thromboembolic phenomena, intraop-
erative tranexamic acid infusion can be given to decrease 
expected blood loss. Typically anterior lumbar surgery 
requires the surgeon to move the iliac blood vessels away 
from the surgical site. Unfortunately this exposure procedure 
may result in tearing the blood vessels (most often the iliac 
vein) and acute massive blood loss, which the anesthesiolo-
gist must be prepared to treat through blood and fluid 

 administration, using large bore intravenous access estab-
lished prior to surgical incision. In addition, positioning for 
posterior spine surgery attempts to create a balance of having 
a dry surgical field (operative area above the level of the 
heart) by optimizing venous drainage from the surgical site 
while trying to minimize the risk to the patient of venous air 
embolus.

 Electrophysiological Monitoring

Monitoring is done in certain cases where the intended surgi-
cal approach puts certain nervous structures at risk. Spinal or 
cranial nerve monitoring often involves the use of electro-
myographic needles placed into the various targets of the 
nerves and requires a working neuromuscular junction. 
Neuromuscular blockade, therefore, is contraindicated in 
this regard. Cortical EEG monitoring electrodes are used in 
somatosensory evoked potentials (SSEPs) and motor evoked 
potentials (MEPs) monitoring. Various inhalational and 
intravenous agents such as propofol can drastically affect the 
EEG. Again, preoperative communication with the surgical 
and electrophysiological monitoring team is important in 
identifying these pitfalls.

 Stereotactic and Awake Cranial Procedures

Occasionally, patients are kept awake for a portion of or all 
of a neurosurgical procedure. Procedures such as deep brain 
stimulation involve the implantation of an electrode in tha-
lamic or subthalamic structures for the treatment of move-
ment disorders. These procedures are often done awake to 
facilitate the correct placement of these electrodes and to 
monitor patient progress during the procedure. For these 
cases, the patient’s head is secured in a frame, and for some-
one to lie with their head secured for an hour or more, espe-
cially someone with a movement disorder, this can be 
difficult. Carefully titrated anesthesia is required to keep the 
patient comfortable but awake enough so that they can be 
adequately assessed neurologically. Careful hemodynamic 
monitoring and control at the time the electrode is placed are 
necessary as well.

More extensive awake procedures are performed when a 
lesion, such as a tumor, involves the eloquent cortex of the 
brain, usually the speech area or the motor cortex. Some cen-
ters utilize a fully awake approach for the entire procedure 
with a scalp block as the only form of anesthesia. Other cen-
ters use an anesthetized-awake-sedated technique. In this lat-
ter situation, the patient is usually ventilated via an LMA, 
which is removed after emergence from anesthesia once the 
brain is exposed. The patient then answers questions or 
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 performs physical tasks, while the surgeons stimulate the 
cortex to delineate which areas can be safely removed with-
out  causing a neurologic deficit. Once the lesion is removed, 
the patient is sedated for the remainder of surgery.

 Shunt and Generator Implantation

These cases are fairly noninvasive neurosurgically but can 
still be very stimulating for patients. Placement of CSF 
shunts from the cranium to the peritoneum involves prepping 
out the patient from the head to abdomen. The large surface 
exposure is associated with significant convective heat loss 
for the patient and makes it difficult for the anesthesia team 
to maintain the patient’s body temperature in a normal physi-
ologic range. ECG leads and other monitoring devices must 
be kept out of the surgical field and are best placed on the 
back of the patient. Shunt tubing or lead wires are passed 
between stab incisions to keep the hardware subcutaneous. 
This portion of the procedure (tunneling in the subcutaneous 
tissue) can be very stimulating and induce significant hemo-
dynamic changes in the patient.

 Concerns and Risks

Placing the patient in “pins” or three-point fixation is quite 
stimulating, and adequate analgesia should be in place before 
the patient’s cranium is secured by the surgeon. Preemptive 
strategies that have been employed to prevent hypertension 
or patient movement during pin placement include intrave-
nous administration of short-acting anesthetics (e.g., propo-
fol bolus), short-acting narcotic (e.g., alfentanil), or local 
block (either scalp block or local application of anesthetic at 
pin sites). Occasionally, the pins can cause a skull fracture or 
rest on the patient’s face. This should be avoided. Once the 
head is secured, the neck is often flexed or extended to pro-
vide optimum access to the surgical target. This can cause 
the endotracheal tube to move proximally or distally, and 
care should be taken to ensure that the patient remains ade-
quately ventilated after the head is secured. Additionally, 
severe flexion can cause cerebral venous outflow obstruc-
tion, which can be problematic for both the surgeon and the 
anesthesiologist. Likewise, severe flexion or extension may 
rarely result in critical impairment of arterial blood flow to 
the brain or direct cervical neurologic injury with potentially 
devastating consequences for the patient. Adequate space 
between the patient’s chin and chest should be ensured prior 
to proceeding with the operation. For prone cranial proce-
dures, the patient’s head is typically placed in fixation when 
they are supine prior to rolling them into the prone position. 
This roll provides an opportunity for disaster, as carefully 

placed tubes and lines can be inadvertently pulled during 
positioning. When the patient is placed in the prone position 
for cranial procedures, adequate padding of pressure points 
must also be performed to prevent the formation of pressure 
sores and nerve injury.

Intraoperative imaging during neurosurgical cases pres-
ents additional challenges for the anesthesia team. Special 
considerations include a need for non-ferromagnetic materi-
als/instruments and a risk of thermal injury to the patient in 
intraoperative MRI scans, decreased patient accessibility 
during to the scanning process, and increased duration of the 
procedure.

In order for the surgeon to expose a large enough working 
surgical corridor to lesions deep in the brain, brain relaxation 
is important. This can be achieved with intravascular osmo-
lytes (e.g., mannitol and hypertonic saline) and temporary 
hyperventilation. The systemic side effects of these two 
methods must be kept in mind while trying to maintain ade-
quate brain relaxation. CSF drainage catheters, placed either 
intracranially (external ventricular drain) or intrathecally 
(lumbar drain), are occasionally used to control intracranial 
pressures or assist in brain relaxation. Careful communica-
tion between anesthesiologist and surgeon regarding the 
level of placement of these drainage tubes (i.e., “pop-off” 
level) and how much fluid should be drained is of paramount 
importance. Excessive drainage can cause subdural hemato-
mas and, in severe cases, herniation syndrome. When brain 
relaxation does not provide enough visualization, for 
instance, during surgery of deeper structures at the base of 
the skull, metal retractor blades are used to gently retract 
neural tissue. Excessive retraction can cause occult bleeding 
beneath the retractor or bleed or place tension on cranial 
nerves that provide autonomic tone to the vascular tree. 
During intracranial surgery, changes in the patient’s vital 
signs can be very abrupt and should be communicated to the 
surgeon.

When the surgical field is located on a higher level than 
the right atrium, the presence of lesions in venous vessels at 
the surgical site may lead to a venous air embolism and acute 
hypotension and hypoxia.

Blood pressure management can be critical, especially 
during cerebrovascular procedures (aneurysms, carotids, and 
AVMs). During active bleeding, blood pressure should be 
kept low. When temporary occlusion of arteries is in place to 
control bleeding, it is helpful to keep blood pressure up to 
maintain adequate cerebral perfusion via collaterals to the 
areas of brain at risk for ischemia. Occasionally, during sur-
gery of the brain stem or during surgery where there are 
rapid changes in intracranial pressure (decompression during 
trauma surgery or hydrocephalus surgery), changes in blood 
pressure and heart rate can be noted secondary to traction or 
disturbance of the baroreceptor areas in the brainstem. These 
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are often transient in nature but can be severe enough to tem-
porarily require vasoactive pharmacological support. 
Effective communication of the anesthesiologist with the 
surgeon can often facilitate surgical amelioration of the 
 inciting factor (e.g., retraction, stimulation, and manipula-
tion) that is causing the hemodynamic instability.

Spinal procedures often have the patient’s arms in non-
anatomic positions, and care should be taken to ensure that 
there is not excessive traction on the brachial plexus. In situ-
ations where the patient is prone, care should be taken not to 
have the arms in an extended position. They should be flexed 
at the shoulder and elbow to prevent nerve and joint injury. 
Spinal procedures also often involve the use of a fluoroscopic 
unit (C-arm) to guide hardware placement. When the unit is 
moved in or out of the surgical field, the technician or sur-
geon can inadvertently place the unit on the patient’s body. 
In addition, this movement may inadvertently result in pre-
mature removal of an intravascular catheter or disconnection 
of a physiologic monitoring device. Vigilance is key to pre-
vent complications from excessive pressure and traction 
from the fluoroscopy unit. Significant blood loss is associ-
ated with invasive spinal procedures and should be moni-
tored carefully to optimize perioperative management. For 
posterior spinal operations, retraction of the paraspinal mus-
culature is used to gain adequate exposure to the bony and 
neural elements of the spine. Prolonged retraction and prone 
positioning have been known to occasionally result in rhab-
domyolysis or postoperative visual loss.
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Key Points
• Positioning the patient for either a cranial or spinal 

operation requires careful communication with the 
surgical and nursing teams to minimize periopera-
tive morbidity.

• Preoperative planning with the surgical team 
regarding the planned use of CSF drainage, the use 
of neuromuscular blockade, or if the patient will 
remain awake during the procedure is critical.

• Blood pressure management during cerebrovascu-
lar procedures is critical during periods of active 
hemorrhage and temporary ligation.

• Abrupt changes in vitals can occur with rapid 
changes in intracranial pressure or manipulation of 
the brain stem and lower cranial nerves.
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Positioning the Patient 
for Neurosurgical Operations

Katherine O. Heller, Monica S. Vavilala, and Irene Rozet

 Pressure-Related Injuries

Positioning should provide optimization of surgical exposure 
while minimizing positioning-related risks and complications. 
The most common complications of patient positioning include 
pressure sores and peripheral nerve damage (brachial, sacral, 
lumbar plexus, ulnar, radial, sciatic, and common peroneal 
nerve injuries). Risk factors for pressure- related injuries are 
listed in the Table 22.1. Most commonly, pressure ulcers occur 
at the ischium, trochanter, or heel. Care must be taken to appro-
priately unload or pad pressure points, especially for high-risk 
patients. Malpositioning can also cause obstruction of arterial 
blood flow leading to ischemic injury if not recognized, espe-
cially in non-supine positions. Intraoperative neurophysiologi-
cal monitoring, including motor and somatosensory evoked 
potentials, can be used in spine and neurosurgery to detect 
mechanical injury due to change in position.

 Implications for the Neurosurgical Patients

Neurosurgical procedures are often lengthy (longer than 
3 h). Therefore, attention must be paid to patient positioning 
before surgical draping begins and the patient becomes 

obscured from view. Proper positioning requires an adequate 
anesthetic depth (or adequate comfort for the patient having 
an awake procedure) while maintaining ventilation and 
hemodynamic stability within the desired physiologic range.

 Head Positioning

Patient positioning for craniotomies and cervical spine sur-
geries begins with positioning of the head. The head can be 
placed in a horseshoe rest, padded with specially made foam 
headrests, or placed in a pin fixation device. This determina-
tion is made based on the position to be used and surgeon 
preference. Surgical fixation in pins can provide complete 
immobility and excellent surgical exposure. However, appli-
cation of a skeletal fixation device has a profound stimulat-
ing effect, leading to tachycardia and hypertension if the 
patient is not adequately anesthetized. This is especially dan-
gerous in the presence of cerebral aneurysms or increased 
intracranial pressure as it increases the risk of aneurysm rup-
ture or brain herniation upon pin fixation. Deepening the 
plane of anesthesia, infiltration at the pin site with local anes-
thetic, and/or a scalp block are necessary before pinning.

Maintaining hemodynamic stability during pinning 
requires careful hemodynamic monitoring to ensure safe 
deepening of anesthesia and to prevent hypertensive 
responses to pinning while preventing hypotension that may 
compromise cerebral perfusion pressure. If intraoperative 
invasive blood pressure monitoring is considered, an arterial 
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Table 22.1 Risk factors for pressure-related injuries

Surgical factors Patient factors
Extended duration of surgery Pre-existing pressure ulcers
Position other than supine Extremes of age (neonates/elderly)

Thin body habitus
Morbid obesity
Current smoking
Poor nutritional status
Pre-existing peripheral neuropathy
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line should be performed prior to pinning. Risks specific to 
surgical head pins include bleeding from pin sites, air embo-
lism (especially in sitting position), scalp and eye laceration, 
and cervical spine injury. Care must be taken to avoid all 
patient movement while in pins. If the surgical procedure is 
to be done with the patient awake and in a pinned head 
holder, adequate local anesthetic at the pin sites (skin and 
periosteum) and placement of a scalp blocks allow for ade-
quate patient comfort.

Risks of unsafe head positioning, regardless of the device 
used to position, include a decrease in blood flow in vertebral 
and carotid arteries, increasing risk of brain stem ischemia 
and quadriplegia. Hyperflexion may reduce the size of the 
hypopharynx, causing ischemia to the base of the tongue, 
leading to pharyngeal and tongue edema. The risk of pharyn-
geal edema is increased by the presence of foreign bodies, 
such as a transesophageal echo probe or an oral airway. 
Maintaining 2–3 fingerbreadths thyromental distance is rec-
ommended to prevent excess head flexion. The head can usu-
ally be safely rotated between 0 and 45° lateral (left to right) 
along the sagittal access without placing undue traction on 
nerve or vascular structures. If more than 45° rotation is 
needed, a supportive chest roll should be placed under the 
opposite shoulder.

Impairment of cerebral venous outflow can occur for a 
variety of reasons, including external pressure on the neck 
from positioning or ETT fixation devices or a head-down 
position intraoperatively. Impaired venous outflow can cause 
intraoperative cerebral edema, resulting in poor operative 
visualization, increased intracranial pressure, increased sur-
gical bleeding, and cerebral hemorrhage or ischemia. At least 
15° head-up position is generally optimal for neurosurgery to 
encourage adequate venous drainage. Neck vein distention, 
elevated ICP, and elevated jugular bulb pressures can all be 
signs of inadequate head or neck positioning.

 Body Positioning

The most commonly utilized positions in neurosurgery, their 
risks, and preventive measures for positioning-related com-
plications are described in Tables 22.2, 22.3, 22.4, 22.5, and 
22.6.

 Ventilation and Oxygenation
Induction of general anesthesia, positive pressure ventila-
tion, muscle relaxant medications, and changes in position 
can all negatively affect the ventilation and perfusion rela-
tionships in the lung. It has been recently shown that both 
ventilation and perfusion are heterogeneously distributed 

Table 22.2 Supine position

Benefits Risks
Preventative 
measures

Optimal approach to 
frontal lobes and 
anterior spine

Excessive head 
rotation, flexion, or 
extension for surgical 
exposure impairs 
cerebral blood flow or 
venous return leading 
to cerebral ischemia, 
cerebral edema, or 
macroglossia

Avoid head rotation 
more than 45° in 
relation to body 
axis. Elevate head 
by 15–30°. Zero 
invasive blood 
pressure transducer 
at the level of the 
circle of Willis

Safest position. 
Provides best access 
to airway and invasive 
lines/monitors

Upper airway edema 
with anterior cervical 
spine surgery, 
especially in surgeries 
>5 h

Avoid excessive 
neck retraction and 
monitor the 
respiratory status of 
high-risk patients 
after longer anterior 
spine surgeries

Minimal risk for 
venous air embolism 
(VAE), 
pneumocephalus, or 
postoperative vision 
loss (POVL)
Minimal risk of upper 
airway edema
Minimal risk for 
genital or breast 
injuries

Table 22.3 Lateral position

Benefits Risks
Preventative 
measures

Optimal approach to 
the temporal lobe

Brachial plexus 
injury and 
compression of 
dependent axillary 
artery

Place axillary roll 
under the upper chest 
and away from axilla 
under dependent side

Good access to the 
airway

Common peroneal 
and saphenous nerve 
injuries

Avoid excessive 
traction of shoulders

Minimal risk for 
head position-related 
injury

May require ET tube 
disconnection and 
reorientation of lines/
monitors to position

Verify perfusion to 
dependent arm with 
arterial line or 
palpable pulse

Minimal risk for 
genital and breast 
injuries

Worsened V/Q 
matching compared 
to supine position 
during mechanical 
ventilation, 
overexpansion upper 
lung

Place pillows 
between knees and 
ankles. No tubing or 
catheters should be 
allowed under or 
between the legs

Minimal risk for VAE 
and pneumocephalus

Careful, coordinated 
positioning with 
assistance from OR 
staff. Special 
attention to airway 
and invasive monitors 
while moving patient

Minimal risk of 
visual loss
Less risk for 
postoperative upper 
airway edema 
compared with sitting 
and prone
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and matched throughout the lung and not predominantly 
dependent on gravity. Under anesthesia and mechanical ven-
tilation, the primary diaphragmatic motion shifts from the 
dependent to nondependent regions. When supine, and 
 especially when lateral, this causes mismatch of ventilation 
and perfusion, which can contribute to hypoxia. Sitting posi-
tion increases the risk of complications such as VAE and pos-
tural hypotension but provides the best lung compliance and 
V/Q matching due to downward displacement of the dia-
phragm, which should optimize oxygenation and ventilation 
in the absence of hypotension. Prone positioning can improve 
V/Q matching since dorsal lung zones, where perfusion is 

increased, become nondependent and better aerated. This 
has been shown in ICU patients with ARDS and can be 
extrapolated to positioning in the OR. However, prone posi-
tion can also decrease lung compliance if the chest wall and 
abdomen are restricted by positioning devices. Patients with 
pre-existing lung disease or injury may have worsening 
hypoxia with prolonged anesthetics or significant fluid shifts, 
regardless of position.

Table 22.4 Prone position

Benefits Risks Preventative measures
Optimal posterior 
approach to spine 
and posterior 
fossa

Logistically 
difficult. Requires 
ET tube 
disconnection and 
reorientation of 
lines/monitors to 
position

Leave pulse oximeter and/or 
arterial line connected during 
positioning if at all possible

Less risk for VAE 
compared to 
sitting position

Poor or no access 
to airway. 
Secretions may 
weaken ETT 
fixation

Preoxygenate patient before 
turning prone

Less risk for 
pneumocephalus 
and quadriplegia 
compared to 
sitting position

Highest risk for 
postoperative 
visual loss (POVL)

Carefully secure and check 
ET tube placement

Less risk for brain 
ischemia

Increased risk of 
upper airway and 
tongue edema and 
cranial nerve 
damage

Use frame that avoids 
abdominal compression 
(ideally Jackson frame)

Improved V/Q 
matching and 
oxygenation vs. 
supine, especially 
if the abdomen is 
free

Risk of brachial 
plexus injury

Pad and avoid excess 
pressure on breasts, genitals, 
ears, nose, and bony 
prominences

Increased risk of 
pressures sores

Ensure that eyes are 
protected and that there is no 
ocular pressure, recheck 
frequently (q30min)
Avoid excessive head 
flexion. Maintain at least 
2–3 fingerbreadths of 
thyromental distance. Avoid 
foreign bodies in the 
pharynx (TEE probe, oral 
airway)
For patients at high risk of 
POVL, avoid hypotension, 
anemia, and prolonged 
head-down positioning

Table 22.5 Sitting position

Benefits Risks Preventative measures
Optimal 
approach to 
posterior fossa 
and posterior 
cervical spine

Risk of VAE and 
paradoxical air 
embolism

Use modified sitting (semi-
recumbent) position rather 
than fully upright to minimize 
hemodynamic consequences

The best 
surgical 
exposure and 
anatomic 
orientation

Hemodynamic 
instability due to 
decreased venous 
return

Consider precordial Doppler to 
TEE for monitoring or VAE

Lowers 
ICP. Good CSF 
and venous 
outflow. 
Minimal 
bleeding and 
reduced risk for 
cranial nerve 
damage

Edema of upper 
airway and 
tongue 
(macroglossia)

Consider right atrial catheter 
for aspiration of VAE if 
necessary

Easy access to 
airway

Cranial nerve 
traction and 
damage due to 
significant head 
flexion

Ensure appropriate head 
position with at least 
2–3 fingerbreadths between 
chin and chest

Low risk for 
visual loss

Common 
peroneal and 
sciatic nerve 
damage

Prehydrate with crystalloids or 
colloids to ensure adequate 
volume status before 
positioning

Excellent V/Q 
matching for 
improved 
oxygenation 
and ventilation 
(vs. supine)

Impairment of 
brain perfusion

Partially flex knees. Use 
buttock gel pad to prevent an 
excessive pressure on the 
sciatic nerve

Highest-risk 
pneumocephalus 
and tension 
pneumocephalus

Zero invasive blood pressure 
transducer at the level of ear 
canal (the skull base) rather at 
the level of atrium to reflect 
cerebral perfusion. Maintain 
CPP at 60–80 mmHg

Increase risk 
paradoxical 
embolism if PFO 
present

Discontinue nitrous oxide 
before the dural closure
Consider screening for PFO 
preoperatively
Avoid hypocarbia unless 
concerned for critically 
elevated ICP, as hypocarbia 
will decrease cerebral blood 
flow
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 Postoperative Vision Loss
Although the incidence of perioperative visual loss (POVL) 
has not been reported higher than 0.2%, and is likely much 
lower on average, POVL represents one of the most devas-
tating complications of modern spine surgery in prone 
position. POVL can occur from ischemic optic neuropathy, 
central retinal artery occlusion, or cortical blindness. The 
predisposing factors include prolonged duration of surgery, 
significant blood loss, and intraoperative hypotension. 
Large  retrospective reviews show the highest risk after 
prone spine surgeries and cardiac surgeries. Preventive 
intraoperative measures include avoiding any external pres-
sure on eyes and rechecking eyes frequently. For high-risk 
patients and procedures, avoid low arterial blood pressure 
(goal within 25% of the patient’s baseline level), anemia 
(no lower threshold for blood transfusion is recommended 
to date), and prolonged head-down position leading to 
venous congestion. High-risk patients should be identified, 
and staging of prolonged surgeries should be considered 
early. This allows the patient to recover 4–7 days between 
surgeries, avoiding excessive blood loss and hemodynamic 
instability. Postoperatively, vision should be assessed when 
the patient is awake. In case of any concern regarding 
potential POVL, an urgent ophthalmologic consultation 
should be obtained.
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Table 22.6 Three quarters position

Benefits Risks Preventative measures
Necessary for 
some posterior 
fossa and 
parieto- 
occipital 
surgeries

Brachial plexus injury due 
to both compression of 
brachial plexus on the 
dependent side and 
stretching of nondependent 
shoulder toward the legs 
for better surgical exposure

Place axillary roll 
under the upper chest 
and away from axilla. 
Avoid an excessive 
traction of 
nondependent 
shoulderLower risk of 

VAE than 
sitting position

See lateral position 
notes

Other risks similar to 
lateral position

ETT endotracheal tube, TEE transesophageal echocardiography, VAE 
venous air embolism, PEEP positive end-expiratory pressure, CPP 
cerebral perfusion pressure, POVL postoperative vision loss

Key Points
• Deepen anesthesia, and use local anesthetic before 

application of a device for skeletal fixation of the 
head recommended to prevent hyperdynamic car-
diovascular response.

• Avoid hyperflexion of the head to prevent quadri-
plegia and airway edema. Maintain a minimum of 
2–3 fingerbreadths distance between neck and chin. 
Avoid lateral head rotation more than 45°.

• Head-up position of 15° is optimal for neurosurgi-
cal procedures. Neck vein distention, elevation of 

ICP, and cerebral edema are signs of inappropriate 
head and neck positioning and an obstruction of the 
venous outflow from the brain.

• Properly secure the tracheal tube and respiratory 
circuit in place before positioning, since access to 
the patient’s airway can be difficult due to position-
ing or draping.

• Postoperative visual loss is a rare but devastating 
complication of prone positioning. Eyes should be 
properly protected and checked every 30  min to 
avoid any external pressure over the eyeballs. 
Severe anemia and low blood pressure should be 
avoided.

• Avoid hypotension in sitting position by preventing 
and rapidly correcting hypovolemia, wrapping the 
legs with elastic bandages, and slow, incremental 
adjustment of table position. Consider the semi- 
recumbent sitting position to avoid severe hemody-
namic changes.

• In sitting position, transduce mean arterial pressure 
(MAP) corrected to the circle of Willis (interauricu-
lar plane) to provide a CPP above 60 mmHg.

• Prevent tension pneumocephalus in sitting position 
by discontinuing nitrous oxide before dural closure. 
Clinical signs of postoperative tension pneumo-
cephalus include delayed awakening, new neuro-
logical deficit, headache, and signs of increased 
ICP. Consider immediate head CT for differential 
diagnosis. Twist drill hole and dural puncture for 
decompression may be needed.

• Use protective padding whenever possible, particu-
larly for upper extremities. Use axillary rolls in lat-
eral position. Ensure that the abdomen is free in 
prone position.

• If feasible, monitor somatosensory evoked poten-
tials (SSEPs) for early detection of ischemia due to 
peripheral nerve damage and reposition, if needed.

• Assess and document patient’s neurological condi-
tion pre- and postoperatively.
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The Intraoperative Team: Getting 
the Most Out of Collaborative Care 
in the Operating Room

Debra A. Reeves

 Overview

Identifying and overcoming the barriers to collaboration that 
are inherent in the operating room environment and having a 
basic understanding of the perioperative nurse’s role in car-
ing for the surgical patient are important in preventing and 
managing complications in the neurological surgery patient.

This chapter, written from the perspective of a neurologi-
cal surgery circulating nurse, outlines the data that is gath-
ered and analyzed by the nurse to determine the needs of the 
patient and plan for their care during the procedure. Risks 
common to various types of neurological surgery procedures 
and interventions to prevent or manage possible complica-
tions will be included. A list of suggestions for overcoming 
the barriers to effective collaboration will follow in the “risks 
and concerns” section.

 Teamwork and Collaboration

Effective collaboration in the operating room can be defined 
as optimization of the care of the patient through mutual 
understanding and respect of the individualized but interde-
pendent roles of each intraoperative team member, as they 
work together toward a common goal of accomplishing a 
safe and successful surgical procedure. Intraoperative col-
laboration is enhanced when team members have at least a 
basic understanding of each other’s roles and responsibilities 
with associated tasks and priorities.

There are many barriers to effective collaboration in the 
operating room. It is a dynamic environment that is fre-
quently noisy and sometimes chaotic. Multiple team mem-
bers are simultaneously carrying out tasks that relate to their 
own responsibilities within the overall care of the surgical 

patient. Through the course of the workday, intraoperative 
team members change during breaks or at shift ends forcing 
the team to form and reform multiple times. New team mem-
bers may or may not have similar levels of knowledge and 
experience but are expected to maintain a high level of func-
tioning while caring for the patient. Each transfer of care 
between team members carries with it a risk of communica-
tion breakdown.

In addition to a difficult physical environment, a surgical 
schedule runs with an underlying time pressure. The need for 
decreased costs, increased efficiency, and rapid turnovers for 
timely accomplishment of procedures can create a hurried 
atmosphere. Team functioning suffers when team members 
feel rushed with a resultant increase in risk of error.

Both the scrubbed person and the circulating nurse have 
well- defined roles during a surgical procedure. The scrubbed 
person, who could be either a surgical technologist or a regis-
tered nurse (RN), focuses primarily on the surgical field. The 
scrub surgical tech or nurse is responsible for managing the 
surgical instruments and implants, handing them to the sur-
geon as they are needed, and assisting with the surgery when 
necessary, while maintaining the integrity of the sterile field.

The circulating nurse is an RN who has received an aver-
age of 6 months of additional training in surgical nursing. 
During training, the nurse learns basic information about the 
procedures most common to each surgical specialty, the risks 
inherent in all procedures such as infection, blood loss, and 
inability to maintain normothermia, as well as the additional 
risks caused by the administration of anesthesia, the effects 
of prolonged immobility on blood flow and skin integrity, 
and the risks of nerve damage due to positioning of the 
patient to optimize surgical exposure. The surgical nurse is 
trained with the holistic view that they function as the 
patient’s primary advocate during a time when they are 
unable to speak for themselves. The circulating nurse is also 
responsible for managing the equipment used within the sur-
gical suite and must know how to operate and where to place 
items such as pneumatic drills, electrocautery units, lasers, 
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microscopes, and positioning devices. Nurses who specialize 
in neurological surgery have received additional training 
specific to neurological surgery procedures and additional 
considerations for the patient undergoing neurological 
surgery.

 Implications for the Neurological Surgery 
Patient

Earlier chapters have discussed preparation for surgery, the 
basics of surgical techniques, and patient positioning. 
Specific communication challenges during the perioperative 
period will be covered in a later chapter.

The following section provides information detailing how 
the circulating nurse prepares and executes a plan of care for 
a neurological surgery patient in a sequential format.

• Review the planned procedure:
 – Review scheduling form information, and clarify with 

surgeon if inconsistencies are found.
 – Determine equipment, instruments, implants, and sup-

plies that will be required.
 – Determine the availability, including ETA if not cur-

rently available.
 – Configure the equipment and positioning devices in 

the room as necessary for operative exposure, equip-
ment function, and sterile field maintenance.

 – Determine the normal risks for the patient due to the 
type of procedure:
 (a) Hypothermia, DVT, infection: all surgeries
 (b) Skin breakdown: procedure scheduled longer than 

4 h
 (c) Massive blood loss; including aneurysm/AVM, 

intracranial bleed, tumor in cavernous sinus
 (d) Air embolus: sitting craniotomy

• Determine additional risks for the individual patient:
 – Review the patient’s H&P, current labs, and allergies.
 – Interview the patient and conduct preoperative assess-

ment including:
 (a) Confirmation that the patient understands what 

procedure is planned
 (b) Confirmation of allergies and previous surgeries, 

e.g., joint replacements
 (c) Discussion of other pertinent history, current pain 

level, and any emotional or spiritual needs
 – Assess for increased risk of skin breakdown using sen-

sory perception, moisture, activity/mobility, nutrition, 
and friction and shear as well as age criteria (e.g., 
Braden Scale score).

 – Assess for increased risk of infection including history 
of MRSA, VRE, trauma, diabetes, and current 
infection.

 – Assess for increased risk of DVT including posi-
tive history and suspended anticoagulant 
therapy.

 – Assess for increased risk of blood loss including tumor 
located near major vascular structures, highly vascular 
tumor, and suboptimal lab values.

• Review patient and procedural data with the anesthesia 
provider:
 – Need for awake or fiber-optic intubation; unstable 

C-spine, limited neck mobility.
 – Need for additional invasive lines; arterial line, central 

line, large bore IV.
 – Discuss any need for deviation from standard preop-

erative antibiotic.
 – Discuss probability of need for blood products and 

confirm availability if necessary.
 – Discuss level of readiness and ongoing communica-

tion during the procedure.
 – Plan for any known high risks.

• Initiate plan of care from time into the OR through emer-
gence from anesthetic:
 – Accompany the patient to the operating room or 

receive the patient in the room.
 – Provide warm blanket, apply DVT prevention, and 

offer emotional support.
 – Assist the anesthesia provider during intubation.
 – Place Foley catheter (if indicated), perform initial 

count with scrubbed person, and deliver indicated 
medications to the sterile field.

 – Assist with positioning of the patient for the 
procedure:
 (a) Cushion pressure points, bony prominences, and 

vulnerable nerves with gel devices.
 (b) Place support devices such as chest rolls, Mayfield 

headrest, pillows, overhead arm support boards, 
etc.

 (c) Place additional devices as needed for patient 
safety or operative exposure such as warming 
blanket, safety belt, tape, traction devices, etc.

 – Assist with surgical skin prep and draping of patient 
for the procedure.

 – Initiate or participate in a pre-procedure pause (or 
time-out) which includes confirmation of surgical site 
and procedure description and also involves the sur-
geon, anesthesia provider, and scrubbed RN or tech. 
Document according to organization policy.

 – Connect electrical devices, and move equipment into 
final position at commencement of procedure.

 – Assess room for safe and functional placement of 
electrical cords, equipment, etc., and adjust as 
needed.

 – Pre-check blood products with anesthesia provider if 
there is high probability of need.
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 – Call OR charge nurse for assistance if patient experi-
ences airway emergency, code, massive blood loss, or 
other serious unexpected event.

 – Communicate all necessary information to team mem-
bers at every patient hand-off during the procedure and 
when calling report to PACU using a consistent 
format.

 Risks and Concerns

In the absence of effective collaboration, the risk of prevent-
able error during surgery increases. An ineffective team is 
less likely to identify and collaboratively address unforeseen 
complications. Historically, the operating room has been a 
hierarchical and sometimes personality-driven environment. 
Although current surgical culture has begun to shift away 
from old attitudes and beliefs, creating high functioning 
intraoperative teams on a daily basis will continue to be 
challenging.

Improving the communication among team members is 
the key to implementing the solutions listed below. Ideally, 
all intraoperative team members would contribute equally to 
the effort, but any team member can make a difference. Good 
communication should be professional, respectful, accurate, 
comprehensive, timely, and specific without personal emo-
tional content or bias, and always with the goal of exchang-
ing the information needed to provide safe care for the 
patient.

Some common barriers to collaboration and suggestions 
for overcoming them:

• The perioperative environment
 – Noise: Reduce distracting environmental sounds at key 

times, and ask for quiet when crucial information is 
being exchanged.

 – Chaos: Coordinate activities with other team members 
to help avoid distraction when critical tasks are 
performed.

 – Time pressure: Organize tasks, delegate appropriately, 
and communicate changes in patient condition or pro-
cedure plan as they occur. Safety should never be com-
promised for the sake of time.

• The intraoperative team
 – Teamwork: Understand individual roles of surgical 

team members, resolve interpersonal issues as they 
arise, and encourage team members to voice questions 
and concerns.

 – Team member changes: Communicate to assess knowl-
edge/experience levels, share relevant information, 
and encourage questions, comments, and concerns.
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Key Points
Intraoperative Team Collaboration

• Anticipate: Review the procedure and possible com-
plications specific to the procedure and to the patient.

• Communicate: Exchange information with all team 
members. Confirm any procedural or patient 
variables.

• Plan: Determine the needs for care of the patient, 
e.g., lines, equipment, instruments, implants, and 
availability of each. Plan coordination of activities 
and discuss concerns.

• Respond: Take action early when potential prob-
lems are identified, and know and utilize resources 
to avoid complications.

• Collaborate effectively: Encourage clear, thorough, 
respectful, and frequent communication throughout 
the procedure utilizing communication tools. Ask 
for debriefing after adverse outcomes or near 
misses.
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Next Level Communication

Debra A. Reeves and Haley Sands

 Overview

 The Serious Nature of Communication Failure

According to the Joint Commission, communication failure 
is the leading root cause of sentinel events reported between 
1995 and 2004. In 2013 the Journal of Patient Safety con-
cluded that deaths from medical errors occur at the rate of up 
to 440,000 per year. That would make preventable death 
from medical errors the third leading cause of death in the 
United States. Only heart disease and cancer cause more 
deaths.

 Implications for the Neurosurgical Patient

Communication literature suggests that information transfer 
in healthcare should be both transactional and transforma-
tional, providing an accurate exchange of information from 
person to person and in turn causing an appropriate change 
or response. Communication failure can be attributed to the 
omission of information, miscommunication of information, 
and the misunderstanding of information, on both the part of 
the giver and receiver. Greenberg et  al. showed that while 
face-to-face or one-on-one verbal communication may seem 
to be the most reliable, there were patterns of communica-
tion breakdown intraoperatively, 92% of which included ver-
bal communication. Additionally, in 57% of cases, 
information was never transmitted, and in 35% it was trans-
mitted but not accurately received.

Healthcare providers have access to more information 
through more sources than at any other time in history. The 
electronic age has changed both the way information is 
acquired and displayed but also the way it is communicated. 
There are multiple routes of communication of information 
in the modern operating room.

Verbal information can be formal or informal, face-to- 
face, or over a transmission device. It can involve structure 
such as a template, checklist, or algorithm. It will be trans-
mitted at certain agreed upon points of care such as pre- 
procedure pause and also spontaneously during care as 
circumstances change.

Electronic communication takes many forms such as indi-
vidual or group emails and electronic chart notes which may 
or may not include a template. Information may be transmit-
ted by a “Status Board” mounted in a common area. 
Equipment alarms provide audible alerts of possible mal-
functions or significant vital sign changes. The number of 
devices that healthcare providers interact with has increased 
also. The wearable device (e.g., Vocera ™) has joined the 
cell phone, VOIP, and landline in providing instant voice 
communication. Cell phone text messaging is even more 
prevalent than text paging in the current healthcare environ-
ment. Paging messages can be initiated individually, trans-
mitted to entire groups of providers, or activated automatically 
when certain events or types of electronic charting occur.

The human factors in communication failure are numerous 
and complex. Even when communication is transmitted and 
received, it may not be understood. Healthcare providers 
communicate with each other in environments that contain 
constantly varying amounts of ambient noise and disruption. 
Multiple members of a team may not share the same native 
language causing potential for miscommunication. Doctors, 
nurses, and assistive personnel have overlapping but different 
medical acronyms, slang, and jargon they use to describe 
common procedures, practices, or medical conditions. 
Differences in training and experience among healthcare 
team members may result in a mismatch of communication 

24

D. A. Reeves (*) 
Division of Perioperative Services, Oregon Health & Science 
University, Portland, OR, USA
e-mail: reevesd@ohsu.edu 

H. Sands 
Division of Perioperative Services, Oregon Health & Science 
University, Portland, OR, USA
e-mail: kennedyh@ohsu.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_24&domain=pdf
mailto:reevesd@ohsu.edu
mailto:kennedyh@ohsu.edu


158

priorities. Even regional variations in language can contribute 
to miscommunications between healthcare team members.

An organizational structure that supports hierarchy over 
collaborative teamwork can create a culture where commu-
nication flows easily from the top down but not from the bot-
tom up. Healthcare workers who witness a practitioner make 
a mistake may feel intimidated to speak up about it or fear 
reprisal if the practitioner is in a position of power or is per-
ceived to be. Healthcare environments that do not support 
speaking out when errors are observed may inadvertently 
protect providers who have poor practice or treat others dis-
respectfully. A practice setting that includes providers who 
have difficult personalities or dysfunctional behavior creates 
an environment that inhibits the free flow of information 
exchange at the expense of patient safety.

 Intervention/Prevention

Strategies for improved communication and information 
transfer can include standardized, closed-loop, concise, and 
direct communication. Identifying the most appropriate 
method in a given situation adds an additional layer of com-
plexity to OR and ICU environments. Eliminating any extra-
neous filler in a dialogue reduces the risk of ambiguity and 
can help ensure that the intended message is received accu-
rately. One can start by taking care to use simple terms, avoid 
unneccessary words and keep language as specific as 
possible.

At critical times when stakes are high, the use of directed 
communication can help eliminate the risk that an important 
message is misinterpreted as a request if the urgency of the situ-
ation requires immediate action. Speaking in imperative sen-
tences reduces ambiguity, but the overuse of command- style 
communication may lead to deterioration of the collaborative 
work environment and should be reserved for true emergencies.

In many cases negative communications carry with them as 
many risks as lack of communication. In their study, Erez et al. 
found that a rude comment from a third-party doctor decreased 
the performance of doctors and nurses by more than 50% dur-
ing a simulation exercise involving a hypothetical life-or-death 
situation. Communications in the operating room or the ICU 
often happen during urgent situations and as a result may be 
emotionally charged, missing key pieces of information, or 
otherwise unclear, setting the stage for increased risk of error.

Healthcare organizations have been involved in setting 
standards and improving the way providers relay informa-
tion among teams. Verbal orders have been identified as hav-
ing high potential for error unless confirmed with a “read 
back” which creates a closed-loop communication. This read 
back validates that the information transmitted was indeed 
received accurately. Many electronic health records (EHR) 
will even prompt the user at the time of entry to confirm that 
an order was taken verbally with read back.

The use and value of closed-loop communication is not 
limited to orders but is also an appropriate technique for 
transferring important or sensitive information such as lab 
test results, equipment settings, confirming pathology speci-
men information, and plan of care changes.

With the current shift toward a value-based care model, it 
becomes more important to increase efficiency and reduce 
waste, even in communication. This can be done through 
information standardization which allows for a guaranteed 
work product that can be re-created and maintained over 
time. A checklist, for example, can help support a successful 
completion of tasks or the transfer of a specialized list of 
information while building a safety structure to prevent 
essential information from being omitted at critical points of 
care. Redley et al. found that individual variability in team 
communication leads to ambiguity regarding plan of care for 
patients, inconsistent exchange of information, delays in 
care, and duplication of work.

Time that is saved using communication structures to 
transmit information in categories common to every patient 
can be used to focus on information that is unique to a par-
ticular patient and vital to providing safe and personalized 
care. This type of standardization allows all providers to cre-
ate a consistent communication product and to expect infor-
mation in a specific manner or location. In order for structured 
communication tools to be useful in purpose over time, they 
should be tested periodically and adapted when necessary.

Many programs for communication improvement and 
standardization available to healthcare organizations have 
been adapted from other industries. While some (e.g., crew 
resource management borrowed from the aeronautical indus-
try) combine teamwork and communication training, some 
emphasize communication alone or may dovetail with other 
process improvement work such as Toyota Lean Principles 
which include Kaizen events to drive change or Carnegie’s 
Change Management Principles. Most team and communi-
cation training includes structural frameworks that standard-
ize and formalize communication at key points of care such 
as pre-procedural pauses and hand-off of care. More impor-
tant for success than the specific framework being used is the 
organizational commitment to staff training and the individ-
ual level of staff engagement in the process.

 Summary

The Joint Commission has taken the need for effective com-
munication very seriously in their “Guide to Improving Staff 
Communication.” This manual charges healthcare leaders 
with recognizing the importance of accurate communication 
in high-quality patient care, as well as emphasizing their 
responsibility in managing that information. The Joint 
Commission Guide highlights the need for constant improve-
ment in the communication of information throughout an 
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entire organization. As a result, many organizations are 
actively working toward a stated “culture of safety” through 
process improvement which emphasizes the important role 
of clear and accurate communication at all levels.

Effective communication plays a crucial part in safe 
patient care. It enables an accurate transfer of information, 
avoids ambiguity, and encourages collaborative care without 
undermining trust within interdisciplinary relationships. 
Identifying when to employ one of the above communication 
strategies can be challenging; however, these basic tools and 
frameworks can be used to support even the most novice user 
in order to reduce the risk to patients.
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Key Points
• Communication failure is a central factor in medi-

cal errors that cause serious injury and death (senti-
nel events).

• Lack of communication, miscommunication, and 
rude communication all contribute to communica-
tion failure.

• The large volume of patient and procedure informa-
tion that must be managed daily comes from multi-
ple sources, may be relayed with varying degrees of 
accuracy, and is transmitted using multiple types of 
devices. The resulting complexity contributes to 
communication fatigue and subsequent risk of error.

• A strong personal commitment to improving com-
munication skills as well as full engagement in 
available organizational training in communication 
or teamwork can decrease medical errors.
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The “Tight Brain”: Cerebral Herniation 
Syndrome

Leslie C. Jameson, Paul D. Mongan, Daniel J. Janik, 
and Tod B. Sloan

 Overview

ICP is the sum of the partial pressures exerted by the intra-
cranial (IC) contents in proportion to their relative normal 
volume contribution: brain tissue (80%), cerebrospinal fluid 
(CSF) (8–12%), and venous and arterial blood volume 
(6–8% and 2–4%, respectively). Normal ICP is less than 
15  mmHg with intracranial hypertension (ICH) defined as 
pressures above 20 mmHg. ICH is categorized as mild (20–
29 mmHg), moderate (30–40 mmHg), or severe (>40 mmHg). 
As in all closed containers, pressure increases as volume 
expands beyond the ability of other components to contract. 
Normal physiologic events that briefly increase ICP have 
little consequence; prolonged pathologic increases can pro-
duce brain injury. The severity of the injury depends on rate 
of ICP increase, duration of increase, and pressure reached. 
Slow increases in ICP caused by gradual volume increases 
(e.g., tumor and hydrocephalus) often require little immedi-
ate therapeutic action, while rapid increases caused by brain 
injury and some metabolic derangements (e.g., hepatic coma, 
hyponatremia, and severe hyperglycemia) require urgent 
intervention. During craniotomy, treatment is needed to 
reduce brain swelling to facilitate surgery and occasionally 
closure of the dura mater. Table 25.1 summarizes common 
causes of ICP increase.

 Prevention

ICP management by anesthesiologists and critical care phy-
sicians is mitigation of the progression of an existing pro-
cess; this requires aggressive physiological and 
pharmacologic therapy until, in many cases, surgical inter-
vention (e.g., tumor excision, shunt placement, and decom-
pressive craniectomy) can occur.
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Table 25.1 Causes of intracranial pressure increase

Physiologic causes
Pathologic causes
Acute Chronic

Increased abdominal/
thoracic pressure 
(Valsalva, cough)

Intraparenchymal 
hemorrhage 
(hemorrhagic stroke, 
aneurysm rupture, 
postoperative 
intracranial 
hemorrhage)

Slow-growing lesion 
(brain tumor-primary, 
metastatic, abscess)

Physiologic 
hypoventilation 
(sleep, obstructive 
sleep apnea)

Traumatic 
hemorrhage (epidural 
hematoma, acute 
subdural hematoma)

Disturbance in CSF 
absorption, 
production or flow 
(hydrocephalus, 
idiopathic 
intracranial 
hypertension)

Drug effect (general 
anesthetics, sedation)

Acute cerebral edema 
(acute hyponatremia, 
hepatic coma, Reye’s 
syndrome, cerebral 
contusion or 
traumatic brain injury 
(TBI), severe 
hypertension)

Chronic subdural 
hematoma

Increased metabolic 
demands (seizures, 
fever)

Congenital anomalies 
(Arnold-Chiari 
malformation, 
stenosis of aqueduct 
of Sylvii)

Hypervolemia (fluid 
overload, head down 
position)
Hypoperfusion 
vasodilation (anemia, 
ischemia, drugs)
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 Crisis Management

 Pathophysiology and Clinical Presentation

The most common cause of increased ICP is expansion of 
the extracellular and intracellular components of the brain 
parenchyma. Their relative volume is normally maintained 
by an effective blood–brain barrier (BBB); endothelial tight 
junctions in blood vessels allow only ions and small mole-
cules (e.g., Na+, K+, and glucose) to transport between the 
extracellular and the intravascular space (Chap. 3). 
Extracellular edema, usually found along axons, occurs 
when there is excess fluid permeability and consequently 
transfer across the BBB. Edema can be caused by increased 
active fluid leakage (vasogenic edema, angiogenesis factors 
from brain tumors), passive fluid transfer from reduced 
osmotic pressure, elevated venous pressure, and elevated 
CSF pressure. Therapeutic actions that reduce extracellular 
fluid transfer include increasing serum osmotic pressure, 
decreasing venous pressure, and reducing CSF pressure. 
Intracellular edema (particularly in neurons) is usually due 
to failure of the ion pumps that maintain the cell membrane’s 
integrity leading to swelling and eventually cell death 
(Chaps. 9 and 18).

The CSF volume is regulated by the balance of active pro-
duction, passive filtration, and active transport of the noncel-
lular components of blood at the choroid plexus and CSF 
absorption by the arachnoid villi in dural sinusoids. 
Obstruction of CSF flow through drainage channels and 
increases in cerebral venous pressure expand the CSF vol-
ume (Chap. 1).

Expansion of intracranial blood volume also increases 
ICP. Any situation that restricts venous outflow such as head 
down position, partial obstruction of jugular veins (e.g., 
excessive neck rotation), and increased central venous pres-
sure (e.g., increased intrathoracic pressure, Valsalva) will 
increase intracranial venous blood volume and ICP. Arterial 
volume contributes to elevated ICP when physiologic or 
drug-induced vasodilation occurs. Increased cerebral meta-
bolic rate (CMR) increases cerebral blood flow and may 
increase ICP.  Direct vasodilators such as nitroprusside or 
nitroglycerine increase vascular volume and 
ICP. Pharmacological and physiological changes that reduce 
arterial volume will lower ICP. These actions are most effec-
tive in normal brain since autoregulation in damaged brain is 
often lost and flow becomes passively associated with cere-
bral blood pressure.

The clinical presentation of the “tight brain” depends to 
some degree on the speed of ICP increase. When non-CSF 
volume expansion is slow, a reduction of 80 cc in flexible 
intracranial volume (CSF, interstitial fluid, blood) can occur 
before elevation in ICP begins. With rapid expansion, the 
ability of the brain to reduce flexible brain volume compart-

ments is reduced, so ICP increases occur more quickly. The 
relationship between the volume increase and the resulting 
ICP increase is termed elastance (change in pressure per unit 
change in volume).

Symptoms of mild ICH are intractable headache that 
worsens with lying flat, breath holding, or Valsalva 
(Table  25.2). With moderate ICH, symptoms progress to 
nausea, vomiting, dizziness, blurred vision, difficulty con-
centrating, memory lapses, and occasionally abnormal 
respiratory patterns. The patient may have a characteristic 
fundoscopic exam or systemic hypertension due to the 
brain’s autoregulatory attempt to maintain cerebral perfu-
sion pressure (CPP) (CPP = mean arterial blood pressure – 
ICP). Papilledema is a nonspecific sign in all patients but 
particularly in patients with traumatic brain injury (TBI). 
Only 3.5% of TBI patients with elevated ICP have papill-
edema. With moderate elevations in ICP, neurologic signs 
depend on the primary etiology (e.g., hematoma, TBI, sub-
arachnoid hemorrhage (SAH)) and not ICP.

When volume expansion exceeds the brain’s ability to 
compensate, shifting of intracranial tissues into other com-
partments or herniation will occur. This may force tissue 
across tentorial structures (falx cerebri, tentorium cerebelli, 
and foramen magnum) and often results in permanent neuro-
logic disability or death. Symptoms of herniation include 
obtundation, posturing, third and sixth cranial nerve palsy 
(third CN, pupil dilation, impaired light reflex; both, discon-
jugate gaze), Cushing’s reflex (severe systemic hypertension, 
bradycardia, increased ICP), spontaneous hyperventilation, 
abnormal respiratory pattern (irregular to apnea), and ulti-
mately hypotension then death (Table  25.2). Decerebrate 
posture (rigid extension of arms, legs, arching of the back 
and downward pointing toes) can occur with any brainstem 
injury but is often seen with central transtentorial herniation 
from high ICP.

Table 25.2 Signs and symptoms of increased ICP

Mild elevation 
(20–29 mmHg)

Moderate elevation 
(30–40 mmHg)

Severe elevation 
(>40 mmHg)

Unrelenting 
positional 
headache

Confusion and agitation Progressive 
decreased 
consciousness

Nausea and 
vomiting

Drowsiness progressing to 
lethargy

Anisocoria 
(asymmetric pupils)

Papilledema Decreased papillary 
response (constriction, 
dilation), sluggish

Tonic eye deviation

Blurred vision Seizures Seizures
Loss of retinal 
venous 
pulsations

Spontaneous 
hyperventilation

Decerebrate 
posturing

Focal motor weakness Cushing’s reflex
Abnormal 
respiratory pattern
Hypotension
Death
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 Patient Assessment

While signs and symptoms can be suggestive of increased 
ICP, a more definitive diagnosis requires screening with 
computed tomography (CT) and possible placement of an 
intraventricular catheter for ICP monitoring. Today the 
speed, resolution, and point-of-care availability of CT have 
made it the standard imaging technique for suspected neuro-
logic injury (e.g., TBI, basilar skull fracture, intracranial 
hemorrhage, cerebral edema). CT images can be correlated 
with ICP elevation. While the presence of normal basal cis-
terns on CT does not rule out elevated ICP, abnormal basal 
cisterns are associated with a threefold increased risk of 
increased ICP; 75% of patients with absent cisterns have an 
ICP above 30 mmHg. Magnetic resonance imaging (MRI) 
may be more useful in evaluating selected pathologies (e.g., 
tumor) but not ICP. Changes seen on MRI or CT are charac-
teristic for elevated ICP and include loss of ventricles, 
decreased CSF around basal cisterns, midline shift, hernia-
tion, edema, and loss of definition of brain structures. 
Another noninvasive technique for screening is transcranial 
Doppler (TCD). While it has some operator-related reliabil-
ity problems, the ICP value predicted by the pulsatile index 
was within 4 mmHg of the invasive ICP measurement, mak-
ing it a promising technique. Near-infrared spectroscopy, 
optic nerve size, and cochlear fluid pressure remain 
 experimental. An intraventricular catheter is the accepted 
standard and most invasive continuous measure of ICP.

Measurement of ICP is recommended when there is a sus-
picion of ICH. Table 25.3 combines Glasgow Coma Scale 
(GCS) (Chap. 10), a directed neurologic exam, patient 
 characteristics, and CT findings to recognize patients where 
the benefits of ICP monitoring outweigh the significant risks. 
CT findings alone cannot predict risk for developing 
ICH. About 60% of TBI patients who have an abnormal CT 
will have ICH. Only 4% of patients with a normal CT and no 
risk factors will develop increased ICP; 60% of patients with 
a normal CT and two risk factors will develop ICH. Patients 
who require prolonged general anesthetics or other therapies 
that prevent adequate neurologic assessments require an ICP 

monitor. During preoperative assessment, patients who meet 
the criteria for ICP monitoring should be assumed to have 
ICH.

Invasive ICP monitoring device is placed in the lateral 
ventricle to achieve the best quality pressure tracing and 
measure IC elastance by calculating ICP changes with vas-
cular pulsations and draining CSF to reduce ICP. When the 
lateral ventricle is compressed, CSF drainage becomes diffi-
cult, and accurate pressure measurement is lost. Changes in 
the waveform allow recognition of impending critical ICP 
elevations (Fig. 25.1). Plateau waves which are sudden and 
rapid ICP elevation to >40 mmHg for 5–20 min followed by 
an abrupt ICP decrease are caused by the loss of the brain’s 
ability to autoregulate perfusion. The cascade of events is 
active vasodilation → increased CBV → ICH → decreased 
CPP. Finally, active vasoconstriction reverses these events. 
Plateau waves portend severe refractory ICH. Appearance of 
B waves, defined as spontaneous slow waves (0.5–2 Hz) with 
an amplitude of about 20 mmHg, acts as a warning sign of 
decreased intracranial elastance.

The subdural/epidural “bolt” monitor is a saline-filled 
hollow screw placed through the skull into the subdural/epi-
dural space. It has less risk of brain injury with placement 
than the intraventricular catheter but is considered less reli-
able. It becomes ineffective when occluded by the brain or 
other material and will not allow CSF removal. When sur-
gery is performed, an intraparenchymal fiberoptic catheter 
can be placed to monitor ICP when ventriculostomy cathe-
ters cannot be inserted. These also cannot be used to drain 
CSF, and calibration may drift over time.

Table 25.3 Indications for ICP monitoring

GCS <8 after resuscitation
Abnormal head CT with the evidence of brain edema/mass lesion 
effect
Rapid neurologic deterioration plus clinical signs of increased ICP
GCS >8 but unable to follow serial neurologic examination due to
  Drugs, anesthesia, prolonged non-neurologic surgery
  Prolonged ventilation or use of PEEP (e.g., ARDS)
Post-neurosurgery for the removal of intracranial hematoma
Normal CT scan plus 2 of the following
  Age older than 40 years
  Decerebrate or decorticate posturing
  Systolic blood pressure less than 90 mmHg

Normal intracranial pressure
Normal compliance
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Fig. 25.1 Intracranial pressure waveform in normal (a) and abnormal 
(b) pressure volume states. (Modified from Chestnut and Marshal 
(1991))
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 Intervention/Treatment

Prevention or treatment of existing ICH or herniation 
depends on directed management to reduce intracranial 
 volumes. During craniotomy, the management goal is appar-
ent with bulging brain or difficulty accessing the surgical 
lesion. In the ICU, therapy goals are to maintain ICP <20–
25  mmHg while maintaining CPP >60  mmHg. Table  25.4 
shows management techniques to reduce specific intracra-
nial  component volumes. A chronic mild elevation may 
require little change in medical management or anesthetic 
technique during surgery. Acute management of a patient 
with clinical signs of severe ICH involves the administration 
of a hyperosmotic solution (mannitol or hypertonic  
[e.g., 3%] saline), furosemide, intubation, a brief period of 
hyperventilation, elevation of the head (if blood pressure 
allows), and sedation if agitated.

Normal responses to physiologic change should be 
assumed only in normal brain (Chap. 1). Mean arterial blood 
pressure (BP) should be maintained between 60 and 80 mmHg 
(or higher if needed to maintain CPP; measured at the acous-
tic meatus). Hyperventilation, the most rapid method avail-
able to reduce intracranial blood volume, acts via 
vasoconstriction due to the production of a respiratory alkalo-
sis; however, renal compensation and adaptation of the CSF 
pH correct the alkalosis and eliminate the effectiveness over 
an 8 h period making it a temporary measure only until other 
methods to correct the ICP are instituted. Adequate oxygen-
ation must be assured. A CT to guide therapy such as surgical 
intervention, placement of an intraventricular catheter, exci-
sion of a hemorrhagic lesion, or continued medical manage-
ment is needed. Patients with known space occupying lesions 
or hemorrhage often proceed immediately to the operating 
room once a diagnosis is made (Chaps. 9, 27, 30, and 34).

If the patient is to undergo surgery, anesthetic manage-
ment of the “tight brain” (Table  25.4) requires meticulous 
continuation of previous medical interventions including:

 1. Patient positioning: Maintain head elevation, prevent 
increases in central venous pressure or jugular venous 
obstruction.

 2. Ventilation: The use of minimum peak airway pressure, 
avoidance of positive end-expiratory pressure, mainte-
nance of previous PaCO2, avoidance of hypoxemia.

 3. Fluids: The use of modest fluid administration of normo-
tonic saline, hyperosmotic solutions.

All of these strategies are important in minimizing further 
injury. Close attention to ICP or brain swelling can guide 
therapy. Choosing anesthetic medications that are unlikely to 
increase in ICP is crucial. Generally it is acceptable to 
administer volatile anesthetics below 0.75 MAC.  Volatile 
anesthetics increase CBF and ICP. Opioids produce minimal 
change as long as blood pressure and ventilation are main-

tained. Intravenous anesthetic sedative agents, with the 
exception of ketamine, reduce CMR and subsequently arte-
rial volume, thereby reducing ICP.  A propofol-based total 
intravenous anesthetic (TIVA) is often advocated when mod-
erate to severe ICH is present, when herniation is imminent, 
or where treatment of an intraoperative tight brain is required. 
A decompressive craniectomy (removal of cranium and pos-
sible brain resection) will decompress brain volume. 
Avoiding hypotension and maintaining BP to support an 
adequate CPP reduces the risk of hypoperfusion injury to 
marginally perfused cells.

Table 25.4 The effect of common medical and surgical actions on ICP

Action Effect on brain
ICP 
response

Physiologic
↓ PaCO2 25–30 mmHg (<8 h) Arterial 

vasoconstriction
↓

↓ PaCO2 25–30 mmHg (>8 h) None ↔↑
↓ PaO2 (<50 mmHg) ↑ CBF/volume ↑
↑ BP Arterial 

vasoconstriction
↔↓

↓ BP Arterial vasodilatation ↑
↑ CVP Venodilatation ↑
Jugular venous obstruction ↑ Venous volume ↑
Head elevation ↓ Venous volume ↓
Agitation/seizures ↑ CMR/arterial volume ↑
Drugs to reduce parenchyma volume
Mannitol ↓ Interstitial fluid ↓
Hypertonic saline (3%) ↓ Interstitial fluid ↓
Furosemide ↓ CSF production, 

cellular edema
↓

Dexamethasone – TBI No effect – TBI ↔
  Tumor intraoperative ↓ Interstitial fluid ↓
Drugs used for anesthesia or sedation effects
Volatile anesthetics (>0.75 
MAC)

↑ Arterial/venous 
volume

↑

Nitrous oxide ↑↔ CMR ↔↑
Intravenous anesthetics
Propofol ↓ CBF/CMR ↓
Barbiturate ↓ CBF/CMR ↓
Dexmedetomidine ↓ CBF ↓
Ketamine ↑ CBF, ↑ CMR ↑↔
Narcotics ↓ CBF/CMR ↔
Benzodiazepines ↓ CBF ↓↔
Muscle relaxants
Nondepolarizing None ↔
Succinylcholine ↑ CVP ↑ (Brief)
Cardiovascular drugs
Vasodilators ↑ Vascular volume ↑
Vasoconstrictors ↔↓ Vascular volume ↔↓
Surgical interventions
Intraventricular catheter Removal of CSF ↓
Remove space occupying 
lesion (tumor, hematoma)

Removal parenchymal 
tissue

↓

Decompressive craniectomy Removal parenchymal 
tissue

↓

CBF cerebral blood flow, CMR cerebral metabolic rate, BP mean blood 
pressure, CVP central venous pressure
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Key Points
• Normal intracranial components are CSF (10–

12%), blood (8–10%), and parenchyma (80%).
• “Tight brain” is an excess intracranial volume caus-

ing an increase in ICP.
• The clinical presentation ICH depends on the speed 

of ICP increase.
• Brain herniation is the shifting of brain tissue across 

tentorial structures (falx cerebri, tentorium cere-
belli, and foramen magnum).

• Increases in cerebral venous and mean intrathoracic 
pressure increase ICP.

• CT is recommended methodology to assess pathol-
ogy causing elevated ICP.

• An ICP monitor should be placed in patients with 
an abnormal CT scan or a normal CT scan and two 
additional risk factors (over 40  years, posturing, 
hypotension, or unable to follow a neurologic 
exam).

• Acute management of ICH includes mannitol/
hypertonic saline (3%), furosemide, brief hyper-
ventilation, head elevation, and neutral head 
position.

• Therapies that increase CMR, jugular venous pres-
sure, vasodilation, and increased airway pressures 
should be avoided.

• Use of anesthetic drugs which reduce CMR and 
vasoconstriction are desirable.

25 The “Tight Brain”: Cerebral Herniation Syndrome
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Cerebral Ischemia: Options 
for Perioperative Neuroprotection

Martin Soehle

Brain or cerebral ischemia is defined as any critical reduction 
in cerebral blood flow (CBF) that affects the entire brain 
(global cerebral ischemia) or parts of it (regional or focal 
cerebral ischemia). As a consequence, the supply of oxygen 
(and nutrients) to the brain decreases since the arterial supply 
of oxygen (DaO2) is directly related to cerebral blood flow 
(CBF):

D O mlO C O mlO ml CBF mla a2 2 2 2/ min / / min[ ] = [ ]´ [ ]
where CaO2 refers to the content of oxygen in the arterial 

blood (CaO2 ≈ 0.2 ml O2/ml blood).
Under resting conditions in an unanesthetized patient, 

global CBF is approximately 750 ml/min (50 ml/100 g/min) 
and is unevenly distributed between the gray matter 
(CBF  ≈  90  ml/100  g/min) and white matter 
(CBF ≈ 20 ml/100 g/min). The supply of oxygen to the brain 
(DaO2 ≈ 150 ml O2/min ≈ 10 ml O2/100 g/min) exceeds its 
demand (cerebral metabolic rate of oxygen CMRO2 ≈ 50 ml 
O2/min ≈ 3.3 ml O2/100 g/min) by a factor of three under 
normal conditions. However during brain ischemia, CBF is 
critically reduced (CBF <250  ml/min ≈  18  ml/100  g/min) 
which means that the deterioration of oxygen and glucose 
supply no longer meets the brain’s demand. As a conse-
quence, neuron (and glial cell) function ceases as indicated 
by an isoelectric electroencephalogram (EEG) (CBF 
~16  ml/100  g/min) or lapsed evoked potentials (CBF 
~12  ml/100  g/min). A further reduction in CBF (<90  ml/
min ≈ 6 ml/100 g/min) will cause irreversible damage result-
ing in cell necrosis and brain infarction.

Common causes of cerebral ischemia in the context of 
craniotomy are related to arterial hypotension, occlusion of 
cerebral vessels – as intended (e.g., during temporary clip-
ping) or not (to control intraoperative bleeding) – or exces-
sive retraction of the brain. Some of those may be affected by 

the anesthesiologist, whereas others are not. The following 
text is focused on the former.

 Brain Ischemia Due to Arterial Hypotension

 Overview

The incidence of intraoperative cerebral ischemic events 
which are caused by arterial hypotension is unknown. 
Although short episodes of arterial hypotension occur fre-
quently, it is hypothesized that they seldom lead to cerebral 
ischemia as long as those events are short and treated 
immediately.

In the healthy adult brain with its preserved cerebral auto-
regulation, CBF will not be affected by changes in arterial 
blood pressure (ABP), at least in the ABP range between 50 
and 150  mmHg. However every drop in ABP below the 
lower autoregulation threshold (mean ABP ~ 50  mmHg) 
may result in a deterioration of CBF with the risk of cerebral 
ischemia. It must be noted that the lower threshold is shifted 
toward higher values in patients with a history of arterial 
hypertension.

In the diseased brain, cerebral autoregulation is frequently 
impaired to an extent which is usually unknown in a given 
patient unless it has been tested by means of transcranial 
Doppler (TCD) or intracranial pressure-related reactivity 
(PRx) studies. Moreover, many anesthetics – especially vola-
tile anesthetics – impair autoregulation in a dose-dependent 
manner.

In clinical practice one should anticipate that every epi-
sode of arterial hypotension poses the risk of brain ischemia. 
Hence any drop in mean ABP below 60 mmHg (or ~70 mmHg 
in suspected intracranial hypertension) should be recognized 
and treated immediately. The two main reasons for arterial 
hypotension are an excessive depth of anesthesia and hypo-
volemia due to intraoperative blood loss (Table 26.1).
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 Prevention

• Place an arterial catheter into the radial artery (preferred 
location; alternatives: brachial, dorsalis pedis, or femoral 
artery) for continuous ABP monitoring to enable an 
immediate diagnosis of arterial hypotension.

• Choose anesthetics that allow the anesthesia provider to 
rapidly adapt the depth of anesthesia to the changing 
intensity of surgical stimuli, for instance, prefer drugs 
with short elimination half times. Be prepared for a sub-
stantial blood loss by having adequate venous access and 
readily available fluid and blood for replacement.

• Preserve cerebral autoregulation by avoiding high doses 
of volatile anesthetics (keep dose <1 MAC)

 Crisis Management
Whereas the diagnosis of arterial hypotension is easily 
obtained based on the actual ABP readings, there is no com-
mon agreement below which ABP threshold is to be treated: 
With respect to the lower limit of cerebral autoregulation 
(MABP ~50  mmHg) and some safety margin, an ABP 
threshold for treatment of 60  mmHg seems reasonable. A 
higher threshold (70–80  mmHg) should be considered in 
patients with suspected intracranial hypertension or a history 
of arterial hypertension. Arterial hypotension is treated by 
removing its cause.

 Treatment of Excessive Anesthetic Depth

Depth of anesthesia is usually increased prior to painful 
stimuli such as endotracheal intubation, placement of the 

Mayfield head-holder, skin incision, and craniotomy. Arterial 
hypotension typically occurs thereafter as soon as the stimu-
lus decreases. It is treated by reducing the depth of anesthe-
sia which may take some time depending on the 
pharmacokinetic and dynamic properties of the anesthetics 
used. During this period of adjusting anesthetic depth, it is 
justified to use vasopressors, for example, phenylephrine 
bolus of 50–100 μg. However the use of vasopressor must 
not replace the adaptation of the anesthetic depth.

 Treatment of Hypovolemia

An average craniotomy is associated with a blood loss of 
approximately 300–500 ml since skin and subgaleal tissues 
are well perfused. In adults, this is usually not associated 
with hypovolemic shock and the blood loss can easily be 
replaced by fluid therapy. As in other fields of anesthesia, 
there is no consensus (and no clear evidence) with respect to 
the type of fluids (crystalloids versus colloids) recommended 
which is best for volume resuscitation. Profound bleeding 
may occur without prior warning at any time during crani-
otomy. In particular, craniotomy in the vicinity of the dural 
sinus and preparation of cerebral vessels (for instance, dur-
ing surgery for aneurysms or arteriovenous malformations 
but as well for tumor resection) are associated with a high 
risk of sudden and profound bleeding causing arterial hypo-
tension and cerebral ischemia. Ongoing or significant sudden 
blood loss should not be treated solely by vasopressors or 
catecholamines which could disguise the extent of hypovole-
mia and cause lactic acidosis because of diminished splanch-
nic perfusion. Instead, hypovolemia is treated by volume 

Table 26.1 Overview of brain ischemia, its etiology, prevention, and management

Extent of cerebral 
ischemia Etiology of cerebral ischemia Prevention of cerebral ischemia Management of cerebral ischemia
Global Arterial hypotension due to Place arterial line for continuous 

ABP recording
Maintain cerebral autoregulation: avoid more than 1 
MAC of volatile anesthetics

  Inadequate anesthetic depth Use short-acting anesthetics Decrease anesthetic depth
Give phenylephrine (50–100 μg boli) meanwhile

  Hypovolemia caused by 
intraoperative bleeding

Expect sudden and profound blood 
loss at any time

Apply neither vasopressors nor catecholamines
Replace volume with crystalloids and/or colloids
Transfuse packed red blood cells if hemoglobin 
conc. drops below 6–10 g/dl

Focal/regional Vessel occlusion Record EEG to monitor burst 
suppression or isoelectric EEG

Reduce brain metabolism:
  Increase anesthetic depth (use propofol, 

thiopental, or volatile anesthetics)
  Induce hypothermia (not recommended)
Maintain homeostasis (target)
  Avoid hypoxia (paO2 > 70 mmHg)
  Avoid arterial hypotension (MABP > 60 mmHg)
  Avoid hyperglycemia (glucose < 150 mg/dl)
  Maintain normocapnia (35 < paCO2 < 40 mmHg)
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replacement. A fast and consistent volume therapy is pre-
sumably more important than the type of fluid used for 
 correction of the volume deficit. Eventually, transfusion of 
packed red blood cells may be indicated to maintain a suffi-
cient oxygen content in the arterial blood in order to assure 
tissue oxygenation. Depending on patient age and comorbid-
ity, transfusion of packed red blood cells is indicated at 
hemoglobin concentrations ranging between 6 (young 
patient without comorbidity) and 10 g/dl (elder patient with 
coronary heart disease), although there is no agreement 
within neuroanesthesiologists with respect to transfusion 
triggers. Fresh-frozen plasma or thrombocyte concentrates 
should be given whenever coagulation factor activity drops 
below 50% or thrombocyte count below 50.000/μl, 
respectively.

 Brain Ischemia Due to Cerebral Vessel 
Occlusion

 Overview

During surgery, cerebral vessels might be occluded inten-
tionally (e.g., during temporary clipping in aneurysm sur-
gery) to control intraoperative bleeding. Even in the 

process of otherwise uneventful cerebrovascular recon-
struction – such as clipping, coiling, or glueing – perfo-
rant arteries or parent vessels might be occluded 
unintentionally. As a consequence, immediate (focal or 
regional) ischemia occurs in the brain tissue supplied by 
the occluded vessel. Since the cause of ischemia (i.e., the 
vessel occlusion) can neither be affected nor reversed by 
the anesthesiologist, the therapy aims at making the brain 
less vulnerable to ischemia and to prevent further (sec-
ondary) ischemic events.

Cerebral ischemia leads to an undersupply of the brain 
with respect to oxygen and nutrients. Theoretically this 
would be attenuated if the brain’s demand could be lowered 
by means of reducing its metabolism. Mechanisms to dimin-
ish brain metabolism include general anesthesia and hypo-
thermia. An alternate experimental approach strives for 
reducing the brain’s susceptibility to ischemia by a mecha-
nism termed “ischemic pre-/postconditioning.” This is 
explained in more detail below.

As already mentioned, a reduction of CBF below the isch-
emic threshold of 250 ml/min (≈ 18 ml/100 g/min) does not 
result in an immediate neuronal and glial death. Rather, their 
function is shut down as can be seen by an isoelectric EEG 
and lapsed evoked potentials, whereas their structural integ-
rity remains intact. Only if CBF drops further (below 90 ml/
min ≈ 6 ml/100 g/min) will neurons and glial cells become 
necrotic and brain infarction will occur.

 Prevention

• Apply intraoperative neuromonitoring such as 
somatosensory- evoked potential monitoring, EEG, jugu-
lar bulb oxygen saturation monitoring, near-infrared 
spectroscopy, or cerebral microdialysis for early detection 
and monitoring of cerebral ischemia.

 Crisis Management

Cerebral ischemia happens unrecognized unless it is detected 
by neuromonitoring. However it is frequently suspected by 
the neurosurgeon when occluding a cerebral vessel. 
Nevertheless ischemia is often not detected until postopera-
tive neurologic examination or imaging reveals signs of cere-
bral infarction.

The anesthesiologist should consider to reduce brain 
metabolism in case of suspected or confirmed focal cerebral 
ischemia, as presented below.

Hypothermia reduces brain metabolism such that every 
degree Celsius by which body temperature is decreased 
results in a metabolism reduction of approximately 7%. 
Hence, hypothermia of 33 °C – as used in the majority of 

Key Points
• Appreciate that every drop in arterial blood pres-

sure might be associated with cerebral ischemia. 
Therefore, treat arterial hypotension immediately 
and consistently.

• In adult patients maintain mean ABP of at least 
60  mmHg during craniotomy. Higher values 
(MABP >70 mmHg) should be achieved in patients 
with intracranial hypertension or a history of arte-
rial hypertension.

• Treat arterial hypotension causally: Decrease depth 
of anesthesia in case of a diminishing surgical stim-
ulus, and replace volume in case of intraoperative 
bleeding.

• Vasopressors or catecholamines may be used dur-
ing the short period of time until depth of anesthesia 
has been adapted to the actual surgical stimulus or 
while the initial period of volume resuscitation. 
However, do not use vasopressors and catechol-
amines as the sole treatment in case of blood loss 
since this would disguise the extent of 
hypovolemia.

• Expect profound bleeding at any time during sur-
gery but especially during craniotomy, preparation 
of cerebral vessels, and tumor resection.

26 Cerebral Ischemia: Options for Perioperative Neuroprotection
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studies – would diminish brain metabolism by roughly one 
quarter. However, this effect is much less pronounced (pos-
sibly even halved) in both the diseased and the anesthetized 
brain. Nevertheless, two randomized trials published in 2002 
reported that mild hypothermia (32–34 °C) improved favor-
able neurologic outcome (number needed to treat of 4–13) 
after an out-of-hospital cardiac arrest as compared to stan-
dard treatment. More recently, a large randomized trial 
showed similar neurologic outcomes in patients treated with 
targeted temperature at either 33 or 36 °C. As a consequence, 
guidelines have been modified to target a constant tempera-
ture between 32 and 36  °C for at least 24  h after cardiac 
arrest. Since fever is associated with poor neurologic out-
come, an effective prevention of fever by means of targeted 
temperature management might be more important than the 
choice between a target temperature of either 33 or 
36 °C. While hypothermia has yielded encouraging effects in 
global cerebral ischemia, reducing brain and body tempera-
ture has no or even harmful consequences in focal cerebral 
ischemia: For instance, prophylactic intraoperative mild 
hypothermia (33  °C) during aneurysm clipping following 
subarachnoid hemorrhage failed to improve neurologic out-
come but was associated with an increased rate of infections 
according to the IHAST study. Therefore, mild hypothermia 
is not indicated as a prophylactic measure during aneurysm 
surgery but may be considered in selected cases as an ultima 
ratio therapy following vessel occlusion. Moderate (30 °C) 
or deep hypothermia cannot be recommended due to its high 
complication rate in terms of cardiac arrhythmias, cardiovas-
cular instability, coagulation impairment, and severe 
infections.

The majority of anesthetics (among others propofol, 
etomidate, barbiturates, benzodiazepines, and volatile anes-
thetics) reduce brain metabolism in a dose-dependent man-
ner and to a similar extent as hypothermia: For instance, 1 
MAC of isoflurane halves the brain metabolism which is 
equivalent to hypothermia of 30 °C.

Historically, barbiturates were first observed to suppress 
the brain’s activity as indicated by burst suppression or even 
an isoelectric EEG. They are without effect in global isch-
emia, however reduce the neurologic injury in animal mod-
els of focal ischemia. Barbiturates were once considered as a 
gold standard of neuroprotection; however the optimal dos-
ing has never been determined and hence no uniform recom-
mendation exists. A dose of 5 mg thiopental/kg body weight 
seems to be effective to elicit a burst suppression EEG and to 
decrease CBF by approximately 45% for a period of approx-
imately 10 min. However, thiopental is associated with car-
diovascular depression, profound immunosuppression, and 
prolonged awakening, especially when given repeatedly in 

high doses. Hence the neuroprotective effect of thiopental 
due to the reduction in metabolism may be neutralized by the 
adverse effect of arterial hypotension. Nowadays, the neuro-
protective effect of barbiturates is considered as modest and 
as overestimated in the past. It is not recommended as a rou-
tine measure but may be considered as an ultima ratio option 
in selected cases.

The ability of propofol to reduce ischemic injury in ani-
mal models has been found similar to that achieved with bar-
biturates but is associated with less cardiovascular depression. 
An interindividual variable dosage of approximately 
15–18  mg/kg body weight/h of propofol is required to 
achieve an isoelectric EEG.  Etomidate reduces cerebral 
metabolism as well but has been shown to increase infarct 
volume and to cause adrenal insufficiency. Therefore, etomi-
date is not recommended to reduce brain injury.

Volatile anesthetics contain neuroprotective properties 
regardless of the agent used. However, the high concentra-
tions of volatile anesthetics required for an isoelectric EEG 
will reduce ABP and impede both cerebral autoregulation 
and metabolic coupling. In contrast, the intravenous anes-
thetic propofol maintains autoregulation and coupling even 
at higher doses, which makes it the preferred drug to maxi-
mally reduce brain metabolism.

Intraoperative monitoring of EEG is a valuable technique 
to confirm that the actual chosen dosage of anesthetic is suf-
ficient to suppress the brain’s function. Here, therapy should 
aim for an isoelectric EEG, which is associated with more 
cerebral protection than burst suppression. For convenience, 
a bifrontal EEG montage should be used, which might be 
difficult in some cases of frontal craniotomies. As induction 
of an isoelectric EEG by anesthetics is associated with more 
or less pronounced arterial hypotension (depending on the 
kind of anesthetic chosen), application of vasopressors such 
as phenylephrine or norepinephrine is usually required to 
maintain a sufficient cerebral perfusion. To avoid overdos-
age, the anesthetic dose should be titrated just enough to 
elicit an isoelectric EEG.

So far, the neuroprotective effect of anesthetics seems to 
be effective in short and mild to moderate cases of brain isch-
emia. However anesthetics seem to be ineffective in severe 
and prolonged ischemia, independent if global or focal in 
extent. Moreover, their neuroprotective effect seems to be 
transient and disappears when investigating the long-term 
outcome. In general, most evidence regarding the neuropro-
tective effects of anesthetics has been obtained from experi-
mental animal studies, whereas little is known about their 
neuroprotective effects in humans. Hence, clinical anesthesia 
should focus on maintaining homeostasis especially with 
respect to normoxia (paO2  >  70  mmHg), mean ABP 

M. Soehle



173

(>60 mmHg), serum glucose levels (<150 mg/dl), and nor-
mocapnia (35 < paCO2 < 40 mmHg) since hypoxia, hypoten-
sion, hyperglycemia, and hypo- as well as hypercapnia have 
been shown to aggravate cerebral ischemia.

Hypocapnia (paCO2  <  30  mmHg) as induced by hyper-
ventilation causes vasoconstriction and may reduce CBF 
below the ischemic threshold. Here, the decrease in CBF is 
proportional to that in paCO2; hence hyperventilation from a 
paCO2 of 40 to 30 mmHg lowers CBF by one quarter. On the 
other hand, hypercapnia (paCO2 > 40 mmHg) produces cere-
bral hyperemia due to vasodilatation, which increases intra-
cranial pressure which in turn reduces CBF.

Induced or permissive arterial hypertension may theoreti-
cally increase collateral CBF during temporary vessel occlu-
sion, at least in case of an impaired cerebral autoregulation. 
However according to the 2012 AHA guidelines for the man-
agement of SAH, there is insufficient data on induced hyper-
tension during vessel occlusion to make specific 
recommendations.

 Neuroprotection by Means 
of Pre- and Postconditioning

A modern yet experimental approach aims at reducing the 
brain’s susceptibility to ischemia by a mechanism termed 
“cerebral preconditioning.” This is based on the observa-
tion that a short period of (sublethal) cerebral ischemia 
results in a decreased vulnerability of the brain to 
 subsequent prolonged (and potentially lethal) ischemia. 
Moreover, not only previous ischemia, but certain drugs 
seem to elicit this preconditioning effect. Among these are 
quite different pharmacological substances such as volatile 
anesthetics (isoflurane and sevoflurane), antibiotics (eryth-
romycin), hematological factors (erythropoietin), and suc-
cinate dehydrogenase inhibitors (3-nitropropionic acid). 
However, the preconditioning potency, the optimal dosage, 
and time point of application remain to be determined for 
these drugs.

After temporary ischemia, cerebral reperfusion takes 
place which is often characterized by an initial period of 
hyperemia. Just recently, it has been reported that repetitive 
interruptions of this reperfusion by short periods of (sub-
lethal) ischemia reduce the injury as caused by the initial 
prolonged and potentially lethal ischemia. This mechanism 
has been termed ischemic postconditioning analogous to the 
previous mentioned preconditioning. Again, postcondition-
ing might be elicited not only by ischemia itself but by phar-
macological substances (such as isoflurane) as well. Both 
pre- and postconditioning offer fascinating perspectives for 
neuroprotection; however it is unknown so far whether its 
effects are of clinical relevance and whether they will find 
their way into clinical medicine.
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Massive Hemorrhage During 
Craniotomy: Emergency Management

Elizabeth Dryland and Audrée A. Bendo

 Overview

The brain is a highly vascular organ, receiving approximately 
20% of cardiac output at rest. Thus, rapid exsanguination can 
result from uncontrolled hemorrhage during a craniotomy. 
The reported morbidity and mortality from hemorrhage is 
very high, varying between 5–27% and 0–4%, respectively, 
in one series, and approximately 8% and 1%, respectively, in 
another. Therefore, the anesthesiologist must prepare for 
potential massive intraoperative hemorrhage during craniot-
omy by anticipating significant blood loss and developing 
and implementing a massive transfusion protocol. 
Intraoperative hemorrhage is more likely to occur during sur-
gical procedures that involve the intracranial vasculature, 
such as clipping of aneurysms and resection of arteriovenous 
malformations (AVMs).

 Aneurysms

The incidence of aneurysm rupture varies with the size and 
the anatomic location of the aneurysm. In one series, approx-
imately 8% of aneurysm ruptures resulted in frank hemor-
rhagic shock. In another study, 7% of the ruptures occurred 
before dissection of the aneurysm, 48% during dissection, 
and 45% during clip application. Hemorrhage can occur dur-
ing endovascular or surgical resection procedures and is 
associated with increased perioperative morbidity and 
mortality.

 Arteriovenous Malformations

AVMs present clinically one-tenth as frequently as aneu-
rysms. Cerebral edema or hemorrhage may occur either dur-
ing endovascular embolization or surgical resection of AVMs. 
“Normal perfusion pressure breakthrough” (NPPB) is a the-
ory explaining why intraoperative or postoperative cerebral 
edema/hemorrhage occurs in AVMs. With the abrupt removal 
of the shunt (i.e., AVM) from the circulation either by embo-
lization or by surgery, the increase in cerebral blood flow 
(CBF) into previously hypoperfused areas can lead to cere-
bral edema and hemorrhage at normal perfusion pressure.

 Preparation for/Prevention of Intraoperative 
Hemorrhage During Craniotomy 
and Endovascular Procedures

The anesthesiologist must be prepared to manipulate the 
blood pressure and transfuse blood products emergently dur-
ing a craniotomy and endovascular procedures. In patients at 
high risk for hemorrhage, patient preparation should include 
the following:

Insertion of:

• Intra-arterial cannula
• Foley catheter for monitoring of urine output
• Two large bore (16- or 14-gauge) peripheral IVs
• Central venous catheter
• Type and cross (four units of packed red blood cells 

[PRBC], fresh-frozen plasma, and platelets)

To accurately reflect the cerebral perfusion pressure 
(CPP = mean arterial pressure (MAP) – intracranial pres-
sure (ICP)), the arterial pressure transducer is placed at 
mid-head level (usually the level of the external auditory 
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meatus) to approximate the MAP at the level of the Circle 
of Willis.

 Intraoperative Monitoring

While assessing for significant blood loss during a craniot-
omy, it is essential to monitor the surgical field to evaluate 
for the presence of excessive surgical blood loss. Pay close 
attention to suction canisters, surgical sponges, and surgical 
drains.

Standard ASA monitors in conjunction with frequent 
clinical assessments of the patient allow for monitoring of 
vital organ perfusion.

Additional monitors to consider are the following:

• Echocardiography
• Cerebral oximetry and near-infrared spectroscopy
• Blood gas and mixed venous oxygen saturation analysis

 Intraoperative Management

Several studies suggest that perioperative hypertension 
(HTN) and coagulopathy (to be discussed under clinical pre-
sentation/patient assessment) are factors that predispose cra-
niotomy patients to intracranial bleeding. Intraoperatively, 
acute hypertensive episodes may occur during:

• Induction
• Epinephrine-containing local anesthetic administration
• Head-pin application
• Periosteal dissection
• Brain manipulation
• Emergence

Therefore, it is important to recognize and vigilantly pre-
vent abrupt and major increases in MAP that may cause rup-
ture of a vascular lesion, cerebral vessel or aneurysm, and 
subsequent hemorrhage (the incidence of aneurysm rupture 
during induction of anesthesia is reported to be 1–2%). As a 
general rule, the patient’s blood pressure should be main-
tained within 15–20% of the baseline value, and prophylaxis 
for the normal hypertensive response to intubation or appli-
cation of the pin head holder should be instituted before 
starting either of these procedures.

During the induction sequence, minimize the hyperten-
sive response to laryngoscopy and intubation with adminis-
tration of:

• Lidocaine (1.5 mg/kg iv, 90 s prior to suppress laryngeal 
reflexes)

• β-Adrenergic antagonists iv (esmolol or labetalol)

Prior to head-pin holder application, prevent a hyperten-
sive response by administering:

• Propofol (2–3 mg/kg iv) and/or fentanyl (50–150 mcg iv)/
alfentanyl (500–1000 mcg iv)

• A scalp block

To minimize straining or bucking on the endotracheal 
tube, particularly during movement of the head when the sur-
gical dressing is applied:

• Lidocaine, 1.5 mg/kg iv, is effective, but its duration of 
action is only about 3–5 min; it can be safely repeated if 
necessary.

Induced hypotension during emergence is recommended 
to prevent emergence of HTN and elevated ICP. The follow-
ing intravenous agents are recommended:

• Labetalol, given in 5–10 mg increments.
• Esmolol, given in 0.1–0.5 mg/kg increments, until blood 

pressure is controlled.
• Hydralazine (2–5 mg iv every 5 min to total of 20 mg in 

30 min) and nicardipine (5 mg/h iv, increased by 2.5 mg/h 
every 15  min to maximum of 15  mg/h) may also be 
administered, but can rarely cause cerebral vasodilation 
and increased ICP.

 Special Considerations for Endovascular 
Procedures

Endovascular neurosurgery is a rapidly expanding spe-
cialty that involves increasingly complex procedures in a 
high-risk patient population. Endovascular neurosurgery 
requires the anesthesiologist to take several consider-
ations into account, many of which revolve around anes-
thesia being delivered outside the main operating room. 
Potential obstacles and/or problems relating to adminis-
tering anesthesia in an interventional neuroradiology suite 
include:

• Poor access to the patient once the imaging has 
commenced

• Working in a dark and unfamiliar environment where help 
is not easily available

• Exposure to ionizing radiation
• Transporting critically ill patients to and from the inter-

ventional neuroradiology suite

There are no standardized guidelines currently in prac-
tice that dictate whether general anesthesia or monitored 
anesthesia care should be administered during 
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 endovascular neurosurgery. However, for aneurysm and 
AVM treatment, general anesthesia is normally preferred 
due to improved patient safety, lack of motion artifact on 
imaging, and because of the prolonged duration that these 
interventions normally necessitate. Regardless of the 
anesthetic plan selected, using rapid and short-acting 
anesthetic agents are paramount to facilitate rapid recov-
ery and assessment.

Complications during and after endovascular neurosur-
gery differ from open surgery, and the anesthesiologist must 
be vigilant as many problems ensue rapidly and the conse-
quence can be devastating. Adverse events that could occur 
include the following:

• Injury to intracranial vessels with possible dissection
• Aneurysm perforation leading to intracranial 

hemorrhage
• Coil displacement into a parent vessel leading to a throm-

boembolic event
• Contrast nephropathy and contrast allergic reactions
• Hematoma development or hemorrhage at puncture site

Preparation for potential intracranial hemorrhage or 
aneurysm perforation during endovascular procedures 
requires pre-procedure planning with interventional neuro-
radiology personnel. When hemorrhage occurs, blood pres-
sure is temporarily reduced (e.g., esmolol, nicardipine, 
nitroglycerine), and anticoagulation is reversed (e.g., prot-
amine). Most cases of vascular rupture or perforation are 
managed in the angiography suite with the interventional 
neuroradiology team sealing the site endovascularly and 
aborting the procedure. Additional management as required 
is implemented, such as, placing a ventriculostomy catheter 
and sending the patient for emergency computed tomogra-
phy scan.

 Crisis Management

 Pathophysiology and Clinical Presentation

Hemorrhage may be multifactorial, and the most common 
etiologies are:

 1. Tissue damage from trauma, aneurysms, or AVM 
rupture

 2. Dilution of coagulation factors/platelets resulting from 
massive blood and fluid resuscitation

 3. Hypothermia
 4. Metabolic acidosis
 5. Anticoagulation medications
 6. Effects of comorbid illness and preexisting hemostatic 

defects

 Tissue Thromboplastin

The injured brain can liberate significant amounts of potent 
platelet-activating and procoagulant molecules (e.g., tissue 
thromboplastin or tissue factor) into the system circulation. 
Thromboplastin complexes with factor VII to initiate throm-
bin formation, which ultimately leads to the coagulation of 
blood. Following brain injury, the release of procoagulant 
molecules into the systemic circulation leads first to increased 
intravascular coagulation, followed by coagulopathy from 
consumption due to disseminated intravascular coagulation 
(DIC). Treatment includes transfusion with platelets, fresh-
frozen plasma, and cryoprecipitate since more specific treat-
ment with coagulation factors has not been consistently 
successful.

 Hypothermia

Since the coagulation cascade enzymes are temperature 
dependent, hypothermia may “slow” enzyme reactions, thus 
producing coagulopathy. Even a mild level of hypothermia is 
known to cause hemoconcentration, leukopenia and throm-
bocytopenia, disordered fibrinolysis, and disruption of plate-
let function. Hypothermia also adversely affects platelet 
function by inducing a change in platelet shape and inhibi-
tion of aggregation.

 Comorbid Illness and Preexisting Hemostatic 
Defects

Patients with severe liver disease demonstrate multiple coag-
ulation defects since the liver is the sole source of synthesis 
of all the coagulation factors (except factor VIII and von 
Willebrand factor). Factor VII levels are most severely 
affected, and this is manifested as an abnormally high inter-
national normalized ratio (INR). Treatment includes:

• Maintenance of platelet count above 50,000
• Administration of antifibrinolytics, such as aminocaproic 

acid and tranexamic acid, if fibrinolysis is suspected
• Replacement of fibrinogen and clotting factors with either 

cryoprecipitate, fresh-frozen plasma (FFP), or the off- 
label use of recombinant activated factor VII (rFVIIa) in 
select patients

rFVIIa is an effective pro-hemostatic agent for use in 
patients with congenital or acquired hemophilia. Its efficacy 
has led to the off-label use of rFVIIa in patients with massive 
hemorrhage, liver disease, and DIC and patients on antico-
agulants. Two studies have shown that rFVIIa has reduced 
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PRBC transfusion and improved early survival in trauma 
patients with massive hemorrhage.

 Patient Assessment

Diagnostic tests to monitor during hemorrhage include:

• Hemoglobin and hematocrit (changes delayed; normal 
values during acute hemorrhage can be misleading).

• Platelet count.
• Prothrombin time (PT), INR, activated partial thrombo-

plastin time (aPTT).
• Fibrinogen level.
• Ionized calcium levels (to monitor for hypocalcemia and 

citrate intoxication).
• Serum osmolality (to monitor effects of mannitol treat-

ment and massive fluid resuscitation).
• Thromboelastogram (TEG), which measures whole- 

blood thrombus formation and lysis, will provide valuable 
information on platelet function and the presence of 
fibrinolysis.

• Patient’s core temperature.

 Intervention/Treatment

Successful anesthetic management requires effective com-
munication with the surgeon and other members of the peri-
operative care team. The patient’s vital signs, laboratory 
values (CBC, electrolytes, and coagulation), and operative 
conditions must be closely monitored. When frank hemor-
rhage occurs, aggressive fluid resuscitation and blood trans-
fusion must begin immediately. At the same time, the 
anesthesiologist must be aware of any preexisting condition 
that may predispose the patient to coagulopathy and uncon-
trolled bleeding. Further, the anesthesiologist must be aware 
of the underlying cardiovascular status of the patient, which 
will help gauge the likely impact of anticipated hemody-
namic changes (with hemorrhage and resuscitation) on the 
balance of myocardial oxygen supply and demand.

 Patients on Anticoagulant Medications 
Requiring Emergent Reversal 
of Anticoagulation

Patients on anticoagulant medications admitted with an 
active intracranial hemorrhage present additional challenges 
for the anesthesiologist. If the patient is emergently taken to 
the operating room, immediate reversal of anticoagulation is 
required.

 Warfarin
For an INR >2, current recommendations suggest adminis-
tering a 4-factor prothrombin complex concentrate (4F PCC) 
rather than fresh-frozen plasma (FFP) for rapid reversal. A 
disadvantage of PCC is a small prothrombotic risk; however, 
the faster onset and smaller volume required for administra-
tion of the product in comparison to FFP makes it a more 
favorable option. Overall, PCC has a lower risk of adverse 
effects when compared to FFP.

 Fluid Management

Circulating blood volume should be restored with isotonic 
crystalloid solutions. The main concern is the development 
of cerebral edema 24–48 h after resuscitation.

Current intraoperative fluid management recommenda-
tions include:

• Maintaining normal serum osmolality
• Avoiding profound reduction in colloid osmotic 

pressure
• Restoring circulating blood volume with glucose-free 

crystalloid solutions
• Maintaining normovolemia to preserve CPP

 Crystalloids

 Isotonic

Blood loss is replaced initially with 3 mL of isotonic crys-
talloid (e.g., normal saline) for each milliliter of blood 
loss. Fluids administered to replace blood loss should be 
near iso- osmolar with respect to plasma (295  mOsm/L). 
Normal saline (NS) (308 mOsm/L) and lactated Ringer’s 
solution (LR) (273 mOsm/L) are often used. However, lac-
tated Ringer’s solution is slightly hypotonic and contains a 
small amount of Ca2+, which can counteract the citrate 
anticoagulant in PRBCs. Normal saline in large volumes 
can cause hyperchloremic metabolic acidosis, which can 
cause coagulopathy. In the setting of large-volume fluid 
administration, isotonic solutions of balanced electrolytes, 
such as Plasmalyte-A and Normosol-R, have the advan-
tage of a pH of 7.4, no Ca2+, and normal osmolarity 
(295 mOsm/L).

Crystalloid Replacement

• Advantages: Inexpensive, readily available, nonaller-
genic, noninfectious

• Disadvantages: Lacks oxygen-carrying capacity, lacks 
coagulation capability, limited intravascular half-life
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 Hypertonic

Hypertonic saline solutions can be administered for rapid 
volume resuscitation of hypovolemic trauma victims with 
brain injury and intracranial HTN. Hypertonic saline helps 
mitigate the effects of rising intracranial pressure subsequent 
to initial volume resuscitation. Hypertonic saline will draw 
fluid into the vascular space from the interstitium. However, 
be aware that sustained hyperosmolarity (e.g., >320 mOsm/L) 
caused by any fluid has the potential to result in rebound 
swelling of the brain if allowed to rapidly autocorrect. 
Hypertonic saline has also been associated with increased 
incidence of significant systemic coagulopathy. Another risk 
is the induction of pontine demyelination (Na increase max. 
0.5–1  mmol/L/h). Frequently, hypertonic sodium chloride/
acetate solutions are chosen in order to reduce the chloride 
load and thereby the incidence of hyperchloremic metabolic 
acidosis.

 Colloids

There are few clear indications for the administration of 
albumin or synthetic colloids. However, colloid infusion is 
often recommended in neurosurgical patients based on the 
assumption that increasing colloid osmotic pressure will 
decrease cerebral edema. If the blood–brain barrier is intact, 
colloid osmotic pressure exerts little effect. Compared to 
sodium ions, colloids contribute minimally to osmolality and 
osmotic pressure. There is new evidence that hypertonic salt 
solutions combined with colloids may more effectively 
reduce ICP and restore intravascular volume in neurosurgical 
patients.

• Dextran and various starch-containing solutions should 
be avoided because they interfere directly with both plate-
lets and the factor VIII complex and have a small risk of 
causing an anaphylactoid reaction.

• Several reported instances of bleeding have been attrib-
uted to hetastarch administration. However, all of them 
have involved circumstances in which the manufacturer’s 
recommended limit was exceeded. Therefore, the manu-
facturer’s recommended limit (20 mL/kg/24 h) should be 
observed, when administered.

To replace fluids, use:

• Isotonic crystalloid solutions (NS, LR, Plasmalyte-A, or 
Normosol-R)

• Combination of crystalloids and/or colloids

Avoid using:

• Dextran and various starch-containing solutions.
• Dextrose-containing solutions, unless specific indication 

for its use, e.g., hypoglycemia, can exacerbate ischemic 
damage and cerebral edema.

• Hypotonic solutions (i.e., 0.45% saline) can result in 
brain edema.

 Blood Products

The major risk of aggressive fluid administration is dilu-
tion of circulating blood volume, and this has led to the 
increased use of blood products. In medically fragile 
patients (e.g., patients with ischemic cardiomyopathy), 
aggressive fluid administration may result in cardiovascu-
lar impairment (e.g., myocardial ischemia and congestive 
heart failure).

 Whole Blood

The American Association of Blood Banks (AABB) states 
that the primary indication for whole blood is for patients 
who are actively bleeding and have sustained a loss of greater 
than 25% of their total blood volume. Less severe degrees of 
hemorrhage may be effectively treated with PRBCs. Many 
blood banks follow the AABB guidelines, and whole blood 
cannot be obtained in the operating rooms except by special 
request.

Reinfusion of recovered red blood cells using a cell saver 
as a blood-sparing intervention in the intraoperative period is 
encouraged when appropriate.

The most current ASA Practice Guidelines for Blood 
Component Therapy (American Society of Anesthesiologists 
Task Force on Perioperative Blood Transfusion and Adjuvant 
Therapies 2015) recommend the following:

• The determination of whether hemoglobin concentra-
tions between 6 and 10 g/dl justify or require red blood 
cell transfusion should be based on the rate and magni-
tude of active bleeding, intravascular volume status, 
signs of organ ischemia, and adequacy of cardiac 
reserve.

• Red blood cells should be administered unit by unit, when 
possible, with interval reevaluation.

• A massive transfusion protocol (MTP) should be devel-
oped and implemented to facilitate the delivery of blood 
products during massive hemorrhage.
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 Massive Transfusion Protocol (MTP)
In the event that there is persistent active hemorrhage and the 
patient remains hemodynamically unstable, MTP should be 
considered to improve patient outcome, as follows:

• Begin universal blood product infusion rather than crys-
talloid or colloid solutions to prevent unnecessary 
hemodilution.

• RBC and plasma should be delivered by a rapid transfuser 
attached to a blood warmer.

• Note that platelets and cryoprecipitate should not be 
administered through a blood warmer.

• Transfuse PRBCs and plasma in a ratio between 1:1 and 
1:2 (plasma to PRBC).

• Transfuse one single-donor apheresis or random donor 
platelet pool for each six units of RBC.

• Consider the addition of cryoprecipitate only when fibrin-
ogen is less than 80–100 mg/dl in the presence of exces-
sive bleeding or as part of MTP in patient requiring 
massive transfusion when fibrinogen cannot be measured 
in a timely fashion.

 Packed Red Blood Cells

Advantages

• With an average hematocrit of 60–70%, a unit of PRBCs 
will restore oxygen-carrying capacity.

• Effectively expands intravascular volume.

Disadvantages

• Risk of transfusion reactions: Thus, cross matching is 
desirable when time allows (typically about 1 h).

• Type O-negative blood (the “universal donor”) can be 
given to patients of any blood type with little risk of a 
major reaction. O-negative blood will not sensitize 
women of childbearing age to the rhesus antigen (if 
O-positive blood is given in this situation, prophylactic 
administration of anti-Rh0 antibody is indicated).

• Risk of transmission of infectious agents.
• Risk of hypothermia: PRBCs are stored at 4 °C and will 

lower the patient’s temperature rapidly (0.25 °C per unit 
transfused) if not infused through a warming device or 
mixed with warmed isotonic crystalloid at the time of 
administration.

• Impair immune function of the recipient.

The following is recommended for administration of PRBCs:

• Premixing with crystalloid will reduce the viscosity of 
PRBCs and allow more rapid administration.

• Reconstitute PRBCs with a warmed crystalloid or via a 
warming device.
 – Do not use solutions that contain calcium, as clotting 

can occur.
 – Lactated Ringer’s solution is not recommended for use 

as a diluent (as lactated Ringer’s solution contains 
calcium).

 – Do not use a diluent that is hypotonic with respect to 
plasma (if so, the RBCs will swell and eventually 
lyse).

 – Solutions recommended for dilution of PRBCs are 
0.9% saline, Normosol-R with a pH of 7.4, or 
Plasmalyte-A.

• For PRBC infusions, roughly 1  mL PRBC is used for 
each 2 mL of blood lost, plus crystalloid. The following 
equation is used to calculate the necessary volume of 
PRBCs to be infused:

PRBC
Hct weight kg Hct weig

infused

desired observed
=

´ ´ ( )( ) - ´ ´55 55 hht kg( )( )éë ùû
0 60.

.

 Plasma

Fresh-frozen plasma contains all the plasma proteins, par-
ticularly factors V and VIII, and is an excellent volume 
expander. Indications for FFP administration according to 
the most recent ASA Task Force guidelines (American 
Society of Anesthesiologists Task Force on Perioperative 
Blood Transfusion and Adjuvant Therapies 2015) are the 
following:

• For correction of excessive microvascular bleeding (i.e., 
coagulopathy) in the presence of an INR greater than 2.0 
and in the absence of heparin

• For correction of excessive microvascular bleeding sec-
ondary to coagulation factor deficiency in patients trans-

fused with more than one blood volume (approximately 
70  ml/kg) and when PT or INR and a PTT cannot be 
obtained in a timely fashion

• For urgent reversal of warfarin therapy when PCCs are 
not available

• For correction of known coagulation factor deficiencies 
for which specific concentrates are unavailable

FFP is not indicated:

• If PT or INR and a PTT are normal
• Solely for augmentation of plasma volume or albumin 

concentration
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The following is recommended for administration of FFP:

• Ten to 15 mL/kg of FFP is administered to achieve a mini-
mum of 30% of plasma factor concentration, except for 
urgent reversal of warfarin anticoagulation, for which 
5–8 mL/kg of FFP usually suffices.

• FFP must be warmed during administration.
• Coagulation parameters (PT, INR, PTT, fibrinogen) 

should be measured frequently during resuscitation.
• Plasma and PRBCs should be administered prophylacti-

cally in a 1:1 ratio to any patient with obvious massive 
hemorrhage, even before confirmatory laboratory studies 
are available.

• Plasma requires blood typing but not cross matching; 
delay in the availability of plasma is caused by the need to 
thaw frozen units before they can be administered. 
Prethawed plasma (thawed fresh plasma as opposed to 
fresh-frozen plasma) can be issued quickly in response to 
an emergency need.

 Platelets

Platelet transfusion may be indicated despite a qualitatively 
adequate platelet count or in the absence of a platelet count, 
if there is known or suspected platelet dysfunction (e.g., the 
presence of potent antiplatelet agents like clopidogel or con-
genital platelet dysfunction). In craniotomy patients, platelet 
transfusion is rarely indicated if the platelet count is known 
to be greater than 100 × 109/l and is usually indicated when 
the count is less than 50 × 109/l in the presence of excessive 
bleeding.

Important factors to remember when transfusing 
platelets:

• Massively hemorrhaging patients may suffer from con-
sumption of coagulation factors.

• Transfused platelets have a short serum half-life 
(3–4 days).

• Each single unit of platelets may only be expected to 
increase the count by 10,000–20,000 cells/mm3.

• Platelets should not be administered through filters, 
warmers, or rapid infusion devices, since this will cause 
platelets to adhere to the devices and reduce the number 
of platelets reaching the patient.

When intraoperative bleeding is still excessive and 
uncontrollable despite the use of a MTP and blood prod-
uct replacement, administration of antifibrinolytic agents 
such as ɛ-aminocaproic acid or tranexamic acid should be 
considered. Fibrinolysis should be documented or 
suspected.

 Citrate Intoxication

Citrate is a common anticoagulant added to banked blood to 
bind free calcium (an essential element in the clotting cas-
cade) in order to prevent clotting. Transfusion of multiple 
units of banked blood causes a marked reduction in circulat-
ing serum calcium, and this can cause “citrate intoxication.” 
Besides a further impairment on the coagulation potential, 
hypocalcemia in citrate intoxication can have a negative ino-
tropic effect on the heart, causing hypotension despite ade-
quate resuscitation. Thus, ionized calcium should be 
measured regularly, and calcium should be given in a sepa-
rate intravenous line from the transfusion line, as needed.

Hemostatic resuscitation does not end when active hem-
orrhage is controlled. It is important to look beyond normal 
vital signs as endpoints of resuscitation to more accurate 
indicators of tissue perfusion, such as arterial pH, base defi-
cit, and lactate level. Massively transfused patients that 
achieve a normal lactate rapidly after resuscitation have sub-
stantially better outcomes.

Key Points
• Rapid exsanguination can result from uncontrolled 

hemorrhage during a craniotomy.
• The anesthesiologist must be prepared to manipu-

late the blood pressure and transfuse blood products 
emergently during a craniotomy.

• It is important to vigilantly prevent abrupt and 
major increases in MAP that may cause rupture of a 
vascular lesion and subsequent hemorrhage, espe-
cially during induction and emergence.

• Hemorrhage may be multifactorial, and it is impor-
tant to keep in mind the effect of dilution of coagu-
lation factors/platelets resulting from massive blood 
and fluid resuscitation.

• The use of rapid and short-acting anesthetic agents 
is recommended to facilitate rapid recovery and 
assessment following endovascular neurosurgical 
interventions.

• Fluids administered to replace blood loss should be 
near iso-osmolar with respect to plasma 
(295 mOsm/L).

• To replace fluids, use isotonic crystalloid solutions 
(NS, Plasmalyte-A, or Normosol-R) or a combina-
tion of crystalloids and/or colloids.

• Avoid using dextran and various starch-containing 
solutions, dextrose-containing solutions, and hypo-
tonic solutions (i.e., 0.45% saline, LRs).

• Transfusion is rarely indicated when the hemoglo-
bin concentration is greater than 10  g/dL and is 
almost always indicated when it is less than 6 g/dL.
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• In the event that there is persistent active hemor-
rhage and the patient remains hemodynamically 
unstable, MTP should be considered to improve 
patient outcome.

• PCCs should be used to reverse warfarin or correct 
a coagulopathy that arises during massive blood 
transfusion. FFP should be used as an alternative, if 
PCC is not available.

• Platelet transfusion should be reserved for clini-
cally coagulopathic patients with a documented low 
platelet level (<50,000 cells/mm3) or when there is 
known to be platelet dysfunction (e.g., from anti-
platelet medications).

• Consider the use of antifibrinolytics (i.e., 
ɛ-aminocaproic acid, tranexamic acid), if fibrinoly-
sis is documented or suspected and have not yet 
been administered.

• Hemostatic resuscitation does not end when active 
hemorrhage is controlled.
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Challenges During Anaesthesia 
for Awake Craniotomy

Judith Dinsmore

 Overview

Awake craniotomy enables the intraoperative assessment of 
a patient’s neurological status. This allows safer mapping of 
resection margins in epilepsy surgery, the accurate localiza-
tion of electrodes for deep brain stimulation and the excision 
of space occupying lesions in eloquent cortex. Awake crani-
otomy is becoming more popular as it is associated with a 
lower requirement for high dependency care, shorter hospital 
stay and reduced costs. In tumour surgery, awake testing 
allows maximum resection with minimal post-operative neu-
rological deficit. The anaesthetic techniques for awake crani-
otomy have evolved along with the surgical indications, but 
significant challenges remain. The anaesthetic goals are the 
provision of adequate analgesia and sedation with a safe air-
way, hemodynamic stability, optimal operating conditions, 
and an alert, cooperative patient for intraoperative neurologi-
cal assessment. Various techniques have been described 
which fall into three main categories:

• Local anaesthesia
• Conscious sedation
• Asleep–awake–asleep (AAA) technique with or without 

airway instrumentation

Overall, awake craniotomy is safe and well tolerated, but 
many complications have been described which are summa-
rized in Table 28.1. Several studies have looked at complica-
tion rates, but, due to differing case mixes and the variety of 
anaesthetic techniques used, the incidences vary widely. 
Catastrophic complications are very rare.

 Prevention

The key to success is careful patient selection, an anaesthetic 
plan tailored to the individual case and meticulous attention 
to detail. Both the neurosurgeon and the anaesthesiologist 
should be experienced in awake craniotomy and familiar 
with the technique chosen. To minimize complications, the 
following points should be considered:

 Communication

• Operative aims and anticipated problems should be dis-
cussed between members of the intraoperative team and 
patient. Pertinent questions to ask include the following: 
What is the expected duration of the entire procedure, of 
awake testing, and what is the modality to be tested intra-
operatively? Is there raised intracranial pressure (ICP), 
what is the anticipated blood loss, etc.?
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Table 28.1 Complications of awake craniotomy

Complications
Respiratory
  Airway obstruction
  Respiratory depression
  Coughing
Cardiovascular
  Hypotension
  Hypertension
Neurological
  Seizures
  Neurological deficit
  Brain swelling
Other
  Pain
  Nausea and vomiting
  Local anaesthetic toxicity
  Excessive sedation/uncooperative patient
  Air embolism

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_28&domain=pdf
mailto:judith.dinsmore@nhs.net


184

 Patient Selection and Preparation

• Patients must receive a full explanation of what is 
involved, understand exactly what is expected of 
them and be able to tolerate lying still for the 
procedure.

• An uncooperative patient is the only absolute contraindi-
cation to this technique.

• Preoperative counselling appears to improve patient satis-
faction and reduce pain and anxiety. Psychological profil-
ing may assist in patient selection.

• Relative contraindications include morbid obesity, 
gastro- oesophageal reflux, a difficult airway or highly 
vascular tumours. However, with these comorbidities 
the risk of complications will be increased so the deci-
sion for an ‘awake craniotomy’ should be carefully 
considered.

• Coexisting medical conditions should be optimized, 
and routine medications continued including on the day 
of surgery. Anticonvulsant prophylaxis, dexamethasone 
and either ranitidine or omeprazole should be 
prescribed.

 Anaesthetic Technique

The technique chosen must be the one considered most 
appropriate for that particular procedure, the patient’s age, 
existing neurological status and any associated comorbidity. 
Standard monitoring should be used. Drapes are taped out of 
the way to allow access to the patient’s face and for testing. 
A warming blanket helps to prevent shivering; padding of 
pressure areas and a calm relaxed atmosphere in the operat-
ing room to minimize patient discomfort and anxiety. Urinary 
catheterization is required if mannitol is to be given or the 
duration of surgery prolonged. Antiemetic prophylaxis must 
be given to all patients, and a loading dose of acetaminophen 
may provide useful additional analgesia.

 Local Anaesthetic

Whatever technique is chosen, effective local anaesthesia is 
essential. This can be achieved by field infiltration of the 
incision area and pin sites with long acting agents such as 
bupivacaine or ropivacaine. Alternatively scalp blocks of 
individual nerves can be performed. A mixture of two local 
anaesthetics such as lidocaine and ropivacaine (with epi-
nephrine 1:200,000) will provide both rapid onset and a long 
duration of action. Local anaesthesia alone removes the risk 
of excessive sedation or airway compromise. The elderly are 

often very sensitive to the sedative and respiratory depres-
sant effects of sedative agents. Burr hole procedures or a 
small craniotomy is often well tolerated under local anaes-
thetic. However:

• Many patients will not tolerate a long, uncomfortable pro-
cedure without sedation.

• Scalp infiltration with large volumes of local anaesthetic 
or scalp blocks carry the potential risk of local anaesthetic 
toxicity in patients already prone to seizure.

• Ropivacaine is less cardiotoxic and is advocated by some 
as the agent of choice.

 Sedation

Historically, midazolam, fentanyl and droperidol were most 
commonly used for sedation and also historically known as 
‘neurolept analgesia’. Today, propofol is the most popular 
agent providing controllable sedation, a rapid smooth recov-
ery and, when stopped, minimal interference with electro-
corticographic recordings. It is often used as a 
target-controlled infusion (TCI) in combination with remi-
fentanil. The very short context sensitive half-life of remifen-
tanil ensures reliable elimination whatever the duration of 
infusion. Remifentanil may also be utilized as a bolus, with 
a dose range of 0.2–0.5 mcg/kg during periods of stimula-
tion; however bradycardia may result. Dexmedetomidine, an 
α2-adrenergic receptor agonist, is also very popular, provid-
ing rapidly titratable sedative, analgesic and sympatholytic 
effects without respiratory depression. It can be used as a 
sole agent (0.3–0.6  mcg/kg/h), an adjunct (0.01–1.0  mcg/
kg/h) or a rescue agent. However:

• Sedation can be notoriously difficult to accurately 
control.

• In some patients sedation may result in a change in base-
line function, compromising mapping and endangering 
neurological outcome.

• Airway compromise is more common in patients who are 
obese.

• Neurolept analgesia has a higher incidence of seizures, 
nausea and vomiting but a lower incidence of respiratory 
depression when compared with propofol sedation.

• There is a learning curve associated with the use of remi-
fentanil in spontaneously breathing patients. Propofol and 
remifentanil used for sedation are associated with fre-
quent respiratory complications, but these decrease with 
experience.

• Sedative synergism has been reported between dexme-
detomidine and midazolam.
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 Asleep–Awake–Asleep

The AAA technique with or without airway intervention is 
becoming more popular. Hemodynamic and respiratory 
parameters are easier to both monitor and control providing 
optimal operative conditions. Typically propofol and remi-
fentanil TCI are titrated against patient response, hemody-
namic parameters or bispectral index (BIS) monitoring. The 
propofol is stopped, and the remifentanil reduced to 0.005–
0.01 mcg/kg/min for awake testing. The patient need only be 
awake for intraoperative testing. Thus, to minimize discom-
fort the patient is reanaesthetized following tissue resection 
for wound closure. Alternatively, the patient can remain 
awake after testing for closure if comfortable. However:

• The AAA technique without airway instrumentation is 
associated with more respiratory complications: apnoea, 
arterial desaturation and a higher PaCO2.

• Time to wake up may be prolonged. However, remifent-
anil significantly reduces propofol requirements, allowing 
a median wake up time of 9 min.

• Acute emergence delirium may result in patient injury as 
the patient tries release themselves from the head pins. 
Thus it is advisable to have the immediate availability of 
IV medications to administer for rapid reinstitution of 
general anaesthesia.

 Airway Management

There is the risk of hypoventilation or airway obstruction 
with any sedation technique. Patient positioning may limit 
access and further contribute to airway compromise.

• There must always be a plan for securing the airway if 
necessary.

• Airway adjuncts range from a nasopharyngeal airway to 
an endotracheal tube.

• The laryngeal mask airway is popular for AAA tech-
niques. It is easy to insert and remove, well tolerated at 
lighter planes of anaesthesia, and it allows ventilation to 
be controlled, providing optimal operative conditions.

• Based on personal experience, the cuffed oropharyngeal 
airway (e.g. ‘King Airway’) may have some utility for 
ventilatory control for patients in the lateral position.

• Non-invasive positive pressure ventilation (biphasic posi-
tive airway pressure and proportional assist ventilation) 
has been used successfully for awake craniotomy, as has 
pressure support ventilation for patients with obstructive 
sleep apnoea.

 Crisis Management

 The Acutely Restless Patient

The restless patient poses a risk to themselves (espe-
cially with head fixation) and operating room staff. An 
uncooperative patient may also result in failure or inac-
curacy of intraoperative testing. Table 28.2 summarizes 
the possible causes, patient assessment and 
management.

 Nausea and Vomiting

Nausea and vomiting are relatively common but are usually 
preventable. Table  28.3 summarizes the possible causes, 
patient assessment and management.

 Hypoxia/Airway Obstruction

Hypoxia presents with cyanosis or decreased SaO2 and may 
result in bradycardia, hypertension or drowsiness. Both 
hypoxia and mechanical airway obstruction will increase 
ICP.  Table  28.4 summarizes the possible causes, patient 
assessment and management.

Table 28.2 The restless or uncooperative patient

Causes
  Anxiety
  Excessive sedation
  Pain/discomfort from positioning
  Urinary retention
  Hypoxia or hypercapnia
  Seizure
  Neurological deterioration
Assessment
  Is the patient safe?
  Is sedation level (BIS?) and analgesia adequate for the stage of 

procedure?
  Check airway
  Exclude hypoxia or hypercapnia
  Check heart rate and blood pressure
  Is there seizure activity or evidence of a new neurological deficit?
Treatment/intervention
  Reassure
  Give oxygen
  Treat remediable causes – pain, adjust head/body position, urinary 

retention, seizures
  Decrease or increase sedation (at what stage is the surgery?)
  Dexmedetomidine and remifentanil (bolus) are useful rescue 

agents
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 Seizures

Seizures are a relatively common complication and should 
be treated promptly. They may present with a sudden loss of 
consciousness, localized or generalized tonic/clonic activity 
or development of new neurological deficit. The anaesthe-
tized patient may have unexplained tachycardia, hyperten-

sion or a sudden rise in EtCO2. Development of a new 
neurological deficit may be postictal and should be charac-
terized/observed before surgery continues. Table 28.5 sum-
marizes the possible causes, patient assessment and 
management.

 Hypertension

Hypertension may be a common result of pain, inadequate 
sedation or other perioperative factors during awake crani-
otomy. Table 28.6 summarizes the possible causes, patient 
assessment and management.

Table 28.4 Hypoxia/airway obstruction

Causes
  Reduced oxygen delivery
  Respiratory depression (excess sedation or opioids)
  Airway obstruction
  Aspiration
  Laryngospasm
  Bronchospasm
  Risk factors include obesity, gastro-oesophageal reflux or 

pre-existing lung disease
Assessment
  Check airway, respiratory rate, tidal volume, EtCO2 and FiO2

  Is the patient cyanotic?
  Exclude measurement error (oximeter position?)
  Look for disconnection of oxygen delivery or breathing system
  Listen for air entry, wheeze or crepitus
  Assess sedation
  Measure arterial blood gas looking for PaCO2 or PaO2

Treatment/intervention
  Give 100%
  Relieve airway obstruction (airway, LMA or ET tube as 

appropriate)
  If respiratory depression – reduce/stop sedation or opioids
  If laryngospasm – increase the depth of sedation, CPAP, 

succinylcholine?
  Treat aspiration or bronchospasm as appropriate

Table 28.5 Seizures

Causes
  Cortical stimulation
  Subtherapeutic anticonvulsant levels
  Local anaesthetic toxicity
  Neurolept sedation is associated with an increased incidence of 

seizures compared with propofol
Assessment
  Check airway, breathing and circulation
  If the patient’s head is immobilized in pins, ensure safety
  Check if the patient has had anticonvulsant prophylaxis
Treatment/intervention
  Secure airway and give O2

  Stop cortical stimulation (cold saline to cortex?)
  If seizures continue treat – propofol 0.75–1.25 mg/kg, thiopental 

1–1.5 mg/kg or low-dose benzodiazepine
  For prolonged seizures phenytoin 10–15 mg/kg, levetiracetam 1 g 

or phenobarbital 200 mg (and repeated to max of 15 mg/kg)

Table 28.6 Hypertension

Causes
  Pain
  Inadequate sedation
  Hypoxemia
  Hypercapnia
  Raised ICP
  Pre-existing hypertension
  Urinary retention
Assessment
  Establish cause and exclude artefact
  Is it associated with painful stimulus?
  Are there adequate sedation and analgesia?
  What are the heart rate and BP?
  Is there hypoxia; what is the SaO2 or EtCO2?
  Is there evidence of raised ICP?
Treatment/intervention
  Treat underlying cause
  Give analgesia
  Increase sedation
  Optimize ventilation
  Antihypertensives, e.g. labetolol 5–10 mg boluses should then be 

used as necessary

Table 28.3 Nausea and vomiting

Causes
  Past history
  Lesions in the posterior fossa
  Surgical manipulation
  Pain
  Hypotension
  Anaesthetic technique (neurolept is associated with more nausea 

than propofol)
  Raised ICP
Assessment
  Check airway
  Check pulse and BP
  Look for surgical cause such as dural traction
  Are there signs of raised ICP?
  Has prophylactic anti-emetic been given?
Treatment/intervention
  Reassure patient
  Stop surgical stimulus
  Correct hypotension, e.g. IV fluids or vasopressors
  Give adequate analgesia
  A combination of anti-emetics of different classes may be needed
  Change anaesthetic?

J. Dinsmore



187

 The Acutely Swollen Brain

Bulging dura on lifting the craniotomy flap is often due to 
peritumour oedema. Table  28.7 summarizes the possible 
causes, patient assessment and management.

 Venous Air Embolism

There are several reports of venous air embolism (VAE) dur-
ing awake craniotomy. Patients present with tachypnea, 
refractory coughing or chest pain or, in the anaesthetized 
patient, a sudden reduction in EtCO2. Table 28.8 summarizes 
the possible causes, patient assessment and management.
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Table 28.7 The acutely swollen brain

Causes
  Inadequate corticosteroids
  Airway obstruction
  Hypercapnia
  Hypoxia
  Hypertension
  Raised venous pressure
Assessment
  Check airway
  Check SaO2 and EtCO2 (check ABGs)
  Assess level of sedation
  Is the patient coughing or straining?
  Check heart rate and BP
  Has patient had corticosteroids?
  Venous outflow obstruction
Treatment/intervention
  Establish patent airway
  Increase FiO2 and reduce PaCO2 by increasing ventilation
  Control BP (see above)
  Try head-up tilt 30; consider in-line position; consider removal of 

jugular venous catheter
  Dexamethasone 8–12 mg
  Give mannitol 0.25–0.5 g/kg or furosemide 0.25–0.5 mg/kg

Table 28.8 Venous air embolism

Causes
  Head-up position
  Spontaneous ventilation
  Airway obstruction
Assessment
  Have a high index of suspicion
  EtCO2

  Hypoxia
  Hypotension
  Arrhythmias
  Precordial Doppler
Treatment/intervention
  Inform surgeon
  Flood operative field
  Stop N2O
  Lower operative site below level of the heart
  Protect airway and FiO2

  Maintain BP with fluids or vasopressors
  Other supportive treatment as needed

Key Points
• Awake craniotomy is safe and well tolerated but 

careful patient selection is vital.
• Use of short-acting, easily titratable agents allows 

for flexibility of an anaesthetic requiring multiple 
depths, with multiple levels of stimulation.

• Prepare carefully and do not rush.
• Do not underestimate the importance of the doctor–

patient relationship.
• Assess the patient yourself; check history, allergies 

and airway.
• The prevention of complications is easier than their 

treatment.
• Meticulous attention to detail and good communi-

cation are the keys to success.
• Always have a back-up plan.
• Know your limits and do not be afraid to ask for 

help.
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Perioperative Challenges During 
Stereotactic Neurosurgery and Deep 
Brain Stimulator Placement

Mitchell Y. Lee and Marc J. Bloom

 Overview

Stereotactic surgery is based on three-dimensional coordi-
nates, which accurately localize the area of interest. With the 
advancement of radiology, essentially any specific region 
within an organ can be localized with stereotactic equip-
ment. In neurosurgery, stereotactic technique is especially 
beneficial since the localization allows for conduct of mini-
mally invasive surgery, thereby preserving other important 
structures in the brain.

Stereotactic surgery can be performed with or without a 
head frame. Frameless systems such as Brain Lab or Cygnus 
PFS are often used as a navigation aid during a standard cra-
niotomy for the neurosurgeons. A frame-based system allows 
the neurosurgeon not only to establish the frame of the refer-
ence but also to mount a guiding device to minimize the mar-
gin of error when approaching a deep target within the brain. 
The use of the frameless system affects anesthesiologists 
minimally; therefore, the discussion will focus on frame- 
based systems.

The head frame presents several issues that need to be 
considered by the anesthesiologist preoperatively. During 
the patient interview, the anesthesiologist should evaluate 
whether the patient can tolerate local anesthesia and the pro-
longed time in the head frame. Once the head frame is 
applied, the patient is transferred to and from the radiology 
suite for the imaging studies, which may take several hours. 
Patients often complain of pain at the pin sites, neck stiff-
ness, claustrophobia, and headache. Since the patient may be 

transferred from one area to another area by a nonclinical 
transport aid, it is critical that the patient has completely 
emerged from any sedation or analgesic medications that 
were administered during the imaging period.

Patients with airway difficulty or history of obstructive 
sleep apnea should be accompanied by an individual with 
appropriate clinical training (e.g., nurse or physician). The 
airway must be considered not only during the time of the 
head frame placement but also when the patient presents for 
the actual stereotactic procedure. In the worst case scenario, 
the difficult airway patient should be considered for general 
anesthesia for the entire event from the placement of the 
head frame to imaging and surgery. Every part involved 
should be organized so that the patient is exposed to the min-
imal amount of anesthetic medications.

Deep brain stimulation (DBS) is performed for the 
patients with movement disorders such as Parkinson’s dis-
ease or essential tremor. Although stereotactic coordinates 
allow the neurosurgeon to reach the exact target with great 
accuracy, the chosen target may or may not be the optimal 
location for stimulation to alleviate clinical symptoms. 
Therefore, once the target is reached, trial stimulation allows 
the surgeon to confirm appropriate probe location. To assess 
the optimal area for the placement of the stimulating probe, 
the patient is instructed to withhold any medication that con-
trols the symptoms. The importance of not taking the medi-
cation (e.g., antiparkinson medication) must be emphasized 
during the preoperative visit. Since the anesthesiologist 
instructs the patient which medications to take for the day of 
the surgery, the half-life and the timing of the individual 
medication also must be considered since some Parkinson’s 
medications may take more than 24 h to clear. Careful his-
tory taking will also allow the anesthesiologist to understand 
the timing of symptom deterioration with dose-holding 
based on the patient’s past experience with forgetting to take 
their therapeutic medication(s). The symptomatic patients 
are often anxious and uncomfortable; tremors may not only 
cause discomfort but also may be severe enough to disturb 
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the operation. These patients require extensive reassurance 
and presurgical preparation.

 Prevention

 Airway

If general anesthesia is to be induced, the head frame is a 
major obstacle for airway management. Once the head frame 
is placed, even mask ventilation becomes difficult. Most of 
the head frames have a removable front section. However, 
the opening is not often large enough to accommodate an 
adult-sized mask. The space between the front of the face 
and the head frame can be adjusted at the time of the place-
ment. If the space is too narrow, the mask may not fit under-
neath the frame, and a smaller mask or deflated mask can be 
used. A quick reminder by any member of the operative team 
at the time of the frame placement (preprocedural pause) will 
save a lot of trouble later. Allen wrench or other equipment 
for the removal of the frame must be available at all times.

Proper positioning with a shoulder roll, a wedge, and a 
head support will result in the patient being fixed in a sniffing 
position but may not give an adequate space to manipulate a 
standard laryngoscope during the time of anesthetic induc-
tion and tracheal intubation. Fiber-optic bronchoscope, glide 
scope, video laryngoscope, and intubating laryngeal mask 
airway (LMA) (or standard LMA and hollow stylette, e.g., 
Aintree) have all been used to intubate the trachea in patients 
fixed in a stereotactic head-holding device. The fiber-optic 
bronchoscope is one of the most effective tools in advanced 
airway management. However, effective use of this tool 
requires advanced technical ability, which may take years to 
achieve an appropriate level of competence for effective air-
way management in patients who have their head fixed in a 
stereotactic holding device. In addition, the fiber-optic bron-
choscope is expensive to purchase and has a high cost for 
maintenance, which often limits its usage. The GlideScope is 
a lighted fiber-optic camera on a strongly curved laryngo-
scope blade that projects an image to attached video screen. 
Visualization of the vocal cords is simple, but inexperienced 
users often find it very difficult to place the endotracheal tube 
through the cords because of limited mouth opening and the 
acute turn that the tube must take between the lips and vocal 
cords. The intubating LMA has a large enough lumen to 
accept a standard wire-reinforced endotracheal tube and a 
preformed curve that directs the tube through the vocal cords. 
Unfortunately, it is difficult to establish reproducible compe-
tency with the intubating LMA and has a higher failure rate 
than a fiber-optic bronchoscope. It is also possible to intubate 
the trachea through a classic LMA, using a hollow stylette 
(e.g., Aintree) loaded on to a fiber-optic bronchoscope. Once 
the stylette is positioned in the trachea, the bronchoscope 

and LMA are removed, and an endotracheal tube (e.g., 
Parker endotracheal tube) is advanced into the trachea over 
the stylette, which is then also removed.

Once the head frame is attached to the OR table, it 
becomes impossible to manipulate the head. Do not transfer 
the patient to the operating table until airway management is 
complete. As for prone or lateral position, the endotracheal 
tube must be taped securely. A circumferential taping, how-
ever, should be avoided to ensure adequate venous drainage 
from the head and face, as facial swelling could prevent an 
ability to safely extubate the trachea at the end of surgery. 
Other airway complications include apnea, airway obstruc-
tion, endotracheal tube malposition and obstruction, and 
accidental extubation.

 Positioning

For both stereotactic surgery and deep brain surgery, sitting 
position or reverse-Trendelenburg position with the neck 
flexion is often required. Although the procedure requires a 
smaller craniotomy or a Burr hole, venous air embolism is a 
known risk. Early detection and prevention of further venous 
air embolism are the best course of action. Precordial 
Doppler may be used for the stereotactic surgery, but for the 
DBS procedure, the Doppler may interfere with the neuro-
physiology monitoring. If this is the case, precordial Doppler 
use can be limited to the initial opening and the exposure of 
the brain. For an awake or sedated patient, air embolism may 
present as coughing, chest discomfort, or sudden sense of 
anxiety. For such minimally invasive surgery, central venous 
catheter is not usually indicated. If venous air embolism was 
to occur, the treatment options are Trendelenburg position, 
flooding of the surgical field, and packing the area with 
Gelfoam or bone wax.

For DBS placement procedures, the patients are often 
kept awake or minimally sedated. Sedated patient should be 
positioned so that there is an adequate space for breathing 
and ventilation. The positioning should allow the patients to 
be as comfortable as possible, and lumbar support, arm rests, 
leg support, and possible Foley catheter should be consid-
ered. At some institutions, the services of a professional mas-
sage therapist have been utilized during the procedure to 
alleviate the discomfort for staying in one posture for a pro-
longed time.

 Crisis Management

 Seizures

Stereotactic surgery: If seizure activity is suspected, intu-
bated patients should be treated with induction agents such 
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as propofol or barbiturates (e.g., thiopental). Other treat-
ments include benzodiazepine or cool saline irrigation to 
brain.

DBS in awake patients: If a seizure occurs in the awake or 
sedated patient, clinical judgment will be required to deter-
mine whether the seizure will be of short duration and sim-
ply observed or prolonged and require administration of a 
short-acting benzodiazepine and potentially airway 
management.

The alpha-2 receptor agonist, dexmedetomidine, may be 
proconvulsant, especially if given as an intravenous bolus 
and inhalational gas is used. However, dexmedetomidine has 
been used for patients with a seizure history without prob-
lems at the normal clinical dosage. No real evidence exists to 
establish if intravenous dexmedetomidine is protective for 
seizures.

 Hemorrhage

Due to the small size of the opening, any bleeding can be 
dangerous. Bleeding may result in hematoma formation 
deep at the target site, anywhere along the path of the probe 
transit through brain parenchyma or at the brain surface 
(e.g., subdural near the site of the craniectomy). Most often 
hematoma is diagnosed from postprocedure neuroradiol-
ogy studies and has no clinical importance. Rarely, the 
patient may present with acute neurologic deterioration 
from procedure-related cerebral hemorrhage. In these 
cases, immediate support with airway management, blood 
pressure control, and position change must be achieved. If 
significant subarachnoid blood accumulates, (rare) postop-
erative vasospasm should be considered and treated as 
indicated.

 Nausea and Vomiting

Prevention of nausea and vomiting is key. Nausea and vom-
iting during the procedure may make it impossible for the 
neurosurgeon to appropriately position the brain probe and 
is very unpleasant for the patient. In addition, with the 
patient’s head fixed in the stereotactic holder, it may be 
impossible to prevent aspiration of regurgitated material. It 
is, therefore, critical that strict NPO guidelines be followed 
for these patients. In choosing pharmacologic agents to pre-
vent nausea and vomiting during the procedure, care must 
be taken to avoid administration of medication that interacts 
negatively with antiparkinson therapy. For example, meto-
clopramide (Reglan) may exacerbate Parkinson symptoms 
due to its effect on central dopaminergic receptors. Other 
medications such as phenothiazines (e.g., Compazine [pro-
chlorperazine]) and butyrophenones (droperidol) also are 

included in this group. Ondansetron (Zofran) and dexameth-
asone combination can be very effective with minimal risk 
of complication. Newer agents such as aprepitant, an NK1 
antagonist, may be prescribed prior to surgery as a preventa-
tive measure.

 Cardiovascular

The Parkinson patients who take bromocriptine or pergolide 
may experience severe and precipitous hypotension during 
the induction of general anesthesia (central dopamine recep-
tor stimulation and peripheral vasodilatation), particularly in 
the presence of other antihypertensives, as, for instance, 
angiotensin-converting enzyme (ACE) inhibitors. Careful 
review of the medication is a must where this group of 
patients is concerned. Severe bradycardia and cardiac 
arrhythmia have been reported during DBS surgery. 
Therefore, adequate venous access must be assured to allow 
rapid intravenous administration of cholinergic antagonists 
(e.g., atropine) and vasoactive drugs (e.g., epinephrine and 
ephedrine). Intraoperative arterial line placement may not be 
necessary for many of the procedures, but access to emergent 
arterial line should be ensured.

 Other Complications

Stereotactic surgery is based on establishing the frame of ref-
erence. If any objects or maneuvers interfere with the refer-
ence points, stereotactic surgery will fail. Operating room 
tables or the frame bracket cannot be moved or disturbed. 
The “Cygnus” system depends on X-ray detectable fiducial 
markers and they may not be moved. Since the fiducials are 
placed on the skin, any changes to the surface anatomy may 
affect the reference point. The “Brain Lab” system incorpo-
rates facial features as well as fiducial markers. Tape on the 
eyes, local anesthetic for scalp block, or processed EEG 
monitor sensors such as BIS strip may interfere with the 
setup of the reference point. Effective communication 
between anesthesiologist and surgeons as well as OR techni-
cians is a must to prevent inadvertent disruption of stereotac-
tic reference points.

During the DBS procedure, even the slightest electrical 
noise may interfere with the neurophysiology monitor. 
Common sources of electrical noise in the operating room 
that interfere with neurophysiologic monitoring include cel-
lular phone use, florescent lighting, or any instrument or 
device (e.g., convective warmers) connected to an electrical 
outlet. Battery-operated monitors and infusion pumps should 
be considered for use during cases requiring neurophysio-
logic monitoring to minimize the risk of noise from AC 
power sources affecting the monitoring.
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Key Points
• Minimally invasive procedures such as stereotactic 

surgery and DBS procedures can present significant 
challenges to the anesthesiologists.

• Understanding the patient population, different 
types of surgical procedures, the preoperative prep-
aration, and the complications is essential.

• Airway management can be difficult in patients 
with head frames and requires careful planning and 
expertise.

• Functional brain surgery frequently requires an 
awake procedure, which requires close cooperation 
between patient, anesthesiologist, and surgeon and 
poses significant risks.

• Complications include seizures, cerebral hemor-
rhage, intraoperative nausea, and vomiting followed 
by tracheal aspiration and sudden cardiovascular 
deterioration.
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Perioperative Challenges During 
Posterior Fossa Surgery

Martin Schott, Dieter Suhr, and Jan-Peter A. H. Jantzen

 Overview

The posterior fossa contains vital brainstem centers for res-
piration, the cardiovascular system and consciousness, as 
well the cranial nerves and their nuclei. This high concentra-
tion of delicate structures, added to the poor accessibility, 
makes posterior cranial fossa surgery a major challenge for 
the neurosurgeon. When such surgery is performed in the 
sitting position, additional anesthesiological risks ensue, 
notably venous air embolism (VAE), pneumocephalus, and 
mid-cervical myelopathy. This chapter is based on the 
authors’ personal experience with more than 4500 posterior 
fossa procedures performed in the sitting or semi-sitting 
position.

A wide spectrum of lesions may require surgical explora-
tion of the posterior cranial fossa, e.g., tumors (acoustic 
neuromas, meningiomas, or metastases), aneurysms or AV 
malformations, traumatic contusions or hemorrhages, as 
well as developmental anomalies (Chiari malformation I 
and II).

Posterior fossa surgery can be performed in different 
positions to facilitate access to the cerebellum, cerebellopon-
tine angle, or brainstem. These include the sitting, prone 
(midline suboccipital), or modified lateral position (park 
bench). There are no valid outcome data and prospective 
studies to support superiority of one approach over the other. 

The choice depends on the clinical experience and prefer-
ence of the local practitioners.

 Clinical Characteristics of Mass Lesions 
and Neurosurgical Procedures 
in the Posterior Fossa

• Even small space-occupying lesions (e.g., hematoma/
edema) can prove rapidly fatal due to the paucity of 
space. The resulting compression of the brainstem leads 
to rapid catastrophic neurological compromise (see 
Fig. 30.1).
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• The immediate proximity of surgical field to the brain-
stem and the cranial nerves IX, X, and XII can cause 
intraoperative hemodynamic instability (e.g., hyper-/
hypotension, arrhythmia), reflexes (e.g., coughing, deep 
inspiration), and postoperative cranial nerve dysfunction 
(e.g., dysphagia).

• Positioning (e.g., sitting, prone, or park bench position) 
can lead to special complications, most notably air embo-
lism, hypotension, or obstruction of jugular venous out-
flow. Craniotomy in the posterior fossa, especially in the 
sitting position, causes a set of unique and potential haz-
ardous problems.

Preoperative
• Deterioration of the neurological status and cranial nerve 

dysfunction
• Obstructive hydrocephalus

Intraoperative
• Complications due to intraoperative positioning

 – VAE and paradoxical air embolism (PAE)
 – Peripheral nerve injuries
 – Hemodynamic instability
 – Jugular venous outflow obstruction
 – Mid-cervical quadriplegia

• Brainstem injury or surgical manipulation
• Impairment of ventilation and airway

Postoperative
• Compression or herniation of the brainstem or midbrain 

structures by hematoma or edema
• Cranial nerve injury
• Brainstem injury
• Pneumocephalus and tension pneumocephalus
• Swelling of the upper airway (e.g., tongue, due to venous 

obstruction, particularly when an oral airway was in use 
during surgery)

The incidence of complications in relation to the position 
in posterior fossa surgery is shown in Table 30.1.

 Prevention

The first step to prevent complications in the management of 
posterior fossa surgery is adherence to good clinical practice: 
careful and accurate preoperative evaluation, meticulous 
maintenance of perioperative homoeostasis, and improve-
ment of surgical conditions.

Secondly, perioperative management aims at prevention 
of specific crises as outlined in Table 30.2.

 Crisis Management

Anesthesia and critical care for posterior fossa surgery 
require a detailed understanding of anatomy, physiology, and 
pathophysiology.

The cornerstone for patient safety and crisis management 
includes detailed preoperative assessment, strict prevention 
of complications, and excellent team-coordinated work, 
based on anesthesia and neurosurgical protocols.

 Preoperative Crisis Management

 Preoperative Assessment
Obstructive hydrocephalus is evident on preoperative CT or 
MRT scans and should be treated pre- or intraoperatively. 
Any preoperative medication in patients with posterior fossa 
lesions must be individualized, taking into account physical 
status and ICP.

 Preoperative Crisis: Pathophysiology, Clinical 
Presentation, and Intervention

• Deterioration of the neurological status preoperatively 
and/or cranial nerve dysfunction:
 – Pathophysiology: patients with posterior fossa lesions 

are more sensitive to sedatives and analgesics, in par-
ticular with increasing mass effect of the lesions.

 – Symptoms: altered state of consciousness and difficul-
ties to maintain a patent airway.

• Obstructive hydrocephalus:
 – Pathophysiology: infratentorial masses can obstruct 

the outflow of CSF and markedly increase ICP.
 – Symptoms: continued impairment of neurological 

function.
 – Intervention:

 ⚬ Perform ventriculostomy or external ventricular 
drainage.

Table 30.1 Incidence of clinically significant complications in the sit-
ting position vs. horizontal position (0, +, ++, +++ indicate 
probability)

Venous air embolisma +++ vs. + − ++
Paradoxical air embolisma Rareb

Arterial hypotension ++ vs. + − ++
Pneumocephalus +++ vs. +
Mid-cervical quadriplegia Rareb

aIncidence varies according to the method of detection
bExact incidence unknown
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Table 30.2 Guide to prevention

Crisis Methods to prevent the crisis
Preoperative
Deterioration of the 
neurological status/
cranial nerve 
dysfunction

Examination of the cranial nerves IX, X, and XII
Administration of sedatives and opioid analgesics is adapted to patient physical status, evidence of increased 
intracranial pressure (ICP), and level of patient anxiety
Use these agents with caution in patients with any posterior fossa lesion

Obstructive 
hydrocephalus

Perform ventriculostomy or external ventricular drainage
Be aware of excessive drainage resulting in upward cerebellar herniation. Always check positioning of the drip 
chamber in relation to the external auditory meatus

Intraoperative
Venous air embolism 
(VAE)

Use sensitive monitors to detect air entrainment (<0.25 ml): Precordial Doppler or transesophageal 
echocardiography (TEE)
Central venous line placed in the right atrium at its junction with the superior vena cava (correct catheter position 
confirmed by intravascular ECG or TEE)
Surgeon should accept a gradient as small as possible between the heart and site of surgery
Careful surgical technique (e.g., apply bone wax)
Temporary compression of the jugular veins to identify sources of venous bleeding
Avoid nitrous oxide
Avoid hypovolemia
Avoid hyperventilation

Paradoxical air 
embolism (PAE)

Examine for patent foramen ovale by TEE or transcranial Doppler (TCD)
Critical risk-benefit assessment is obligatory when adopting the sitting position in patients with known patent 
foramen ovale or pulmonary AV fistula
Avoid high PEEP (>10 cm H2O)
Avoid hypervolemia

Damage due to 
positioning

Meticulous attention to positioning; neurophysiological monitoring (SSEP, MEP, BAEP, EEG, EMG, etc.) helps to 
avoid injuries

General aspects Avoid excessive neck rotation and flexion (minimum 5 cm space between the chin and sternum)
Exclude severe degenerative diseases of the cervical spine (X-ray, CT, functional test)

Peripheral nerve injuries Care must be taken to pad all pressure points (elbow, fibula, heels, etc.) and to avoid stretching or compression of 
the brachial plexus and peripheral nerves

Mid-cervical 
quadriplegia

Avoid excessive neck rotation and flexion (see general aspects above)

Jugular venous outflow 
obstruction and swelling 
of the upper airway

Avoid excessive flexion of the neck to allow adequate venous drainage (see general aspects above)

Hemodynamic alteration 
and instability

Maintain normovolemia, use vasopressors to avoid hypotension caused by positioning, and ensure cerebral 
perfusion
Ensure abdominal and femoral venous return
Pressure transducer should be positioned and zeroed at the level of the base of the skull (tragus) to correctly estimate 
CPP

Brainstem/cranial nerve 
injury

Use SSEP/MEP (cortical integrity), BAEP (N. VIII) and/or EMG (N. VII; in incomplete neuromuscular blockade)
Alert the surgeon immediately in case of autonomic disturbance

Impairment of 
ventilation

Secure airway (e.g., proper fixation of the armored endotracheal tube), and ensure access to the airway
Allow adequate diaphragmatic excursion

Postoperative
Deterioration of 
neurological status

Monitor all patients in an intensive care setting
Normotension. Treat arterial hypertension quickly
Be aware that patients with posterior fossa lesions are more sensitive to sedatives and analgetics after emergence 
from anesthesia
Be aware that even a small degree of edema or bleeding in the posterior fossa can lead to catastrophic neurological 
compromise
Leave the patient intubated if postoperative deterioration or damage to cranial nerves (IX, X, XII) is anticipated

Pneumocephalus Avoid nitrous oxide
Be aware, especially in the sitting position

Swelling of the upper 
airway (e.g., tongue)

Avoid excessive flexion of the neck and allow venous drainage
Consider glossal edema before extubation, delay extubation to allow the edema to resolve
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 Intraoperative Crisis Management

 Intraoperative Assessment
Routine monitoring includes electrocardiography, pulse 
oximetry, capnography, temperature, urinary output, and 
relaxometry. Strictly recommended in posterior fossa sur-
gery are an intra-arterial line (beat-by-beat measurement of 
systemic blood pressure to estimate cerebral perfusion pres-
sure and assessment of paCO2) and a central venous line 
(e.g., application of catecholamines, aspiration of air). 
Supplementary monitoring is directed toward the detection 
and treatment of VAE when the risk of VAE is high: precor-
dial Doppler, TEE, and the use of central venous line as a 
right atrial catheter.

 Intraoperative Crisis: Pathophysiology, Clinical 
Presentation, and Intervention

• Venous air embolism:
 – Pathophysiology: Pressure in a noncollapsible vein 

(e.g., dural sinus or diploic vein) becomes subatmo-
spheric when the head is elevated above the heart. The 
pathophysiological consequences depend on the vol-
ume and rate of air entry, pulmonary clearance, as well 
as on cardiac function; cardiac output decreases in 
response to the increased right ventricular afterload 
which can result in acute right heart failure and/or 
reduced left ventricular filling.

 – Symptoms: Bubbles observed through transesophageal 
echocardiography (TEE) (see Fig.  30.2), roaring 
sounds of the precordial Doppler (PCD) signal, 
decrease of end-tidal CO2 reflecting increased pulmo-
nary dead space, decrease of arterial oxygen satura-
tion, arterial hypotension, low output, and cardiac 

arrest. Some authors have argued against the use of 
TEE for monitoring, as it may alert the anesthesiolo-
gist to small amounts of air, which will never have 
hemodynamic consequences.

 – Prevention: See Table 30.2.
 – Intervention: See Table 30.3.

• Paradoxical air embolism:
 – Pathophysiology: see VAE, presence of a patent fora-

men ovale, or pulmonary shunts/AV fistula; air can tra-
verse to the arterial circulation.

 – Symptoms: stroke and/or coronary occlusion (may be 
apparent postoperatively).

 – Intervention: See Tables 30.2 and 30.3.

• Hemodynamic instability:
 – Pathophysiology: venous pooling as a result of intraop-

erative patient positioning, influenced by intravascular 
volume status, BMI, depressant effects of anesthetic 
agents, etc.

 – Symptoms: arterial hypotension
 – Differential diagnosis: brainstem injury/

manipulation
 – Intervention:

 ⚬ Communicate with the surgeon (e.g., to interrupt 
manipulation).

 ⚬ Administer vasopressors to treat hypotension, and 
expand intravascular volume in case of 
hypovolemia.

• Brainstem injury/manipulation:
 – Pathophysiology: direct surgical manipulation, traction, 

or ischemia of the brainstem centers, as well as cranial 
nerves or their nuclei; damage to respiratory centers is 
almost always associated with hemodynamic instability.

Fig. 30.2 Visualization of intracardiac air by transesophageal echocar-
diography. Bicaval view of the heart at the midesophageal level of the 
left (LA) and right atrium (RA). Microbubbles represented by high- 

intensity echoes in the RA in case of venous air embolism with only 
characteristic change in the Doppler tone (left frame) and in one case of 
severe venous air embolism with drop of etCO2 (right frame)
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 – Symptoms: hyper-/hypotension, arrhythmia (tachy-/
bradycardia); sudden shifts of autonomic discharge 
(unpredictable alternation between bradycardia/
asystole and tachycardia/hypertension) (see 
Fig. 30.3).

 – Intervention:
 ⚬ Inform the surgeon, who should interrupt manipula-

tion, which will alleviate the disturbance/problem 
immediately in most cases.

 ⚬ When the hemodynamic situation has stabilized, 
prophylactic measures should be considered (e.g., 
glycopyrrolate, ephedrine, or atropine in bradycar-
dia or β-adrenergic blockade, if sympathetic reflexes 
are involved).

 Postoperative Crisis Management

 Postoperative Assessment
All patients should be cared for in an intensive care setting to 
maintain or reestablish systemic and brain homeostasis. The 
aim is close clinical monitoring and assessment of the neuro-
logical status. Life-threatening deterioration due to hema-
toma occurs mostly within 6 h after surgery.

Three typical scenarios occur in the management of 
patients undergoing posterior fossa surgery: (1) early emer-
gence and tracheal extubation, (2) postoperative neurologi-
cal status is worse than preoperative, and (3) anticipation of 
cranial nerve dysfunction (see Table 30.4).

 Postoperative Crisis: Pathophysiology, Clinical 
Presentation, and Intervention

• Brainstem compression:
 – Pathophysiology: even a small amount of mass (e.g., 

hematoma/edema) can prove rapidly fatal due to the 
paucity of space and the immediate compression of the 
brainstem or herniation (downward through the fora-
men magnum or upward  – transtentorial herniation) 
(see Fig. 30.1).

 – Symptoms: delayed awakening and continued impair-
ment of neurological function and respiratory and car-
diovascular derangement (including apnea or abnormal 
breathing pattern, persistent hypertension, etc.).

 – Intervention: see Table 30.4 (scenario 2).
• Cranial nerve dysfunction:

 – Pathophysiology: direct surgical trauma, traction, 
manipulation, or ischemia causes temporary or perma-
nent dysfunction (particularly cranial nerves IX, X, 
and XII).

 – Symptoms: difficulties to swallow or to maintain a pat-
ent and protected airway (dysphagia, aspiration, stri-
dor, respiratory distress).

 – Intervention: see Table 30.4 (scenario 3).
• Brainstem injury:

 – Pathophysiology: see above (intraoperative crisis).
 – Symptoms: abnormal breathing pattern or inability to 

maintain a patent airway after tracheal extubation.
 – Intervention: see Table 30.4 (scenario 2).

Table 30.3 Treatment of venous air embolism

Step 1: Detection of venous air embolism
  Inform the neurosurgeon immediately about air entrainment
  Temporary bilateral jugular vein compression (in communication 

with the neurosurgeon, to identify the source of air embolus)
  Surgical field can be flooded with saline or packed; bone wax may 

be applied to the skull edges
  Request assistance
  Ventilate the patient with 100% oxygen, discontinue N2O – if 

applicable
Step 2: Persistence of venous air embolism
  Lower patient’s head if possible
  Aspirate air from the right atrium through central venous line
  Regularly reevaluate the patient status (hemodynamic, blood gas 

analysis)
  Consider bilateral jugular vein compression in communication 

with the neurosurgeon
  Management of acute right heart failure and/or reduced left 

ventricular filling
    Treat hypotension with vasopressors to secure sufficient 

coronary perfusion
    Consider TEE findings (e.g., volume status, right ventricular 

dysfunction)
    Apply PEEP cautiously (>8–10 cm H2O); excessively high 

PEEP levels may promote paradoxical air embolism
   Carefully treat hypovolemia; avoid hypervolemia
Step 3: Severe venous air embolism
  Persistent circulatory instability should prompt the surgeon to 

terminate surgery rapidly
  Circulatory arrest requires return to the supine position to apply 

ACLS algorithms
  Continue postoperative ventilation; check for signs of pulmonary 

edema

Fig. 30.3 Electrocardiography, invasive arterial blood pressure and 
pulse oximetry monitoring showing asystole episode due to surgical 
retraction near the cerebellopontine angle
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• Pneumocephalus/tension pneumocephalus:
 – Pathophysiology: air is retained in the cranial cavity 

after all craniotomies, located over the cerebral con-
vexities, in the ventricles and/or posterior fossa; air is 
usually resorbed with symptomatic improvement 
within 1–3  days (pneumocephalus) (see Fig.  30.4). 
Intracranial gas expansion may result in elevated intra-
cranial pressure and mass effect (tension pneumoceph-
alus; mechanisms include the presence of N2O which 
diffuses into preexisting air-filled spaces [“valve 
effect”] and rewarming of the patient).

 – Symptoms: delayed awakening and continued impair-
ment of neurological function (confusion, lethargy, 
reduced consciousness/coma, nausea and vomiting, 
seizures).

 – Intervention: see Table 30.4 (scenario 2).

 – Treatment of tension pneumocephalus:
⚬ Ventilation with 100% O2

⚬ Burr hole to release trapped air under local or gen-
eral anesthesia

⚬ Rapid improvement occurs with the release of gas 
under pressure

• Upper airway edema:
 – Pathophysiology: edema of the mucosa due to venous 

and lymphatic obstruction.
 – Symptoms: tongue and soft tissue edema with inability 

to maintain airway patency (cardinal symptom: inspi-
ratory stridor).

 – Intervention:
⚬ Critical assessment of the airway (direct or indirect 

visualization through (video-) laryngoscopy, fiber 
optics)

• Mid-cervical quadriplegia:
 – Pathophysiology: myelopathy presumably due to 

excessive flexion with compression of the anterior spi-
nal artery; preexisting degenerative disease of the cer-
vical spine is considered a risk factor.

 – Symptoms: quadriplegia.
 – Intervention: see Table 30.4 (scenario 2).

Table 30.4 Postoperative assessment

Scenario 1: Early emergence and extubation
The aim of emergence is early awakening to allow assessment of the 
neurological status
Preconditions for tracheal extubation are normal systemic and brain 
homeostasis
  Normothermia
  Normocapnia
  Normotension
  Normovolemia
  A level of consciousness that allows management of secretions
  Absence of airway edema
  Return of protective airway reflexes
Scenario 2: Postoperative neurologic status is worse than 
preoperative
Emergency evaluation and treatment is indicated. Time to diagnosis 
is a critical determinant of outcome
Approach to the scenario
  Maintenance of adequate ventilation and oxygenation (reintubate 

if necessary)
  Quickly obtain imaging studies (CT) to rule out structural causes 

of intracranial hypertension, including hematoma, edema, tension 
pneumocephalus, and hydrocephalus

  Important differential diagnoses to be ruled out
   Metabolic derangement (e.g., hypoglycemia, hyponatremia)
    Pharmacological/persistent anesthetic effect (caused by 

anesthetic agents, muscle relaxants; central anticholinergic 
syndrome)

   Seizure (e.g., nonconvulsive)
   Paradoxical air embolism (consider MRI)
   Mid-cervical quadriplegia (consider MRI)
Scenario 3: Anticipation of caudal cranial nerve dysfunction
Certain scenarios (e.g., prolonged surgery, close proximity to the 
brainstem) carry a high likelihood of postoperative worsening of the 
neurological status, secondary to cerebral edema or pneumocephalus. 
In these cases, prolonged intubation and ventilation may be 
necessary until neurological function will allow extubation
Approach to the scenario
  Return of protective airway reflexes (including swallowing, 

sticking out the tongue) is essential
  Extubation under fiber-optic visualization, withdrawal of the 

endotracheal tube to hypopharynx
  Fiber-optic assessment of laryngeal function and ability to 

swallow

Key Points
• Even a small amount of mass (e.g., hematoma/

edema) in the posterior fossa can cause severe neu-
rologic compromise due to the paucity of space and 
the immediate compression of the brainstem. 
Patient positions that permit surgical access to the 
posterior fossa are associated with unique difficul-
ties, notably due to the risk of VAE, jugular venous 
outflow obstruction, and pneumocephalus.

• Intracranial hypertension may develop secondary 
to increased abdominal pressure, venous conges-
tion, or outflow obstruction (excessive flexion/rota-
tion of the neck) and arterial hypotension; 
preventive measures need to be applied to mini-
mize these effects.

• All patients have to be monitored in an intensive 
care setting to maintain or establish systemic and 
brain hemostasis. Life-threatening deterioration 
due to hematoma occurs most within 6  h after 
surgery.

• The cornerstone of patient safety and crisis man-
agement during posterior fossa surgery is detailed 
preoperative assessment, strict prevention of com-
plications, and excellent team-coordinated work, 
based on standardized anesthesia and neurosurgical 
protocols.
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 Overview

Following head injury, blood may accumulate between the 
inner surface of the skull and the dura mater (epidural hema-
toma, EDH – Fig. 31.1), between the dura and the arachnoid 
mater (subdural hematoma, SDH  – Fig.  31.2), in the sub-
arachnoidal space, or within the brain parenchyma itself 
(hemorrhagic contusions and intracerebral hematomas). 
Although the findings in individual patients can vary signifi-
cantly, some characteristics that are considered “typical” for 
the presentation of patients with acute EDH, acute SDH, and 
chronic SDH are summarized in Table 31.1. Details of the 
presentation and management of patients with traumatic sub-
arachnoidal or intraparenchymal hemorrhage are covered 
elsewhere in this book.

While some intracranial hematomas (e.g., those with a 
maximum diameter <10  mm and not causing a change in 
consciousness) can be managed conservatively by careful 
monitoring, many intracranial hematomas will compress the 
underlying brain, causing volume shifts and clinical deterio-
ration, and thus require urgent surgical decompression. The 
prognosis in such patients depends critically on the extent of 
primary neurological damage and the timing of surgery. It is 
also influenced by the occurrence of secondary neurological 
injury during the ensuing hours and days and the severity of 
injuries to other organs.

31

W. M. van den Bergh (*) 
Department of Intensive Care, Academic Medical Center, 
University Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands
e-mail: w.m.van.den.bergh@umcg.nl 

A. R. Absalom 
Department of Anesthesiology, University Medical Center 
Groningen, Groningen, The Netherlands 

O. L. Cremer 
Department of Intensive Care Medicine, University Medical 
Center Utrecht, Utrecht, The Netherlands

Fig. 31.1 Epidermal hematoma

Fig. 31.2 Subdural hematoma
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 Risks

The injured brain is extremely vulnerable to systemic 
insults that contribute to secondary injury, such as arterial 
hypotension, hypoxemia, hypercapnia and hypocapnia, 
hyperglycemia, coagulopathy, and pyrexia. Perioperative 
management should, therefore, be primarily directed 
toward timely surgical management and avoidance or 
reversal of secondary derangements that are associated 
with poor neurological outcome. Among these, the com-
mon problems that may occur prior to or during evacuation 
of acute SDH and EDH include:

• Raised intracranial pressure and brain swelling
• New or recurrent bleeding
• Neurogenic pulmonary edema (NPE)
• Perioperative seizure
• Sudden arterial hypotension upon opening of the dura

The perioperative management of a chronic SDH is less 
complicated, and satisfactory outcomes are usually easier to 
achieve than with acute intracranial bleeding. This topic will 
not be further discussed in this chapter.

 Raised Intracranial Pressure and Brain Swelling

 Prevention
Early assessment, intubation, and resuscitation of patients 
with severe traumatic brain injury should be performed 
according to generally accepted trauma life support princi-
ples. If clinical signs of intracranial hypertension are present 
or if the head CT scan shows evidence of mass lesions with 
midline shift or obliteration of the basal cisterns, urgent cra-
niotomy may be indicated.

During induction of anesthesia and endotracheal intuba-
tion, care must be taken to maintain adequate cerebral perfu-
sion while preventing inadvertent increases in ICP.  The 
following considerations apply:

• Take precautions against the risk of aspiration  – per-
form a rapid sequence induction (RSI). In modern 
practice a modified RSI technique is commonly per-
formed and may be associated with better outcomes 
than a traditional RSI.

• Careful choice of hypnotic. Each induction agent has 
advantages and disadvantages, and no single drug is 
clearly contraindicated. Use a familiar agent (experience 

Table 31.1 Etiology, typical findings, and mortality of epidural and subdural hematomas

Type Etiology Associations Presentation patterns Neurologic findings Mortality
Epidural, 
acute

Middle meningeal 
artery rupture

Young age 18%: brief loss of consciousness with 
lucid interval followed by sudden 
deterioration (minutes to hours)

84%: lethargy, headaches, 
nausea

20–60%

High-velocity trauma 50%: ipsilateral mydriasis
Venous bleeding 
from fractured 
cranial bone

85%: cranial bone 
fracture

62%: contralateral 
hemiparesis

35%: immediate loss of 
consciousness with rapid, progressive 
deterioration

Coma

Subdural, 
acute

Shearing of 
bridging veins

All ages Immediate loss of consciousness Focal deficits (associated 
with brain contusions)

50%

High-speed rotational or 
linear acceleration–
deceleration injury

Subacute loss of consciousness 
(within minutes to hours)

Cardiorespiratory instability 
(associated with brain stem 
lesions)

Underlying brain 
contusion and/or brain 
stem injury

Cerebral contusion produces focal 
symptoms
Brainstem damage (60%) resulting in 
respiratory disorders and pulse and 
systemic blood pressure fluctuations

Acute psychosis or 
disorientation
Seizures
ComaAcute psychotic manifestations and 

disorientation for varying periods of 
time
Convulsive seizures (25%) (late 
complications)

Subdural, 
chronic

50%: spontaneous 
or only minimal 
trauma

Elderly and alcoholics 
with brain atrophy

Insidious onset of symptoms (days to 
weeks)

Altered mental status <20%

Anticoagulant use Headache
Focal deficits
Reduced level of 
consciousness
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with thiopental is dwindling). In hemodynamically 
unstable patients, etomidate 0.1–0.2  mg/kg may be 
preferable.

• Consider administration of an analgesic (such as fentanyl 
1.5 mcg/kg) as part of a modified RSI. Without an analge-
sic a larger dose of hypnotic is needed to attenuate the 
stress response to intubation, but this can be accompanied 
by subsequent hypotension after intubation. A modest 
dose of an analgesic can help optimize hemodynamic sta-
bility by reducing the hypnotic dose requirement while 
still attenuating the stress response during laryngoscopy 
and intubation.

• For rapid sequence induction, succinylcholine (1.5  mg/
kg) has traditionally been the drug of choice, but this has 
been associated with transient increases in ICP and serum 
potassium. Rocuronium (1.0–1.2  mg/kg) is a suitable 
alternative.

• Lidocaine spray applied to the vocal cords may help avoid 
coughing during and after intubation.

During maintenance of anesthesia (as well as during con-
tinued sedation in the emergency room or intensive care 
unit), the anesthesiologist must aim to attenuate rises in 
intracranial pressure and minimize ischemic–hypoxic brain 
injury. The following considerations apply:

• Maintain adequate depth of anesthesia. Propofol is usu-
ally the agent of choice. If volatile agents are used, bear in 
mind that doses above 1 MAC can increase intracranial 
pressure by causing cerebral vasodilation.

• Administer adequate analgesia. If early extubation is 
likely, consider the use of remifentanil. If not, and partic-
ularly if there are concomitant injuries, then longer-acting 
analgesics may be used.

• Maintain adequate cerebral perfusion pressure (CPP): 
since ischemia due to low CBF occurs predominantly in 
the first hours after injury, it may be sensible to aim for a 
CPP 60–70 mmHg during this phase, whereas a CPP tar-
get >50 mmHg seems acceptable on ensuing days if cere-
bral hyperemia prevails. Avoid systolic blood pressure 
<90 mmHg at all times.

• If spontaneous arterial hypertension ensues despite ade-
quate levels of anesthesia and analgesia, this may repre-
sent sympathetic activation in a setting of raised ICP. It is 
thus advisable to accept hypertension within reasonable 
limits (e.g., allow MAP increase up to 130 mmHg) until 
surgical decompression has been obtained.

• Maintain strict normocarbia. If metabolic acidosis is pres-
ent, adjust ventilator settings to preserve normal pH.

• Maintain normothermia. Aggressively treat pyrexia 
>37.5–38.0 °C at all times, since it can worsen neurologi-
cal injury.

• Maintain normoxia. Avoid SaO2 <90% at all times.

• Maintain head-up position (30°) unless hemodynamic 
instability is present.

• Prevent jugular venous outflow obstruction (neutral head 
position, avoid neck compression).

• Do not administer hypotonic fluid solutions (preferably 
use 0.9% or hypertonic saline for IV fluid resuscitation).

• Avoid coughing and bucking by a combination of ade-
quate anesthesia and analgesia (opioids have antitussive 
effects), muscle relaxation, and avoidance of unnecessary 
endotracheal suctioning.

• Avoid shivering (avoid hypothermia, if necessary admin-
ister muscle relaxants).

 Crisis Management
Cerebral swelling and edema following brain injury may 
result from intracellular fluid accumulation (cytotoxic 
edema), fluid extravasation (vasogenic edema), hyperemia/
vascular engorgement (vasodilatation), or, rarely in the con-
text of EDH and SDH, an obstruction of cerebrospinal fluid 
outflow. Thus, the underlying causes of swelling of brain tis-
sues are cellular energy failure, inflammation, and blood–
brain barrier disruption. After evacuation of a SDH, profound 
edema of the ipsilateral hemisphere may occur because a 
sudden reduction in ICP can cause an associated abrupt 
increase in the transmural capillary pressure gradient, which 
promotes the development of hydrostatic edema.

Table 31.2 lists various recommendations for crisis manage-
ment of intracranial hypertension. Hyperventilation should only 
be used as a temporary measure in the case of impending her-
niation, as hypocapnia-/alkalosis-induced vasoconstriction may 
aggravate cerebral ischemia. Furthermore, ICP-lowering effects 
during sustained hypocapnia are only transient (lasting 4–12 h), 
as compensatory reductions in cerebral extracellular bicarbon-
ate levels will restore pH over time. The success of hyperosmo-
lar therapy (e.g., mannitol) depends on preserved blood–brain 
barrier function. If the latter is seriously compromised (e.g., in 
areas of contusion or hemorrhage), osmotic agents may enter 
the interstitial space, where they can produce reverse osmotic 
shifts and cause “rebound” intracranial hypertension. Mannitol 
has traditionally been administered as repeated 0.25–1  g/kg 
bolus infusions. In critical cases, it can be combined with a loop 
diuretic, but care must be taken to maintain normovolemia. 
Hypertonic saline is an alternative osmotic agent that is also use-
ful for early fluid resuscitation in hypovolemic trauma patients 
and may be particularly effective in cases of refractory intracra-
nial hypertension. It is important to stress that steroids are not 
recommended for the treatment of posttraumatic cerebral edema 
and may be associated with increased mortality.

Although drugs may cloud recovery and impair reflexes, 
it is crucial that an absent pupillary light reflex should never 
be attributed to drugs alone but should always instigate fur-
ther examination.
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 Uncontrolled or Recurrent Bleeding

A postoperative hematoma is present in approximately 50% 
of patients who show clinical deterioration within 6 h of cra-
niotomy. However, please note that up to 20% of postopera-
tive hematomas may develop more than 1  day after the 
procedure, especially in the cases following emergency 
surgery.

Risk factors for recurrent bleeding include:

• Intraoperative or immediate postoperative hypertension 
(within 12 h)

• Intraoperative blood loss > 500 mL
• Age > 70 years
• Hypoxia and hypercapnia
• Coughing
• Increased prothrombin time, low-fibrinogen level, low- 

platelet count

 Prevention
One of the most effective ways to reduce the risk of periop-
erative bleeding complications is by strict blood pressure 
management. Patients with hypertension are 3.6 times more 
likely to develop recurrent than matched controls. Moreover, 
the risk of postoperative intracranial hemorrhage is strongly 
associated with patients being normotensive intraoperatively 
but hypertensive postoperatively. In the postoperative period, 
systolic blood pressure is, therefore, commonly managed in 
the range of 120–150 mmHg. Short-acting intravenous anti-
hypertensive drugs are generally preferable (e.g., labetalol, a 
mixed α- and β-antagonist, or urapidil, a selective 
α1-antagonist that does not cause reflex tachycardia). Other 
measures to reduce the risk of bleeding include:

• Avoid jugular venous obstruction.
• Maintain head-up position (e.g., 30°).
• Prevent hypothermia (keep temp >35 °C).
• Order coagulation studies and maintain:

 – Hb >6 mmol/L or >7 g/dL
 – (Activated) prothrombin time <1.5 × reference
 – Platelets > 50 × 109/L
 – Fibrinogen > 0.8 g/L or >150 mg/dL
 – Ionized Ca++ > 1.0 mmol/L

• Antagonize anticoagulants as appropriate.
• Minimize stress during recovery from anesthesia:

 – Maintain body temperature  >  36.5  °C to prevent 
shivering.

 – Prevent and manage pain.

 Crisis Management
Treat hypertension aggressively in all cases of intraoperative or 
immediate postoperative bleeding, but do not over-treat: maintain 
a minimally acceptable CPP of 50–70 mmHg in the face of ele-
vated ICP (invasive arterial BP measurements are recommended) 
(Table 31.3). Labetalol is most widely used, but urapidil is also 
gaining popularity. A continuous infusion of the calcium channel 
blocker nicardipine may be useful for rapid titration.

 Neurogenic Pulmonary Edema

 Prevention
In patients with acute traumatic brain management of uncon-
trolled or recurrent bleeding injury, impaired pulmonary 
function due to neurogenic pulmonary edema (NPE) is a 
common complication (>50% of patients will develop NPE 
to some extent). The mechanisms leading to NPE are poorly 

Table 31.2 Management of raised intracranial pressure and brain swelling

Clinical findings Patient assessment Intervention/treatment
Decreased level of consciousness Standard hemodynamic and 

respiratory monitoring
Increase depth of anesthesia (consider additional bolus administration of 
propofol or barbiturate)

Pupillary asymmetry Intra-arterial pressure monitoring
Focal or lateralizing neurological 
signs

Consider need for central venous 
access and CVP monitoring

Vasopressors and fluid loading to maintain adequate CPP

Hemodynamic instability Order laboratory studies
  Arterial blood gas analysis

  Hypertension–bradycardia   Sodium or osmolality Hypertonic solutions
  Coagulation studies   Saline 2.9–7.5% as a 150–300 cc bolus
If available use ICP monitoring 
with intraparenchymal probe or 
ventriculostomy to allow venting 
of CSF

  Mannitol 20% 0.25–1 g/kg bolus infusion
  Maintain serum osmolality <320 mOsm/L
Hyperventilation
  Target pH ~7.50
  Hyperventilation is only temporarily effective and may worsen 

cerebral ischemia
  If jugular venous oximetry is available maintain SjvO2 >55%
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understood but are probably related to a massive sympathetic 
adrenergic discharge at the time of injury, which results in 
increased pulmonary microvascular hydrostatic pressures 
and increased capillary permeability. Alpha-adrenergic 
blockade (e.g., with phentolamine) prevents the formation of 
NPE in an experimental setting, but no specific measures are 
known to be beneficial in the clinical situation.

 Crisis Management
Treatment must be focused on the underlying disorder. As 
NPE resolves within 48–72  h in the majority of affected 
patients, management can be supportive. Mechanical ventila-
tion is necessary in the majority of patients to assure adequate 
oxygenation and ventilation. To prevent iatrogenic lung 
injury, a ventilation strategy is used, involving tidal volumes 
between 5 and 8 mL/kg (ideal body weight) to avoid exces-
sively high inflation pressures and positive end- expiratory 
pressure (PEEP) to prevent atelectasis. High levels of PEEP 
may be required to treat severe hypoxemia. Caution is 
advised, however, since high levels of PEEP can compromise 
cerebral venous return and increase intracranial hypertension. 
For the same reasons, the peak inspiratory (plateau) pressure 

should be kept below 30–35  cm water, and normocapnia 
should be maintained to avoid further increases in intracranial 
pressure. Several pharmacological agents such as alpha-
adrenergic antagonists, beta-adrenergic blockers, and chlor-
promazine are advocated by some authors, but assessment of 
their effectiveness is difficult because NPE is usually a self-
limiting condition that recovers spontaneously (Table 31.4).

 Seizures

 Prevention
In the absence of anti-epileptic prophylaxis, the incidence of 
early posttraumatic seizures varies between 4% and 25%. 
The presence of either an acute EDH or SDH is a risk factor 
for developing posttraumatic seizures. Anticonvulsant drug 
therapy may be used to decrease the incidence of posttrau-
matic seizures (within 7 days of injury). However, the occur-
rence of early posttraumatic seizures by itself is not associated 
with worsened outcomes, and anticonvulsants have been 
associated with adverse effects. Most clinicians administer a 
loading dose of phenytoin, valproic acid, or levetiracetam 
(over 20–30 min) followed by a daily maintenance dose only 
if seizures have been witnessed or are suspected to have 
occurred after injury. If no further seizures occur, taper and 
discontinue the anticonvulsant after 1 week.

 Crisis Management
Airway management is critical to avoid exacerbating status 
epilepticus through hypoxia. If endotracheal intubation 
under neuromuscular blockade is necessary, use a non- 
depolarizing agent such as rocuronium (1.0–1.2 mg/kg for 
rapid sequence induction). Bear in mind that as muscle 
relaxation will obscure the motor signs of seizure activity, 
EEG monitoring may be needed to confirm effective seizure 
control. Give a benzodiazepine such as lorazepam 0.2 mg/
kg, and repeat every 5 min as necessary. Consider an intrave-
nous loading dose of an anticonvulsant (such as phenytoin 
15–20 mg/kg or levetiracetam 1000 mg) at the same time. If 
status epilepticus persists, give midazolam with a loading 
dose of 0.2 mg/kg followed by an infusion of 0.2–2.0 mg/

Table 31.3 Management of uncontrolled or recurrent bleeding

Clinical findings Patient assessment Intervention/treatment
60%: decreased 
level of 
consciousness

Order coagulation 
studies:

Treat arterial 
hypertension
Maintain temp >35 °C

90%: elevated ICP 
(when monitored)

  Prothrombin time Give packed red cells
Give plasma

Focal findings   Platelets Give platelets
  Hb Maintain ionized 

calcium >1.0 mmol/L
  Fibrinogen Consider prothrombin 

complex concentrate 
(PPSB)

  Ca2+

Consider desmopressin 
(DDAVP) 0.3 μg/kg
Consider coagulation 
factor concentrates
Consider use of 
controlled hypotension

Table 31.4 Management of neurogenic pulmonary edema

Clinical findings Patient assessment Intervention/treatment
Onset within minutes to 
hours following trauma

Order laboratory studies 
(including arterial blood gas 
analysis)

Maintain adequate level of sedation
Treat intracranial hypertension
Start mechanical ventilation using adequate PEEP to keep the lung openSudden onset of dyspnea

Order chest X-ray Consider ventilation with TV less than 6 mL/kg of predicted body weight might
Mild hemoptysis Assess need for mechanical 

ventilationProtein-rich pulmonary 
edema

Consider head of bed elevation
Consider use of diuretics (treat hypervolemia)
Consider the use of intravenous alpha-/beta-adrenergic receptor antagonists 
(phentolamine, labetalol, esmolol)
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kg/h, or administer propofol 2–3 mg/kg as a bolus followed 
by 1–15 mg/kg/h to achieve seizure control. Should the sei-
zures not be controlled with propofol, administer pentobarbi-
tal 20 mg/kg at 0.2–0.4 mg/kg/min as tolerated, followed by 
an infusion of 0.25–2.0 mg/kg/h as determined by EEG mon-
itoring. The administration of volatile anesthetics can be 
considered as a last resort to control intractable seizure activ-
ity in emergency situations (Table 31.5).

 Sudden Arterial Hypotension Upon Opening 
of the Dura

 Prevention
During all neurosurgical procedures, the anesthetist should 
aim for normovolemia and maintenance of adequate cerebral 
perfusion. Prior to dural opening, hypovolemia may be 
masked by the physiological (sympathetic) responses to 
intracranial hypertension. Dural opening can cause an abrupt 
decline in ICP and cause sudden arterial hypotension. The 
following considerations apply:

• Always ensure large bore venous access.
• Frequently check the operative status; communicate with 

the surgeons. Ideally the surgeon should warn the anes-
thesiologist when dural opening is imminent.

• Consider fluid loading before decompression occurs.
• Have vasopressors on standby.

 Crisis Management
Hypotonic fluid administration should be avoided, although 
modest volumes (1–3 L) of lactated Ringer’s are acceptable. 
When larger volumes are needed, a combination of isotonic 
crystalloids (e.g., 0.9% saline) and blood products (if indi-
cated) is preferred. Hypertonic saline is useful when there is 
both arterial hypotension and intracranial hypertension. 
Circulatory support should be provided to maintain 

CBF. Bear in mind that agents that are pure vasoconstrictors 
may decrease cardiac output and that recent evidence sug-
gests that this can have detrimental effects on cerebral blood 
flow and oxygenation. For this reason noradrenaline (which 
has also some beta-adrenoreceptor activity) may have advan-
tages over pure α-agonists such as phenylephrine. Patients 
with poor myocardial reserve are likely to also require an 
agent with inotropic properties, such as dopamine, dobuta-
mine, or (nor)epinephrine (Table 31.6).

Suggested Reading

Brain Trauma Foundation, American Association of Neurological 
Surgeons, Congress of Neurological Surgeons. Guidelines for 
the management of severe traumatic brain injury. J Neurotrauma. 
2007;24(Suppl 1):S1–106.

Maas AI, Stocchetti N, Bullock R. Moderate and severe traumatic brain 
injury in adults. Lancet Neurol. 2008;7(8):728–41.

Meng L, Hou W, Chui J, Han R, Gelb AW. Cardiac output and cere-
bral blood flow: the integrated regulation of brain perfusion in adult 
humans. Anesthesiology. 2015;123(5):1198–208.

Perry JJ, Lee JS, Sillberg VAH, Wells GA. Rocuronium versus succinyl-
choline for rapid sequence induction intubation. Cochrane Database 
Syst Rev. 2008;(2):CD002788. https://doi.org/10.1002/14651858.
CD002788.pub2.

Table 31.5 Management of seizures

Clinical findings
Patient 
assessment Intervention/treatment

Tonic–clonic 
convulsions

Check airway, 
breathing, and 
circulation

Secure airway (if applicable)

Loss of 
consciousness (no 
convulsions may be 
apparent)

Increase FiO2

If the patient’s 
head is 
immobilized in 
pins, ensure 
safety

Give lorazepam 0.2 mg/kg 
IV, (repeat as necessary)
Give phenytoin 20 mg/kg 
loading dose IV
Consider additional agents 
as required (propofol, 
barbiturates)

Table 31.6 Management of arterial hypotension during opening of the 
dura

Clinical findings
Patient 
assessment Intervention/treatment

Sudden arterial 
hypotension

Consider 
volume status

Give fluids

Sudden 
tachycardia

Order laboratory 
studies

Consider vasopressors

Decrease of 
end-tidal CO2

  Hb/Ht Avoid excessive depth of 
anesthesia  Sodium or 

osmolality

Key Points
• The prevention of complications is easier than their 

treatment.
• Maintain good communication between all team 

members.
• Maintain blood pressure, temperature, coagulation 

status, electrolytes, and arterial blood gases within 
their normal ranges.

• Maintain CPP between 50 and 70  mmHg if ICP 
monitoring is available; avoid systolic blood pres-
sure <90 mmHg at all times.
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Perioperative Challenges During 
Cerebrovascular Surgery

Panagiotis Mastorakos, Daniel M. S. Raper, 
and Kenneth C. Liu

 Overview

The challenges of perioperative management of cerebrovas-
cular cases arise from the unique anesthetic and critical care 
requirements as well as the complex pathophysiology of the 
cerebrovascular system. We focus on the most common and 
challenging cases, which include aneurysm repair, arteriove-
nous malformation (AVM) resection, and cerebrovascular 
bypass surgery.

• Aneurysm repair:
 – Surgical procedure: clip placed across neck of aneu-

rysm to exclude aneurysm from blood flow, thereby 
preventing rupture

 – Indications:
 (a) Any ruptured aneurysm
 (b) Symptoms from mass effect
 (c) Elective surgery for unruptured aneurysms:

• Incidental aneurysms >6 mm in the anterior cir-
culation (except posterior communicating 
artery: PCOM)

• Any size of aneurysm of the PCOM or poste-
rior circulation

• Any aneurysm in a patient with a history of 
ruptured aneurysm or a strong family history of 
subarachnoid hemorrhage (SAH)

• AVM resection:
 – Surgical procedure: clips placed across feeding vessels 

and AVM nidus excised

 – Indications:
 (a) AVMs are generally resected if risk of surgery is 

acceptable, based on the quality of the individual 
surgeon, location of the AVM, and the pattern of 
arterial feeders and venous drainage.

 (b) Prior symptomatic bleeding in past (annual risk of 
bleeding is substantially increased).

• Cerebral bypass surgery:
 – Extracranial-intracranial (EC-IC) bypass surgery:

 (a) Surgical procedures:
• Donor vessels: superficial temporal (STA), 

occipital (OA), or proximal external carotid 
(ECA) arteries

• Recipient vessels: middle cerebral (MCA), 
anterior cerebral (ACA), posterior cerebral 
(PCA), superior cerebellar (SCA), posterior 
inferior cerebellar (PICA) arteries

• Anastomosis:
1. Direct: donor ECA vessel sewn directly to 

branch intracranial vessel
2. Indirect:

• Donor ECA vessel sewn to pial surface
• Over time, collateral circulation forms, 

connecting ECA vessel to intracranial 
circulation

 (b) Indications:
• High-grade stenosis or occlusion of the inter-

nal carotid artery (ICA), MCA, PCA, or basi-
lar artery in patients with demonstrated 
inadequate cerebral reserve (hemodynamic 
stroke, diamox CT or MR perfusion studies, 
PET)

• Moyamoya disease
 – Adjunct to aneurysm repair or skull base tumor 

resection:
 (a) Surgical procedures:

• EC-IC bypass, as above.
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• Direct bypass from one major intracranial ves-
sel to another; choice of graft depends on flow 
characteristics.
1. Low flow: generally use STA, OA, or ECA 

(used for M3-branches of MCA)
2. Intermediate flow: radial artery or saphe-

nous (used for P2 or M2-branches of 
MCA)

3. High flow: large caliber saphenous vein 
graft (used for M1/M2 branches of MCA or 
for ICA bypass)

 (b) Indications:
• Preservation of blood flow via the bypass when 

aneurysm clipping requires sacrifice of a criti-
cal portion of a cerebral blood vessel.

• Tumors encasing or invading major arteries at 
the skull base; bypass allows adequate distal 
cerebral blood flow (CBF).

 – Transposition of vertebral artery: used for patients 
with symptomatic vertebral artery stenosis at origin

 Prevention of Complications

The most feared perioperative complications are as follows:

• Intracranial hemorrhage from an unsecured vascular mal-
formation (cerebral aneurysm or AVM) prior to definitive 
surgical treatment.

• Ischemic stroke from inappropriate cerebral perfusion 
during surgery, a complication that cannot be reliably 
detected because the patient is under anesthesia and the 
neurologic exam is unavailable.

• Complications from increased or rapidly decreased ICP.
• Retraction injury (particularly in skull base surgeries), 

which may result in cerebral edema, ischemia, or hemor-
rhage; this type of injury may be mitigated by interven-
tions to “relax” the brain tissue, by reducing total brain 
tissue or CSF volume.

Based on these major complications, the basic goals for 
the prevention of perioperative complications during cere-
brovascular surgery are as follows:

• Prevent aneurysm/AVM rupture
• Maintain cerebral perfusion pressure (CPP) and CBF
• Control ICP and decrease brain tissue volume (“brain 

relaxation”) to improve surgical approach/visualization

It is important to keep in mind that CBF and ICP are 
affected by cerebral autoregulation, partial pressure of car-
bon dioxide (PaCO2), partial pressure of arterial oxygen 

(PaO2), cerebral metabolic rate (CMRO2), and anesthetic 
agents.

General considerations for prevention:

• Controlled induction and maintenance of anesthesia
 – Adequate doses of opioids to prevent hemodynamic 

response to laryngoscopy and endotracheal tube place-
ment (e.g., 3–7 mcg/kg of fentanyl); lidocaine IV can 
also be used as an adjunct.

 – Use esmolol during induction to prevent blood pres-
sure spikes.

 – Additional doses of opioids or hypnotic drugs to 
deepen anesthesia during placement of head pins.

 – When practical, avoid succinylcholine in patients with 
high ICP.

• Choice of anesthetic agents:
 – Many anesthesiologists currently advocate for a com-

bination of IV hypnotics and volatile anesthetics in 
order to control unwanted side effects and benefit from 
certain pharmacodynamic characteristics; others advo-
cate for total IV anesthesia using propofol.

 – In patients with known or suspected elevated ICP, vol-
atile anesthetics should be limited or avoided entirely 
in favor of short-acting intravenous medications, typi-
cally propofol in combination with short-acting opi-
oids. Alternatively, the use of propofol with sub-MAC 
doses of desflurane has been shown to improve brain 
tissue oxygenation while maintaining low ICP.

 – Volatile anesthetic agents disrupt cerebral autoregula-
tion, reduce CMRO2, are potent vasodilators, and 
increase ICP.  Sevoflurane better preserves cerebral 
autoregulation and has the least effect on CBF and 
ICP; high doses of sevoflurane or isoflurane will lower 
the seizure threshold.

 – Propofol and thiopental reduce CBF, suppress CMRO2, 
and reduce ICP. Benzodiazepines and opioid medica-
tions have the same effect but to a lesser degree.

 – While etomidate also reduces CBF and reduces 
CMRO2, it is associated with exacerbation of cerebral 
ischemia and should be avoided.

 – Nitrous oxide increases CBF and CMRO2 and may 
exacerbate pneumocephalus. It should be avoided.

 – Ketamine increases CMRO2 and CBF and has tradi-
tionally been avoided in cerebrovascular surgery.

• Ventilation:
 – EtCO2 monitoring should always be performed and 

used to manage the pCO2 levels throughout surgery.
 – Check ABG regularly during surgery to correlate 

EtCO2 with pCO2.
 – Mild hyperventilation (pCO2 30–35  mmHg) is indi-

cated in patients with suspected or known increased 
ICP for “brain relaxation” (1–3) to counteract cerebro-
vascular vasodilation caused by volatile anesthetics.
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 – There is a linear correlation between CBF and PaCO2 
for PaCO2 values between 20 and 80  mm Hg; a 
1 mmHg change in PaCO2 results in a 3–4% change in 
CBF.

 – Excessive (PaCO2 <30 mmHg) and prolonged hyper-
ventilation may result in cerebral ischemia.

• Enhanced surgical access:
 – Mannitol 50–75 g (0.5–1 g/kg) or 3% hypertonic saline 

250 ml given prior to surgical incision for “brain relax-
ation”; particularly during opening of the dura, careful 
titration of osmotherapy and its effects on blood pres-
sure (mannitol may decrease blood pressure; hyper-
tonic saline may increase it) is necessary in patients 
with unsecured cerebral malformations in order to 
maintain a stable aneurysmal transmural pressure gra-
dient and prevent rupture.

 – Use of CSF diversion via ventriculostomy, lumbar 
drain, or direct CSF drainage via craniotomy.

• Positioning:
 – If possible, keep head at least 20  cm above heart to 

prevent decreased venous outflow from the brain and 
elevated ICP.

• Bleeding:
 – Although rare, massive and rapid blood loss can occur 

during surgical manipulation of cerebral blood 
vessels.

 – It is, therefore, essential to have adequate vascular 
access and blood products available.

• Monitoring:
 – Cerebrovascular surgeries should be monitored using 

ASA standard monitoring plus invasive arterial 
blood pressure (placed prior to induction, if not too 
stimulating for the patient) and urine output 
measurement.

 – Central venous access should be considered for cere-
bral venous pressure (CVP) monitoring, for hemody-
namic management, and for fluid resuscitation, 
particularly in patients who are at high risk of vaso-
spasm requiring subsequent hypertensive therapy. 
Although subclavian access is associated with higher 
frequency of pneumothorax, it may be preferable in 
patients with high intracranial pressure to maintain 
optimal cerebral venous return and may be associated 
with lower frequency of catheter-associated blood-
stream infections.

 – In patients with ruptured aneurysms or AVM, ICP 
monitoring with an external ventricular drain allows 
for both ICP measurement and CSF removal. It is very 
important to ensure that ICP monitors are closed prior 
to position changes and subsequently leveled with 
respect to the patient’s tragus in order to prevent over- 
or underdrainage of CSF.

 – Electrophysiological intraoperative monitoring:

 (a) Somatosensory evoked potentials (SSEPs), motor 
evoked potentials (MEPs), brainstem auditory 
evoked potentials (BAEPs), and electroencepha-
lography (EEG) are the most commonly used 
modalities.

 (b) May allow for early detection of ischemia.
 (c) Anesthetic used should be tailored to allow for 

intraoperative monitoring:
• The use of >1 MAC of volatile anesthetic 

agents drastically decreases SSEPs, MEPs, and 
BAEPs. While at lower concentrations (<0.5 
MAC) the effect should be minor, these agents 
may still interfere with readings, especially in 
patients with neurologic deficits.

• Propofol and opioids have minimal effects on 
evoked potentials at typical doses. However, 
high doses and bolus administration of propo-
fol do suppress MEPs and SSEPs.

• Therefore, when monitoring is required, the use 
of propofol/ opioid infusions with or without a 
small dose of volatile anesthetic is preferred.

• EEG monitoring does not limit the anesthetic 
choice.

• Fluid management:
 – Isotonic or hypertonic fluids as needed; consider high 

fluid and electrolyte loss secondary to osmotherapy.
 – Little evidence exists to support the use of solution 

containing albumin or synthetic starches, and they 
have been shown to be harmful in patients with trau-
matic brain injury.

 – As a rule, replace urine output due to osmotic diuresis 
with at least 0.5:1 by volume. Volume resuscitation 
does not have negative effects on cerebral edema as 
long as plasma osmolarity is preserved.

 – Dextrose-containing fluids are contraindicated for 
fluid management as hyperglycemia may be detrimen-
tal in the setting of brain injury.

 – Hypotonic fluids should be avoided due to the risk of 
exacerbating cerebral edema.

• Hemodynamic management:
 – The goal is arterial normotension (ensuring CPP >50–

70 mmHg) prior to securing the aneurysm or AVM.
 – After the aneurysm or AVM is secured, the blood pres-

sure goals are specific for each scenario and described 
below.

• Temperature management:
 – The IHAST randomized controlled study demon-

strated no benefit of hypothermia in patients undergo-
ing cerebral artery aneurysm surgery.

 – Likewise, hyperthermia is associated with poor out-
come; hence, normothermia is usually targeted.

 – Prior to awakening, patients should be normothermic 
to avoid postanesthesia shivering.
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• Controlled emergence:
 – Blood pressure often increases during emergence and 

should be controlled to baseline values.
 – Rapid emergence allows immediate neurological 

examination. Therefore, agents such as propofol, 
 thiopental, and volatile anesthetics, in combination 
with analgesics such as remifentanil or fentanyl, 
which offer the potential for rapid emergence, are 
preferred.

In addition, specific considerations relate to particular 
surgical procedures:

• During repair of cerebral aneurysms:
 – Maintenance of stable transmural pressure gradient 

(TMPG):
 (a) TMPG = pressure within blood vessels-pressure 

outside = MAP-ICP.
 (b) Higher TMPG increases risk of rupture.
 (c) Therefore, marked decreases in ICP, particularly 

in the context of elevated arterial blood pressure, 
may increase the risk of rebleeding.

 – Fluid management:
 (a) Only isotonic or hypertonic fluids should be 

administered.
 (b) Prior to clipping, replace overnight fluid losses 

and maintain rate to account for hourly losses and 
diuresis from mannitol.

 (c) After clipping, replace intraoperative fluid loss 
and bolus additional fluids for goal euvolemic to 
mildly hypervolemic state in order to improve 
cerebral perfusion distal to aneurysm clipping.

 – Blood pressure management:
 (a) Hypertensive episodes may result in aneurysm 

rebleeding, and hypotension may result in cerebral 
ischemia secondary to hypoperfusion.

 (b) Prior to aneurysm clipping, maintain blood pres-
sure in a low normal range unless significant vaso-
spasm is present, in which case higher blood 
pressure goals are desirable.

 (c) After clipping, target blood pressure may be liber-
alized to a level slightly above baseline (improved 
collateral perfusion).

 (d) Propofol may result in hypotension that should be 
avoided or promptly corrected with the use of 
pressors.

 – Interventions during “temporary clipping”:
 (a) Vascular clips are applied temporarily to parent 

artery in order to improve surgical visualization 
for application of permanent clip to aneurysm.

 (b) No intervention necessary if temporary clip is 
applied for less than 2 min.

 (c) If clip is applied for 2 min:

• Increase FiO2 to 100%.
• Increase inspired concentration of desflurane 

(consider phenylephrine to maintain blood 
pressure at or above baseline level). An imme-
diate bolus dose of barbiturates or propofol 
may be used instead, although convincing sup-
port from clinical studies is lacking.

 (d) If clip is applied for >10–15 min:
• Consider slightly augmenting blood pressure to 

preserve perfusion via collaterals.
• Discuss with surgical team the necessity for 

administration of anesthetic agents (e.g., des-
flurane) to induce burst suppression on 
EEG. In this situation, many anesthesiologists 
provide IV barbiturates, e.g., thiopental, or IV 
propofol, but the evidence from clinical stud-
ies is highly controversial regarding this prac-
tice. Recent clinical studies suggest that the 
combination of desflurane and propofol results 
in better brain tissue oxygenation than propo-
fol alone.

• Ischemic stunning may require postoperative 
management in the ICU, including continued 
mechanical ventilation and adequate sedation.

 – Criteria for extubation in OR:
 (a) Good preoperative level of consciousness (without 

sedation)
 (b) Mild brain swelling during surgery
 (c) Short period of temporary clipping
 (d) Adequate strength, demonstrated by sustained 

head lift, strong hand grasp, or leg lift
 (e) Awake and able to accurately follow commands
 (f) Evidence of leak at 20  cm of water pressure (or 

less), with the endotracheal tube cuff deflated
• During AVM resection:

 – Postoperative blood pressure management:
 (a) Elevations in blood pressure postoperatively are 

associated with increased bleeding from the AVM 
resection cavity and may exacerbate normal perfu-
sion pressure breakthrough (edema or hemorrhage 
resulting from increased perfusion following 
removal of the AVM; discussed further below).

 (b) Aggressive postoperative blood pressure control 
has been shown to substantially decrease postop-
erative hematoma formation as well as the risk of 
brain edema formation.

 (c) The most vulnerable period for hematoma forma-
tion is probably during emergence from anesthe-
sia; the risk of brain edema formation remains 
elevated for at least 48 h after surgery.

• Cerebral bypass procedures:
 – Patient population with inadequate cerebral blood flow 

and preexisting cerebral infarcts:
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 (a) Most likely periods of hypotension (relative or 
absolute) will occur during induction of anesthesia 
and during temporary clipping of recipient vessel. 
The use of pressors is recommended to avoid 
hypotensive events.

 (b) During these time periods, arterial hypotension – 
even over short periods  – is likely to result in 
watershed ischemia and subsequent cerebral 
infarction.

 – The goal is to minimize inadequate flow in the areas of 
tissue at risk:
 (a) During temporary clipping, either maintain or 

slightly augment blood pressure (up to about 20% 
of baseline).

 (b) During ischemic time (while the artery to be 
bypassed is clamped and graft not yet completed), 
blood pressure may be augmented to 20% above 
baseline, and burst suppression EEG may be 
considered.

 (c) After graft placement, blood pressure targets in the 
first 2–3 days should be low to normal. This will 
prevent graft leakage and excessive cerebral perfu-
sion but preserve graft patency; reasonable goals 
are systolic blood pressure (SBP) 100–120 in nor-
motensive individuals; SBP 120–140 (with a his-
tory of hypertension).

 (d) Antiplatelet agents and intraoperative heparin are 
often used to preserve graft patency. For elective 
procedures, a common regimen is oral aspirin 
325 mg per day.

 (e) For emergency procedures, aspirin may be loaded 
as either 325  mg po (or via NGT) or 650  mg 
rectally.

• Interventional neuroradiology procedures.
 – Specific challenges:

 (a) Usually separate from the main OR site, resulting 
in difficulty accessing additional equipment and 
personnel.

 (b) Minimize the use of long-acting anesthetics and 
opioids given the generally shorter duration of 
most endovascular procedures and the importance 
of early post-procedure assessment.

 – The choice between general anesthesia and monitored 
sedation is dependent on the patient’s clinical status, 
the need for limited motion during interventions, the 
complexity and duration of the procedure, as well as 
patient preference and ability to cooperate during the 
procedure.

 – Most endovascular diagnostic tests, as well as inter-
ventions for extracranial pathology, such as carotid or 
vertebral artery stents, generally do not require general 
anesthesia. However, interventions for intracranial 
pathology, including aneurysm, AVM and dAVF 

embolization, as well as intracranial stents, require the 
patient to be completely immobilized, and paralytic in 
addition to general anesthesia is preferred.

 – For patients undergoing MAC, small intermittent intra-
venous boluses of midazolam (1–2 mg) and fentanyl 
(25–50 μg) in combination with local anesthetic are 
sufficient in most cases.

 – Invasive hemodynamic monitoring is sometimes 
required for INR procedures:
 (a) Hemodynamic management of patients with intra-

cranial vascular lesions, hemorrhage, or stroke.
 (b) During treatment of cerebral vasospasm, balloon 

angioplasty may cause hypertensive episodes, 
while intra-arterial injection of vasodilators may 
lead to hypotension.

 (c) After placement of carotid or other intravascular 
stents, blood pressure must be strictly controlled 
to avoid hypertension and intracranial hemor-
rhage. Blood pressure parameters are dependent 
on the patient’s pre-procedural baseline but are 
commonly <120 or <140 mmHg.

 – The administration of anticoagulation during the pro-
cedure must be clearly communicated and recorded.

 – Electrophysiological intraprocedural monitoring may 
be used for certain endovascular procedures such as 
aneurysm embolization:
 (a) Somatosensory evoked potentials (SSEPs), motor 

evoked potentials (MEPs), brainstem auditory 
evoked potentials (BAEPs), and electroencepha-
lography (EEG) are the most commonly used 
modalities.

 (b) May allow for early detection of ischemia.
 (c) Anesthetic used should be tailored to allow for 

intraprocedural monitoring in a similar manner to 
cerebrovascular OR cases.

 Crisis Management

During cerebrovascular surgery, certain complications may 
rapidly result in a life-threatening crisis, which require 
immediate intervention. The most critical are (1) acute rise in 
ICP and impending brain herniation; (2) CSF overdrainage; 
(3) seizures; (4) intracranial hemorrhage; and (5) stroke.

• Elevated ICP compromises CBF and increases the risk of 
intraoperative brain swelling after durotomy.
 – Elevate head of bed.
 – Check for venous outflow obstruction at the internal 

jugular vein (e.g., tape around neck for securing an 
endotracheal tube, head turning).

 – Drain additional CSF if drain in place.
 – Mild hyperventilation (arterial pCO2 30–35).
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 – Avoid hypoxemia (PaO2 <50  mmHg drastically 
increases CBF and ICP).

 – Administer osmolar therapy (mannitol 0.5–2  g/kg, 
hypertonic saline 3% 250  ml, or hypertonic saline 
23.4% 30 ml). Furosemide is often used in combina-
tion with mannitol.

 – Switch from volatile agents to total intravenous anes-
thesia (e.g., propofol + fentanyl) at high doses.

 – Consider thiopental bolus 1 g ± infusion 4–5 mg/kg/h 
(or adequate doses of propofol) to reach burst suppres-
sion EEG.

• CSF overdrainage in patients with external ventricular 
drain (EVD) or lumbar drain.
 – Overdrainage of CSF can lead to downward 

herniation.
 – If suspected, immediately clamp EVD or lumbar drain.
 – Consult with neurosurgeon regarding need for intra-

thecal instillation of saline.
• Seizure.

 – Perioperative seizure may occur with any type of intra-
cranial surgery.

 – If prolonged seizures are suspected at any time during 
the perioperative period, treat with lorazepam 0.05–
0.1 mg/kg, and load with a longer-acting medication 
(fosphenytoin (20  PE/kg), levetiracetam (1000–
1500 mg), or valproate (20 mg/kg)).

 – If seizures continue despite the above measures, 
patient should be immediately intubated and begun on 
high-dose propofol or midazolam infusion; seizures 
during surgery are extremely rare and require deepen-
ing of anesthesia. In the anesthetized and paralyzed 
patient, seizures should be considered if the patient 
demonstrates significant hypertension that cannot be 
attributed to surgical stimulation.

 – Subclinical seizures and nonconvulsive status are an 
important differential diagnosis when the patient fails 
to wake up after brain surgery.

Some high-risk complications are specific for particular 
types of cerebrovascular surgeries and require specific 
interventions.

In patients undergoing aneurysm repair:

 – Intraoperative or intraprocedural aneurysm rupture:
 (a) Risk:

• About half of the aneurysms tear or rupture while 
the clip is placed; this usually does not result in 
substantial blood loss.

• The risk of perioperative rupture without immedi-
ate access to the aneurysm by the surgeon (i.e., 
during induction or during preparation) is about 
11% in patients with previously ruptured aneu-
rysms (i.e., status post SAH) and 1% in elective 
cases (previously unruptured aneurysm).

• In 8% of cases in which intraoperative rupture 
occurs without immediate access to the source of 
bleeding, hemorrhagic shock results (<1% of total 
surgeries).

• The risk of intraprocedural rupture during coil 
embolization of intracranial aneurysms is 1–5% 
and is higher in ruptured aneurysms than in elec-
tive cases.

 (b) Intervention: aggressive transfusion of blood prod-
ucts and reversal of anticoagulation:
• Patients should have at least two large-bore intra-

venous lines and an a-line to allow for efficient 
resuscitation.

• For interventional procedures, 50  mg protamine 
sulfate should be administered I.V. after discus-
sion with the interventional team.

 (c) Blood pressure goals during intraoperative rupture 
are controversial, and communication with surgeons 
is essential:
• If control of bleeding cannot be immediately accom-

plished, permissive arterial hypotension (MAP 
40–60) may facilitate hemostasis (frequently clip-
ping of aneurysm or temporary clipping of the parent 
artery is delayed in this situation secondary to poor 
visualization or completion of coil embolization).

• Even if arterial hypotension is the goal, fluid resus-
citation should target euvolemia.

• Once temporary or definitive clips are applied or 
coil embolization is completed:
1. Consider thiopental and hypothermia to 

decrease metabolic demand.
2. Consider blood pressure augmentation MAP 

70–90 for increased collateral circulation.
3. An emergent EVD may be needed in this situ-

ation, if no drain has been previously placed.
• In patients with significant vasospasm or eleva-

tions in intracranial pressure, blood pressure 
should be preserved at preoperative baseline.

 – Neurogenic pulmonary edema:
 (a) Occurs in about 5% of patients with SAH, generally 

in the first 48 h.
 (b) Treat with supportive care and modified lung- 

protective ventilation (low tidal volume, high PEEP 
with attention to possible effects on ICP, avoid hyper-
capnia to allow adequate ICP control).

 – Cardiac dysfunction:
 (a) Cardiac arrhythmias are extremely common in SAH 

and include signs of myocardial ischemia (ranging 
from nonspecific T-wave abnormalities to diffuse ST 
segment elevations or depressions) as well as brady- 
or tachyarrhythmias.

 (b) Neurocardiogenic stress cardiomyopathy occurs in 
up to 30% of patients; in most cases pressors with 
inotropic effects are preferred, e.g., norepinephrine.
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 (c) Pharmacologically induced arterial hypotension: 
Nimodipine is a peripheral calcium channel blocker 
that is administered for 21 days. This oral agent may 
decrease the risk of vasospasm after SAH and may 
have neuroprotective attributes.

 (d) Perioperatively, if nimodipine results in a significant 
decrease in blood pressure, it should be held 
temporarily.

In patients undergoing AVM repair:

 – Intraoperative rupture:
 (a) Massive hemorrhage is possible; respond with aggres-

sive transfusion of blood products to maintain a 
hemoglobin level of 8–10 g/dl.

 – Postoperative hemorrhage:
 (a) Goal low normal blood pressures.
 (b) If significant mass effect, consider osmotherapy 

(hypertonic saline or mannitol), hyperventilation 
(pCO2 30–35), and emergent return to the operating 
room.

 – Perioperative brain ischemia:
 (a) Cerebral steal: cerebral ischemia resulting from 

shunting of blood through AVM and away from adja-
cent normal tissue may cause symptomatic ischemia. 
If some arterial feeders are occluded and others are 
not, this will change blood flow characteristics 
through AVM and increase perfusion in adjacent 
areas of the brain which have been chronically 
adapted to lower perfusion pressures, resulting in 
postoperative “normal perfusion pressure 
breakthrough”:
• Postoperative cerebral edema (or, in severe cases, 

intraparenchymal hemorrhage) attributed to cere-
bral hyperemia from exposure of areas of the cere-
bral vasculature with relative hypotension 
preoperatively (due to shunting from AVM) to 
increased perfusion pressures postoperatively 
(once the shunt is eliminated).

• Occurs in <5% of cases.
 – Endovascular considerations:

 (a) Most often, complete AVM embolization is not the 
goal of endovascular procedures for AVM treatment.

 (b) In a minority of cases, endovascular embolization 
with curative intent may be attempted, in which 
case the perioperative considerations outlined 
above apply.

Cerebral bypass:

 – Intraoperative graft thrombosis:
 (a) Rare; detected by surgeon under direct visualization.

 (b) Check activated clotting time (ACT) if available, hep-
aranize patient, and check coagulation parameters 
afterward.

 (c) Surgeon will place temporary clips and reexplore 
grafts.

 – Postoperative graft thrombosis:
 (a) More common than intraoperative thrombosis.
 (b) May be treated with blood pressure augmentation or, 

rarely, with endovascular thrombectomy/thrombolysis.
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Key Points
• Intracranial hemorrhage is the most feared 

complication.
 – Prepare for hemodynamic compromise with 

adequate monitoring and availability of blood 
products.

 – Postoperative hemorrhage generally requires 
immediate reoperation or, in the case of inter-
ventional neuroradiological procedures, imme-
diate operative intervention.

• Tight control of intra- and perioperative blood pres-
sure is essential.
 – Lower blood pressures and avoidance of blood 

pressure spikes are usually desirable when 
bleeding complications are a concern.

 – Higher blood pressures and avoidance of hypo-
tension are critical when cerebral ischemia is a 
concern.

 – Anticipate, to prevent blood pressure spike dur-
ing endotracheal intubation, placement of head 
pins, and surgical incision.

 – Anticipate hypotension after induction of anes-
thesia and sudden absence of surgical 
stimulation.

• Consider anesthetic strategies with limited use of 
highly soluble volatile anesthetics rapid 
emergence.

• Establish continuous communication with surgical 
team, particularly during acute crisis.
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Perioperative Challenges During 
Pituitary Surgery

Shuji Dohi

 Risk and Incidence

Pituitary tumors account for approximately 18% of all pri-
mary brain tumors. Of these, approximately two-thirds of 
pituitary tumors have a final diagnosis of adenoma. The three 
most common disorders of pituitary hyperfunction are those 
related to excesses of prolactin (amenorrhea, galactorrhea, 
and infertility), adrenocorticotropic hormone (ACTH) 
(Cushing’s disease), or growth hormone (GH) (acromegaly) 
(Table 33.1).

Risks for anesthesia and surgery are related to surgical 
approach, as well as to individual manifestations of 
patients’ disorder as shown in Table  33.2. A transcranial 
approach with suprasellar invasion may cause cerebral spi-
nal fluid (CSF) leakage and visual loss. Transsphenoidal 
and transnasal approach may cause numbness of upper lip 
and teeth, nasal CSF leakage, and venous air embolism. 
Neurogenic diabetes insipidus (DI) could occur with any 
approach.

In acromegalic patients, difficulty of airway management 
occurs approximately three times more often than the other 
pituitary disorders (9.1% vs. 2.6%). Patients with Cushing’s 
disease and those with a prolactinoma are no more difficult 
to intubate than patients with nonfunctioning tumors.

Neurogenic DI occurs in approximately 20% of patients 
undergoing transsphenoidal resection of a pituitary ade-
noma in the immediate postoperative period. In addition, 
surgery in the sella turcica may also cause hypofunction of 
the hypothalamic- pituitary axis, vision disturbance, bleed-
ing, and local edema. Though rare, air embolism could 
occur during surgery in patients in semi-Fowler (being 
head with 20–30 cm higher than the lower part of the body) 
or lounging position (position in a chair with head bend 
back on a sofa).

 Preoperative Problems

Anticipated problems following pituitary surgery are depen-
dent upon pathophysiological changes associated with 
tumor-induced altered endocrine function in combination 
with endocrine changes associated with general surgical 
stress. Hypothalamic stress results in two categories of 
responses: rapid effects mediated through the sympathetic 
nervous system and adrenal medulla and neuroendocrine 
responses mediated through the pituitary gland and adrenal 
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Table 33.1 Incidence of tumors in the pituitary region

Type of tumor Incidence/percent
Pituitary tumors (adenoma) 10% of all autopsies

10–15% of all brain tumors
Majority of suprasellar tumors

  Nonfunctional pituitary tumor ~30%
  Functional pituitary tumor ~70%
   Prolactin-producing tumor 43%
    Growth hormone-producing 

tumor
17%

   ACTH-producing tumor 7%
   Thyroid-producing tumor 3%
   LH-, FSH-producing tumor Rare
Craniopharyngiomas 0.5–1:100,000/year

1–3% of all brain tumors
13% of all suprasellar tumors

Table 33.2 Complications associated with pituitary surgery

Surgical approach Complications
Transcranial DI, CSF leakage, ischemia in 

forebrain, air embolism
Transsphenoidal DI, numbness of upper lip and teeth, 

visual loss, nasal CSF leakage, 
meningitis

Transnasal (endoscopic; 
“minimally invasive”)

DI, skin lesion due to endoscopy, 
venous air embolism

DI Diabetes insipidus
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cortex. Such main disorders challenging transsphenoidal sur-
gery include acromegaly and Cushing’s disease.

Although neither nonfunctional nor functional adenomas 
usually cause ICP to increase, the tumor growth in the 
restricted space of the sella turcica may represent clinical 
signs such as visual disturbance, as it impinges on the optic 
chiasm.

Acromegaly is a rare syndrome that typically manifests in 
the second or third decade of life in response to excess secre-
tion of adenohypophyseal GH and is characterized by 
enlargement of the bone, connective tissue, and viscera. 
Physical signs are most remarkable in the hands, feet, face, 
mandible, and head. Increase in subcutaneous connective tis-
sue thickens the lips, skin folds, and tongue and often causes 
glossoptosis. As a result, the large tongue and hypertrophied 
tissues in and around the upper airway reduce the airway 
space and predispose patients to airway obstruction. Thus, 
tracheal intubation is three times more difficult in patients 
with acromegaly.

Cushing’s disease diagnosed before age 40 is typically 
associated with a hormone-producing pituitary adenoma. In 
contrast, when diagnosed in patients in their 60s or older, the 
most likely cause is an adrenal carcinoma. Associated prob-
lems include mild diabetes, hypertension, degenerative vas-
cular disease, and heart disease, particularly in patients with 
hyperadrenocorticism. In Cushing’s disease, hypokalemia, 
hypernatremia, increased intravascular fluid volume, and 
skeletal muscle weakness are commonly present. Prevention 
of long-term consequences involves early diagnosis and 
removal of the tumor, while treating secondary events (e.g., 
hypertension).

 During Anesthesia and Surgery

All patients undergoing pituitary surgery should be moni-
tored using ASA standard monitoring plus invasive arterial 
pressure line, ETCO2 and urine output. In patients with acro-
megaly, the anesthesiologist must anticipate difficulty with 
airway management due to a large tongue, abundant soft tis-
sue folds, and enlarged facial structures. As induction of gen-
eral anesthesia in these patients carries a higher risk (cannot 
ventilate/cannot intubate scenario after induction), it is most 
conservative to intubate the trachea with the patient awake 
and breathing spontaneously, most commonly with a fiber- 
optic approach and local anesthesia.

For all pituitary surgery, it is safest to maintain general 
anesthesia including muscle paralysis once the trachea is 
intubated. This helps to prevent injury from patient move-
ment while in headpins (e.g., Mayfield head holder) and dur-
ing surgery through the rigid Hardy nasal scope. It is 
important to remember to consider reducing the initial dose 
of muscle relaxant and compulsively dose these drugs based 

on train-of-four testing, in view of skeletal muscle weakness 
in Cushing patients (Fig. 33.1).

 Emergence from Anesthesia and Postoperative 
Period

Tissue edema caused by surgical trauma may further decrease 
the oropharyngeal space and contribute to the upper airway 
obstruction after airway extubation. Prior to extubation, the 
clinician should at minimum confirm that there is a leak 
around the endotracheal tube, at a pressure below 20  cm 
H2O, after the cuff is deflated. Some experts also advocate 
that an extubation catheter should be placed in the trachea 
prior to extubation in order to facilitate rapid reintubation in 
the event that extubation results in acute airway obstruction. 
Similarly, other experts advocate that extubation should be 
done in these high-risk patients over an intubating broncho-
scope. Last, it is always prudent to make sure that extubation 
of high-risk patients is done at a time when an experienced 
surgeon would be available to establish a surgical airway of 
extubation and initial noninvasive techniques for  reintubation 
fail. Thus, it is important to at least communicate plans for 
extubation of high-risk patients with the neurosurgeon. It is 

Hardy’s nasal scope

Frontal sinus
Sella turcica

Sphenoidal sinus

Fig. 33.1 A Hardy scope was used to obtain a direct view of the base 
of the skull, from the nostril, and then endoscopic transnasal and trans-
sphenoidal microsurgery is performed

S. Dohi



217

optimal to have that surgeon at the patient’s bedside during 
the extubation.

Neurogenic diabetes insipidus (DI) can occur in patients 
undergoing transsphenoidal resection of pituitary adenomas 
in the immediate postoperative period. Often this results 
from surgical trauma to the posterior pituitary where antidi-
uretic hormone (ADH) secretions originate. Treatment is 
demanding because DI typically occurs in two phases in the 
first 24–48 h postoperatively: high urine output followed by 
reduced urine output and then the chronic degree of DI is 
established, without apparent correlation to the initial degree 
of increased or reduced urine output.

 Prevention

The basic principles of pituitary surgery remain unchanged 
with the other neurosurgical patients. They include the provi-
sion of optimal operative conditions, maintenance of cere-
bral perfusion pressure and cerebral oxygenation during 
anesthesia, and speedy recovery from anesthesia. 
Anesthesiologists should maintain optimal physiologic con-
dition of the airway, respiratory and cardiovascular systems, 
fluid and plasma electrolytes, and metabolic conditions.

As mentioned above, airway management may be chal-
lenging in patients with acromegaly, and fiber-optic intuba-
tion of the awake and spontaneously breathing patient is 
likely the safest approach. In all cases, the patients should be 
monitored with ECG, noninvasive BP, pulse oximetry, and 
ETCO2. More invasive monitoring (e.g., invasive arterial 
pressure monitoring) should be considered in patients with 
significant comorbidities (e.g., ischemic heart disease).

 Crisis Management (Clinical Presentation)

 Complications with Airway Management 
and Ventilation
Patients who, by physical examination or history, appear to 
be difficult to intubate or mask ventilate should always be 
managed conservatively in the awake state. In others, prior to 
inducing anesthesia, it is important to have the patient in an 
ideal sniffing position. It is also critical to have easy access 
to airway adjuncts in the event of an emergency situation, 
including oral and nasal airways, an LMA (or other supra-
glottic device), and flexible fiber-optic endoscopy equipment 
and supplies necessary for establishing an emergency surgi-
cal airway. Failure of mask ventilation and tracheal intuba-
tion in the anesthetized state should invoke use of the ASA 
difficult airway algorithm.

For induction of anesthesia, it is safer to induce anesthesia 
with agents that have a short half-life or are easily reversed 
in the event difficulties with tracheal intubation. Mask venti-

lation may be facilitated with the use of an oral airway. 
Whenever possible, neuromuscular blocking agents should 
be withheld until the clinician confirms their ability to mask 
ventilate the patient. Some centers recommend the place-
ment of a sponge in the pharynx during surgery to prevent 
blood from entering the airway during transnasal or transs-
phenoidal approach.

Despite attempts to suction the airway and pharynx prior 
to extubation, there is often blood draining from the surgical 
site into the mouth. Emergence and extubation are facilitated 
with the patient in a head-up position and awake. It is critical 
to assure that the patient will be awake and strong enough 
after extubation to manage secretions and blood from the 
surgical site. The increased volume of secretions in the air-
way of these patients may predispose them to 
laryngospasm.

 Cardiovascular Complications/Venous Air 
Embolism

Transnasal transsphenoidal resection of pituitary tumors 
involves wide fluctuation in hemadynamics and causes 
hypertension and tachycardia due to noxious stimuli during 
various stages of surgery. Hypertension is anticipated during 
placement of the patient in the Mayfield head holder (par-
ticularly when the periosteal pins are placed) and when the 
surgeon is administering the topical/local anesthetic in the 
nostrils or the others. Typically, surgeons use epinephrine 
(1:200,000) with cocaine on cotton to cause local anesthesia 
and vasoconstriction. The degree of hypertension can be 
minimized by closely monitoring patients so that treatment 
can be provided in a timely fashion. Invasive arterial pressure 
monitoring is indicated in patients with cardiovascular 
comorbidities in whom transient significant hypertension is 
likely to cause significant myocardial ischemia. Next, it is 
important to preemptively deepen the level of anesthesia 
with short-acting anesthetic agents (e.g., alfentanil, propo-
fol) or directly cardiovascular acting agents (e.g., esmolol, 
nitroglycerin, nitroprusside) in order to mitigate the degree 
of hypertension. The administration of α-2 adrenergic recep-
tor agonist, oral clonidine premedication, or intraoperative 
dexmedetomidine infusion is often effective in preventing 
extreme hemodynamic instability and thereby may decrease 
anesthetic requirements in patients undergoing the pituitary 
tumors resection.

Severe hypotension may rarely occur as the result of a 
sudden pronounced blood loss due to accidental surgical 
injury of the cavernous sinus or carotid artery, both of which 
are immediately lateral to the area of surgery. Invasion of 
either of these structures by the surgeon may require institu-
tion of a massive transfusion protocol in order to save the 
patient’s life. In contrast, severe hypotension may also occur 
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secondary to venous air embolus. Whereas surgical invasion 
of the cavernous sinus or carotid artery are associated with 
apparent significant hemorrhage, venous air embolus is asso-
ciated with a dry surgical field. If a venous air embolus is 
suspected, the anesthesiologist must communicate their con-
cern with the surgeon, ask the surgeon to flood the surgical 
field, and support the blood pressure pharmacologically.

 Endocrine Failure

Pituitary surgery may result in significant hormonal defi-
ciency requiring acute and/or chronic therapy. Deficiency in 
production of ACTH will result in reduced production of cor-
tisol from the adrenal glands. Cortisol is necessary for main-
taining vascular tone and affects bone density, growth, 
kidney function, the immune system, and behavior and cog-
nition. Secondary adrenal insufficiency from inadequate 
ACTH production can be life-threatening if untreated 
because of significant electrolyte (particularly sodium and 
potassium) abnormalities and hypotension. The treatment of 
choice is hydrocortisone; first, intravenously and then by oral 
administration. In the acute postoperative period, the patient 
should receive at least 100 mg/day in order to help address 
the stress of surgery. Ultimately, most adults take a dose of 
hydrocortisone of 20–25  mg/day, with most given in the 
morning to mimic the normal physiology of cortisol release.

Diabetes insipidus (DI) is characterized by decreased 
release of ADH (ADH, vasopressin) from the posterior pitu-
itary gland, which results in reduced water retention by the 
kidneys and in urine output that is in excess of the fluid 
intake of the patient. ADH deficiency leads to DI which is 
characterized by excessive urination and thirst. DI is occa-
sionally already present preoperatively secondary to mass 
effect of the pituitary tumor but more frequently is caused by 
invasively growing tumors that directly damage the hypo-
thalamus or as a consequence of pituitary surgery itself. 
Diagnostic components of DI are provided in Table  33.3. 
Patients often present with three phases of DI in the immedi-
ately postoperative period. Initially urine output is very high, 
and treatment includes fluid (carefully following serum elec-
trolyte concentrations) and intravenous infusion of 
ADH. This is often followed by a period of marked reduction 
in urine output, and ADH infusion should be stopped. 

Ultimately, the patient will reach their state of chronic ADH 
reduction. In this final phase, the patient should be treated 
with once or twice a day dosing of desmopressin acetate 
(ddAVP: synthetic analogue of the natural pituitary hormone 
8-arginine vasopressin (ADH)) which can be administered 
orally or via nasal spray preparation. Dose of ddAVP should 
be determined after careful assessment of the patient’s fluid 
status and serum electrolyte (particularly sodium) concentra-
tion measurements.

After the acute postoperative period, clinicians must also 
carefully assess the need for replacement of other pituitary 
hormones including thyroid-stimulating hormone (TSH), 
GH, follicle-stimulating hormone (FSH), luteinizing hor-
mone (LH), prolactin, and oxytocin. It is rare to need to 
replace any of these hormones in the acute postoperative 
period. However, left untreated, chronic reduction in TSH 
may result in significantly reduced metabolism and cause 
hypothermia, coma, and death.

 Complications Secondary to Structural 
Disruption

 Hematoma Formation/Visual Deficit

In the immediate postoperative period (until the time of hos-
pital discharge), it is important to monitor for the effects of 
surgery on anatomic structures in the area of surgery. 
Disruption to the optic chiasm may be diagnosed by loss of 
peripheral visual fields immediately after emergence from 
anesthesia. In this situation, radiologic evaluation is neces-
sary to determine if this deficit is due to formation of a hema-
toma that may require immediate surgical evacuation. More 
delayed loss of visual fields may occur as a result of edema 
and require only supportive care.

It is also important to carefully inspect the nasal cavity 
and lips for evidence of excessive surgical injury. Injury 
from the exposure may rarely require plastic surgery 
intervention.

 CSF Leak

Although the pituitary gland is outside of the CSF space, it is 
in close proximity, and surgical intervention may result in 
dural leak. If a dural injury is observed at the time of surgery 
(up to 30% of patients), it is common for the surgeon to place 
a fat graft in the surgical site to promote healing of the dis-
ruption. Postoperative CSF leak is diagnosed in up to 6% of 
patients after evaluation for postoperative rhinorrhea. Since 
CSF contains glucose but mucus does not, nasal or ear leak-
age should be tested for glucose. A laboratory glucose value 
>30  mg/mL identifies CSF.  Risk of persistent CSF leak 

Table 33.3 Diagnosis of diabetes insipidus

Urine
Specific gravity <1.005
Output >250 mL/h
Osmolarity <200 mOsm/kg
Serum
Osmolarity >300 mOsm/kg
Sodium concentration >150 mg/L

S. Dohi
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includes meningitis, tension pneumocephalus, and second-
ary neurologic injury. Treatment includes reoperation to try 
to seal the leak (fat graft), often in conjunction with the 
placement of a lumbar subarachnoid drain that allows to 
reduce the pressure on the surgical tear and promote normal 
healing/scarring.
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Key Points
• Airway management is likely to be difficult in 

patients with excess production of GH. A conserva-
tive, awake approach to airway management in 
those patients is recommended.

• Significant hypertension is anticipated during 
placement of the Mayfield head holder and during 
topicalization of the nasal mucosa with epinephrine 
and cocaine, which should be treated immediately.

• Intraoperative treatment with hydrocortisone will 
prevent the postoperative physiologic consequences 
of low ACTH levels in the immediate postoperative 
period. Before extubation, confirm no material or 
blood clots on the base of the patient’s pharynx, in 
addition to confirm no airway obstruction due to 
edema.

• Treatment of DI in the postoperative period must 
take into consideration the three phases of this dis-
ease in patients immediately following pituitary 
surgery.

• Postoperative diagnosis of either visual field abnor-
mality or CSF leak requires immediate evaluation 
and treatment.
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Perioperative Challenges During 
Craniotomy for Space-Occupying Brain 
Lesions

Chanannait Paisansathan and Verna L. Baughman

 Overview

Primary malignant and benign brain tumors account for 
85–95% of all central nervous system tumors. In 2016 an 
estimated 23,770 Americans will be diagnosed with brain 
tumors, which will result in 16,050 deaths. The majority of 
these brain tumors are located within the supratentorial com-
partment. The most commonly reported histology is anaplas-
tic astrocytoma and glioblastoma (38%), followed by 
meningiomas and other mesenchymal tumors (27%). Surgery 
remains the mainstay of treatment. Patients present to the 
operating room for surgical diagnosis (biopsy) and for cura-
tive resection or debunking. The goal is complete resection, 
which can be difficult based on histopathology, location, vas-
cularity, and adjacent structures. Chemotherapy and radia-
tion are used as adjunct therapies, depending on the type of 
tumor and location. Nonprimary brain masses include meta-
static lesions and brain abscess. Resection of metastatic 
tumors is performed to improve the patient’s quality of live. 
This chapter focuses on the complications associated with 
craniotomy for space-occupying lesions during preoperative, 
intraoperative, and postoperative periods.

 Preoperative Complications

Space-occupying lesions (brain tumors and abscess) can 
cause symptoms related to mass effect, parenchymal infiltra-
tion, and tissue destruction. Disruption of the blood-brain 
barrier results in leakage of plasma across the vessel wall and 

causes brain edema surrounding the tumor (“vasogenic brain 
edema”). The clinical signs depend on the location of the 
tumor and the extent of edema. It is not uncommon that the 
peritumor edema effect can exceed the mass effect induced 
by the tumor itself. Peritumor edema can decrease cerebral 
blood flow in the surrounding neurons, putting them at risk 
for ischemia. Headache is the most common presenting 
symptom. Nausea, vomiting, focal neurological deficits, and 
a change in mental status may occur. Seizures happen in 
15–95% of patients depending on the type of tumor. Cerebral 
blood flow autoregulation is usually impaired in the tumor 
bed, so hypertension can lead to worsening of brain edema 
and cause bleeding. An acute rise in intracranial pressure 
(ICP) can exceed brain compensatory mechanism and pro-
duce fatal brain herniation.

 Premedication

Patients with no evidence of significant increase in ICP will 
benefit from an anxiolytic and/or a small dose of narcotics 
prior to surgery to treat anxiety. Stress can aggravate vaso-
genic edema and ICP due to an increase in cerebral metabo-
lism and blood flow. However, careful titration is required to 
avoid hypoventilation, which leads to hypercapnia and 
hypoxia. To facilitate anxiolysis, it is best to use drugs that 
have specific antagonists (e.g., benzodiazepines and opi-
ates), as patients with brain tumors may have an exaggerated 
sedative effect from even small doses of these agents.

 Intraoperative Complications

 Complication during Induction and Maintenence 
of Anesthesia
Anesthetic management goals are: (1) avoid a secondary 
brain insult during surgery, (2) optimize operating conditions, 
(3) permit brain function monitoring, and (4) promote rapid 
emergence from anesthesia for neurological assessment.
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Independent risk factors for brain swelling during craniot-
omy are ICP >13 mmHg, degree of midline shift, and tumor 
histology. The drugs used for induction and maintenance of 
anesthesia have not been identified as independent risk factors, 
although there is some suggestion that propofol produces 
more favorable characteristics in cerebral hemodynamics 
[ICP, cerebral perfusion pressure (CPP), and arteriovenous 
oxygen difference (AVDO2)] compared with inhalational 
anesthesia during normocapnia to mild hypocapnia (PaCO2 
30–40 mmHg). Both inhalational anesthetics (except N20) and 
intravenous anesthetics (except ketamine) decrease cerebral 
metabolism. Propofol produces cerebral vasoconstriction, 
which is coupled to the decrease in cerebral metabolism, while 
inhalational anesthetics and N2O cause vasodilation which can 
be blunted with hyperventilation. Total intravenous anesthesia 
(TIVA) may be necessary to permit transcranial motor-evoked 
potential (TcMEP) monitoring.

Brief hyperventilation (PaCO2 25–30 mmHg) is useful to 
improve surgical working condition by decreasing brain bulk; 
however, this may be accompanied by a risk of cerebral hypo-
perfusion. Mannitol and hypertonic saline in equiosmolar 
concentrations can achieve similar brain relaxation. However, 
they produce opposite electrolyte imbalances. Mannitol 
(0.25–1  g/kg) can cause acute hyponatremia and increase 
serum potassium due to an intracellular to extracellular shift. 
Conversely, hypertonic saline (3–23.4%) can increase blood 
sodium with acute but transient hypokalemia. Theoretically, 
both agents can initially increase intravascular volume and 
cause heart failure or pulmonary edema in patients with poor 
cardiovascular reserve. Serum osmolality should not exceed 
320 mOsm/l. Mannitol 1–2 g/kg has been shown to increase 
serum osmolality by approximately 18 mOsm/L and decrease 
brain water by 90 ml for several hours. The need for osmotic 
diuresis should be discussed with the neurosurgeon when the 
lesion is small and/or a neuro-navigating system is used.

Location of the tumor is the primary determinant for the 
use of neurophysiologic monitoring. The common tech-
niques employed with supratentorial lesions are electroen-
cephalogram (EEG), somatosensory-evoked potentials 
(SSEP), electromyography (EMG), and transcranial motor- 
evoked potentials (TcMEP). Communication between anes-
thesiologist, neurophysiologist, and neurosurgeon is essential 
for successful monitoring to prevent neurological injury dur-
ing resection. The anesthetic technique and use of muscle 
paralysis must be planned with these monitoring techniques 
in mind. Anticonvulsant administration for several days can 
produce resistance to neuromuscular-blocking drugs. Dosing 
muscle relaxant drugs based on a nerve stimulator placed on 
a paretic limb will result in a significant over dosage.

Fast recovery from anesthesia is desirable in neurosurgical 
patients to diagnose surgical complications such as bleeding, 
brain swelling, and cerebral ischemia. Ideally, patients should 
be extubated within 15 min after surgery. There is no clear 

advantage of IV agents (propofol, narcotics) over inhalation 
agents (isoflurane, sevoflurane, desflurane). Hypertension 
often occurs during emergence and may predispose to cere-
bral edema and/or intracranial bleeding. Coughing and strain-
ing on the endotracheal tube must be minimized. Intravenous 
lidocaine and nonanesthetic agents (β blockers, α–β blockers, 
calcium channel blockers, and nitroprusside) are used suc-
cessfully to blunt the hemodynamic response during emer-
gence and endotracheal extubation.

 Postoperative Complications

Worrisome complications at the end of surgery are delayed 
emergence (failure to awaken), new neurologic deficit, and 
decrease in level of consciousness. Patients should be able to 
perform simple neurological functions such as motor move-
ment, eye opening on command, and recovery of airway 
reflex within 10–15 min after termination of the anesthesia. 
If not, patients should remain intubated, and one needs to 
search for the cause such as residual anesthesia, brain edema, 
intracerebral hematoma, deep vein thrombosis, cerebral 
ischemia, tension pneumocephalus, seizure, and metabolic 
or electrolyte disturbances. A neurologic examination includ-
ing pupil size should be performed. Bilateral miotic pupils 
can result from brainstem compression or narcotic effect. 
The administration of naloxone can be considered; however, 
rapid narcotic reversal is not without risks including cardiac 
arrhythmias, myocardial infarction, and pulmonary edema. 
If the patient regains consciousness after naloxone titration, 
a potential for re-narcotization exists. In patients who do not 
emerge from anesthesia as expected, obtaining an urgent CT 
scan is helpful for diagnosing intracranial events (hematoma, 
pneumocephalus, progressive cerebral edema).

Other complications which can occur in the postoperative 
period include inadequate pain control, nausea/vomiting, 
seizure, wound infection, and pseudoankylosis of the man-
dible after supratentorial craniotomy. Post-craniotomy head-
ache (PCH) starts within 7 days after surgery. If the pain lasts 
longer than 3 months, it is considered persistent. The head-
ache is reported to be “tension-type pattern” and can affect 
social activity and mood. The incidence is more prevalent in 
craniectomy than craniotomy and cranioplasty. Currently 
there is no evidence of effective prophylactic medication/ 
strategy for PCH.

 Prevention

 Preoperative Complications Prevention

Patients with evidence of vasogenic edema associated with 
tumors should receive steroid treatment which reduces peri-
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tumor edema and symptoms. An intravenous dexamethasone 
dose of 4–10 mg, followed by 4 mg every 6 h, is suitable ini-
tial treatment. It can take 24–72 h before the full effect of 
corticosteroid therapy is achieved. Electrolytes and glucose 
levels should be monitored.

The use of anticonvulsants is important for tumor 
patients who present with seizures. The phenytoin blood 
level should be determined before the craniotomy, if pos-
sible, so that an additional dose can be administered if the 
level is subtherapeutic (phenytoin goal: total = 10–20 mcg/
ml, free  =  1–2  mcg/ml). However, for newly diagnosed 
brain tumor patients presenting without seizures, the 
Quality Standards Subcommittee of the American Academy 
of Neurology (2000) concluded that no benefit could be 
established for routine prophylactic use of antiepileptic 
drugs. They felt that the efficacy of corticosteroid therapy 
is less and the stimulation of the cytochrome P450 enzyme 
system accelerates drug metabolism which can produce 
inadequate chemotherapy blood levels. If elected to start 
antiseizure prophylaxis for patients with supratentorial 
brain tumors, the newer generation levetiracetam can be 
considered. Patient complaints of headache should be 
treated with caution. A large narcotic or benzodiazepine 
dose might lead to respiratory depression, hypercarbia, and 
an increase in ICP.  The initiation of H2 blocker and/or 
metoclopramide can be considered in the preoperative 
period because increased ICP can decrease gastric empty-
ing and steroid treatment can increase gastric acid secretion 
(Table 34.1).

 Intraoperative Complications Prevention

Massive intraoperative blood loss from tumor resection 
along with the combination of osmotic diuresis can result in 
hypovolemia and hypotension. Adequate IV access is essen-
tial (two large-bore catheters). Consider CVP placement 
when the tumor is located near a sinus due to the risk of 
venous air embolism, for procedures scheduled for longer 

than 6 h, and for vasoactive drug infusions. Invasive arterial 
blood pressure monitoring is recommended for CPP moni-
toring and analysis of blood gases, electrolytes, and glucose. 
Arterial transducer height should be at the level of the Circle 
of Willis. CPP should be kept >60 mmHg to prevent cerebral 
ischemia from brain retraction during surgery.

Brain edema and swelling is not desirable. Mannitol is 
administered at skin incision since it has a 15–30 min delay 
in effect. A rebound increase in ICP can occur after 24–48 h 
of administration. Impeding cerebral venous drainage can 
occur after positioning for craniotomy. The head should be 
elevated about 30° in the patient with a poorly compliant 
brain. Inadequate ventilation can lead to hypoxia and hyper-
carbia, which increase cerebral blood flow and ICP. Any fac-
tors that contribute to increased cerebral metabolism such as 
seizure and pain will couple with cerebral blood flow and 
result in a “tight” brain.

Antiseizure prophylaxis for tumor surgery is used to 
decrease the potential for intraoperative and postoperative 
seizures. Craniotomy, evoked potential monitoring (espe-
cially TcMEP), remifentanil, and hyperventilation can all 
lower the seizure threshold. Phenytoin has long been used as 
antiseizure prophylaxis, but it can cause hypotension, 
arrhythmias, and mental status depression, especially with 
rapid intravenous administration (>50 mg/min). The prodrug 
fosphenytoin has a better safety profile. It is dosed using 
PEU (phenytoin equivalent units) rather than milligrams. 
This makes it easier for the clinician, as 1 PEU = 1 mg phe-
nytoin. Recently levetiracetam (Keppra®) has been used for 
seizure prophylaxis. It is easier to use, with fewer hemody-
namic side effects and blood levels do not need to be mea-
sured. However, it has recently been suggested that 
levetiracetam may not be as effective in blocking intraopera-
tive seizure activity. Future studies are needed to confirm or 
refute this concern.

Electrolyte imbalance and hyperglycemia from steroid 
administration and surgical stress can occur. Hyperglycemia 
has been reported to increase morbidity and mortality in crit-
ically ill patients and worsen neurological outcome. A single 
dose of 10  mg dexamethasone given intraoperatively can 
increase blood glucose in diabetic and nondiabetic patients 
alike. Dextrose containing IV fluids should be avoided. Of 
note: several vasoactive and antibiotic infusions may contain 
dextrose. Hyperglycemia should be monitored and treated; 
however, hypoglycemia is also dangerous in the neurosurgi-
cal population (Table 34.2).

 Postoperative Complication Prevention

Brain edema after craniotomy can result in herniation and 
death. Contributing factors include excessive brain retraction 
and subtotal resection of malignant tumors, especially glio-

Table 34.1 Preoperative prevention

Preoperative 
complication Prevention
Brain edema Dexamethasone 4 mg q 6 h
Seizure Phenytoin

  Loading dose 15–20 mg/kg
  Maintenance 100 mg TID
Levetiracetam
  Loading dose 1 g
  Maintenance 500 mg BID

Increased ICP Avoid hypoventilation
Avoid large dose narcotics or 
benzodiazepines

Gastrointestinal effects H2 blocker, metoclopramide

34 Perioperative Challenges During Craniotomy for Space-Occupying Brain Lesions
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blastoma. Proper surgical technique to identify venous and 
arterial structures will minimize complications associated 
with major vein thrombosis and arterial injury. Smooth 
emergence from anesthetic is crucial to prevent the disrup-
tion of hemostasis at the tumor bed. The patient should be 
pretreated with antihypertensive drugs to counteract the 
increase in sympathetic tone during emergence from anes-
thesia. Debate exists concerning the relative merits of beta 
blockade versus vasodilation. Postoperative pain should be 

treated with caution and postoperative nausea, and vomiting 
prophylaxis is recommended for neurosurgical patients 
(Table 34.3).

 Crisis Management

 Preoperative Crisis Management

 Brain Herniation (Transfalx, Transtentorium, 
Transmagnum, Transdural)
Supratentorial brain tumors are often slow growing with the 
increase in volume compensated by a parallel volume reduc-
tion in the blood and CSF compartments (because brain is 
incompressible). A change in any one of the intracranial com-
partments, such as hemorrhage into the tumor or an increase 
in cerebral blood flow (from hypoxia, hypercarbia or seizure), 
will lead to an exhaustion of compensatory mechanisms and 
an acute rise in ICP with potential for brain herniation. 
Patients present with signs and symptoms such as mental sta-
tus depression, decrease in Glasgow Coma Score, Cushing 
triad (hypertension, reflex bradycardia, and abnormal respira-
tory pattern), new focal neurological deficit, and fixed/dilated 
pupils, all of which need immediate intervention to prevent 
further brain injury or fatal brain herniation (Table 34.4).

 Intraoperative Crisis Management

Blood and volume resuscitation should be readily available in 
the event of bleeding and hypotension. If there is brain swell-
ing, hyperventilate, elevate the head, and administer diuretic, 
narcotic, and a bolus of thiopental or propofol. Closely moni-
tor electrolytes and glucose intraoperatively. Intraoperative 
seizure activity is typically associated with acute brain swell-
ing due to the hypermetabolic state and increased 
CBF. Monitor for signs of venous air embolism. If intraopera-
tive seizures occur, additional antiseizure drug administra-
tion, deepening the level of anesthesia, and decreasing 
hyperventilation should be considered (Table 34.5).

 Postoperative Crisis Management

Twenty percent of postoperative brain tumor patients develop 
elevated ICP (50% due to bleeding, 50% due to cerebral 
edema). Risk factors include surgery for glioblastoma, repeat 
surgery, and surgery lasting more than 6  h. Postoperative 
hematoma after supratentorial craniotomy can occur due to 
incomplete tumor bed hemostasis or with remaining vascular 
tumor. Remote bleeding such as subdural and/or epidural 
hematoma and cerebellar hemorrhage has been reported. 
Major venous thrombosis can produce a delayed hemor-

Table 34.2 Intraoperative prevention

Complication Prevention
Intraoperative 
hemorrhage

Adequate IV access: two large-bore 
catheters
CVP is optional
Arterial line recommended

Intraoperative 
hypotension

Check volume status
  Blood loss
  Excessive diuresis
Monitor for air embolus
  Precordial Doppler
  Transesophageal echocardiogram (TEE)
  Et CO2

Check for cardiovascular compromise
  Severe bradycardia or arrhythmia
  Myocardial ischemia

Increase brain edema 
and swelling (tight 
brain)

Check patient position – avoid extreme 
neck flexion
Evaluate for seizure activity
Deepen anesthesia
Treat hypoxia
Treat hypercarbia

Electrolyte imbalance 
(Na+, K+, and glucose)

Monitor electrolytes every 1–2 h
Monitor glucose hourly if on insulin 
infusion
Check serum osmolality if using large dose 
of mannitol/hypertonic saline or diabetes 
insipidus suspected

Table 34.3 Postoperative prevention

Complication Prevention
Brain edema Avoid excessive brain retraction

Avoid excessive IV fluid
Postoperative 
hematoma

Smooth emergence (avoid hypertension, 
coughing, straining)
Avoid excessive brain shift

Venous thrombosis, 
arterial injury

Proper surgical technique

Inadequate pain control Local anesthetic scalp infiltration, nerve 
blocks, analgesics

Nausea and vomiting PONV prophylaxis (i.e., ondansetron, 
metoclopramide)
Consider adding propofol infusion as part 
of anesthetic regimen

Postoperative wound 
infection

Prophylaxis antibiotic (i.e., cefazolin)

Ankylosis of the 
mandible

Limited jaw opening posttemporal 
craniotomy, resolves after 3–4 weeks
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rhagic stroke. Arterial injury, on the contrary, produces an 
immediate neurological deficit. Seizures occur in 15–35% of 
postoperative tumor patients without intraoperative antisei-
zure therapy, which is reduced by approximately 50% with 
treatment. Pneumocephalus is common: up to 66% of 
patients have significant intracranial air 2 days after surgery, 
and 12% of patients have moderate to large pneumocephalus 
up to 2  weeks following craniotomy. Thus, administering 
nitrous oxide to a patient with a recent craniotomy (within 
3 weeks) is not recommended. Tension pneumocephalus is 
rare in non-sitting craniotomy (Table 34.6).

Table 34.4 Preoperative crisis management

Acute brain herniation treatment in the preoperative period
Airway Intubate

Hyperventilate (acute effect last 6–8 h)
PaCO2 between 28 and 32 mmHg
PaO2 >100 mmHg
Avoid PEEP

Position Neutral head position
Elevate head 15–30°

Hemodynamics Optimize cerebral perfusion pressure 
(CPP = MAP-ICP)
↑MAP to 90–100 mmHg if no cerebral 
hemorrhage

Brain extracellular volume 
reduction

Diuretics
  Mannitol
  Hypertonic saline
  Furosemide
Steroids to decrease peritumor edema
Extraventricular drain (EVD) 
placement

Table 34.5 Intraoperative crisis management

Complication Crisis management
Intraoperative 
hemorrhage

Blood products available, consider giving 
clotting factors early if disseminated 
intravascular coagulopathy is suspected

Intraoperative 
hypotension

  Blood replacement
  Fluid bolus (250–500 cc) isotonic 

saline or albumin
  Vasoactive drugs
  Keep CPP >60 mmHg
Watch for overhydration due to a risk for 
cerebral edema

Venous air embolism   Notify surgeon/flood surgical field
  Aspirate air from CVP
  Hemodynamic support – vasoactive 

drugs (phenylephrine, dopamine, 
norepinephrine, epinephrine)

  Cardiac resuscitation
Cardiovascular 
compromise (severe 
bradycardia, arrhythmia)

  Alert surgeon
  Treat bradycardia with atropine or 

epinephrine
  Treat ↑ICP if it is causing 

cardiovascular compromise
Increase brain edema and 
swelling (tight brain)

  Elevate head 15–30°
  Anticonvulsant therapy
  Bolus thiopental or propofol
  Consider switching to intravenous 

anesthesia
  ↑FiO2, decrease/avoid PEEP, 

hyperventilate
  Mannitol, furosemide, hypertonic 

saline
Electrolyte imbalance 
(Na+, K+, and glucose)

  Consider DDAVP if DI is suspected

Seizures   Replace K+ if <3.0 mEq/l
    Treat glucose with insulin if 

>180 mg/dl
   Dose/redose antiseizure medication
   Increase depth of anesthesia
   Decrease hyperventilation

Table 34.6 Postoperative crisis management

Complication Crisis management
Brain edema Proper head position

Hyperventilation
Steroid, diuretics

Postoperative 
hematoma

Treat hypertension (β blocker, vasodilator)
Prevent coughing, straining (i.e., narcotics, 
lidocaine 1–1.5 mg/kg)
Administer neuromuscular reversal agent after 
removal of head pins
Avoid excessive brain shift
  Gradually normalize PaCO2

  Gently rehydrate to facilitate brain expansion
Major vein 
thrombosis and 
arterial injury

Mannitol (10–20 cc/h of 20% solution) and 
rehydration may improve the rheologic profile 
sufficiently to prevent complete venous occlusion

Inadequate pain 
control

Titration of long-acting opiates, scalp nerve 
blocks

Nausea and 
vomiting

  Dexamethasone 4 mg
  5 HT3 antagonist, NK1 antagonist

Postoperative 
wound infection

Antibiotics should be administered within 1 h 
prior to skin incision (2 h for vancomycin)

Ankylosis of the 
mandible

Consider fiber-optic intubation

“Slow awakening” DDx: seizure, hypoxia, hypercarbia, 
hypoglycemia, hypothermia, residual anesthesia 
(inhalational agents, narcotics, muscle relaxants), 
hematoma, edema, vascular thrombosis, and 
pneumocephalus

Key Points
• Thorough evaluation for severity of increased ICP, 

neurological function, and location of a space- 
occupying lesion, along with patient’s medical con-
dition, is essential for minimizing neurological 
injury during surgery.

• The anesthetic goals for craniotomy in patients with 
space-occupying lesions are for smooth induction, 
maintenance of adequate CPP, maximization of sur-
gical exposure, maintenance of normal neurophysi-
ological functions, and homeostasis (water, 
electrolyte, and glucose) followed by rapid emer-
gence with controlled hemodynamic and minimized 
coughing and straining during tracheal extubation.
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Perioperative Challenges in Patients 
with Unstable Spine

Carl Helge Nielsen

 Overview

Blunt trauma from high-speed motor vehicle accidents, falls 
from excessive heights, dives into shallow water, and pene-
trating trauma from gunshot wounds cause the majority of 
spine lesions; most of these do not involve permanent injury. 
Spinal cord injury occurs in 12,000–15,000 people per year 
in the USA; about 10% of these injuries cause permanent 
damage. Most spinal cord injuries occur in young men 
between the age of 15 and 25  years. About 5% occur in 
children.

Nearly 10% of patients with spinal cord injury have a sec-
ond nonadjacent fracture elsewhere in the spine. 
Approximately 55% of spine injuries occur in the cervical 
spine; the remaining 45% are evenly distributed between the 
thoracic, thoracolumbar, and the lumbosacral regions. 
Instability of the spine is defined as the loss of the ability of 
the spine to tolerate physiologic loading without incurring 
neurologic deficit, pain, or progressive structural deficit. 
Patients with a suspected spine injury need to be immobi-
lized, and their injuries, including life-threatening lesions, 
are attended to while movement of the spinal column is kept 
at a minimum. The immobilization is maintained until a 
spine injury is excluded.

 Prevention

Plans to reduce both the number and the severity of unstable 
spine injuries are of paramount importance, albeit outside 
the scope of this text. The primary goal of resuscitation is to 
protect the spinal cord by reducing additional and secondary 
injuries. Thus, basic resuscitation and spine stabilization at 
all times are crucial. This requires that the anesthesiologist 

have intimate knowledge about the pathophysiology and the 
risks and benefits of multiple alternative approaches to both 
acute trauma care and anesthesia techniques. Spinal immobi-
lization is a priority in multiple trauma; “spinal clearance” is 
not.

Specific pharmacologic management of patients with 
acute spinal cord injury in the USA focuses on the benefits of 
initiation of very high-dose steroid therapy within 8 h after 
the injury. Improved degree and rate of neurologic recovery 
has been shown by using 30 mg/kg bolus of methylpredniso-
lone over 15 min followed by an infusion of 5.4 mg/kg/h for 
23 h. The National Acute Spinal Cord Injury Study (NASCIS) 
in 1990 showed that high-dose methylprednisolone (30 mg/
kg) given within 8 h of ASCI improved neurological func-
tion. However, some patients showed no improvement, and 
no patient recovered neurological function completely. This 
study has resulted in the widespread clinical use of high-dose 
steroids in ASCI, although controversy persists.

 Crisis Management

 Pathophysiology and Clinical Presentation

Symptoms from an unstable spine are in a wide range from 
mild local site pain to quadriplegia and death. They depend 
both on the severity of the injury and the level of involve-
ment. Instability above the first thoracic spinal segment may 
show features of upper limb involvement. Above the fourth 
cervical vertebra, instability may lead to respiratory compro-
mise. Involvement of the conus presents predominantly with 
bowel and bladder involvement. Patients may additionally 
present with varying degrees of autonomic dysfunction.

Both experimental and clinical observations of spinal 
cord injuries have demonstrated a spectrum of pathology that 
evolves over the days following the injury; this has led to the 
concept that the injury process is a result of both primary and 
secondary insults.
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Primary mechanism of cord injury can be due to four 
kinds of mechanical forces:

• Impact with persisting compression: e.g., fractures, dislo-
cations, and disc herniations

• Impact with no persisting compression: e.g., hyperexten-
sion injuries

• Distraction: e.g., hyperflexion injuries
• Laceration/transection: penetrating injuries, fracture 

dislocation

Secondary injury mechanisms that may be involved are:

• Systemic shock: profound hypotension and bradycardia 
(often lasting for days) follows cord injury and may fur-
ther compromise an already damaged cord.

• Local microcirculatory damage may occur due to mechan-
ical disruption of capillaries, hemorrhage, thrombosis, 
and loss of autoregulation.

• Biochemical damage may occur due to excitotoxin release 
(glutamate), free radical production, arachidonic acid 
release, lipid peroxidation, eicosanoid production, cyto-
kines, and electrolyte shifts.

All these factors (along with edema) lead to loss of 
energy-producing ability with consequent loss of impulse 
transmission, cell swelling, membrane lysis, and cell death.

 Patient Assessment

Instability must be assumed (and the spine stabilized) in any 
patient with:

• Complaints of a sense of instability (patient holds his 
head in the hands)

• Vertebral column pain
• Tenderness over the midline or the spinous processes
• Neurologic deficit
• Altered mental status
• Any suspected spine injury notwithstanding lack of proof

The initial assessment of patients presenting with trauma 
is called the primary survey. During this assessment, life- 
threatening injuries are identified, and, simultaneously, 
resuscitation is begun. A simple mnemonic, “ABCDE,” is 
used as a memory aid as to the order in which problems 
should be addressed.

 1. Airway maintenance with cervical spine protection
 2. Breathing and ventilation
 3. Circulation with hemorrhage control

 4. Disability (neurologic evaluation)
 5. Exposure and environment

When the primary survey is completed, resuscitation 
efforts are well established, and the vital signs are normaliz-
ing, the secondary survey can begin.

The secondary survey is a head-to-toe evaluation of the 
trauma patient, including a complete history and physical 
examination, including the reassessment of all vital signs. 
Each region of the body must be fully examined. X-rays 
indicated by examination are obtained.

If at any time during the secondary survey the patient 
deteriorates, another primary survey is carried out, as a 
potential life threat may be present.

Spinal shock is the term for all the phenomena surround-
ing physiologic or anatomic transection of the spinal cord 
that results in temporary loss or depression of all or most 
spinal reflex activity below the level of the injury. Ditunno 
et  al. proposed a four-phase model for spinal shock 
(Table 35.1).

Two additional considerations are particularly important 
to the anesthesiologist in the chronic phase: supersensitivity 
of cholinergic receptors and autonomic hyperreflexia.

In response to denervation, cholinergic receptors prolifer-
ate beyond the end plates of voluntary muscle fibers, eventu-
ally to invest the entire cell membrane. The muscle becomes 
“supersensitive” and contracts maximally in response to a 
concentration of acetylcholine of only 25% that is needed to 
initiate contraction in normal muscle. Potassium ion is 
released suddenly along the entire length of the fiber rather 
than gradually as the action potential propagates. This pro-
duces a rapid rise in serum potassium levels. Succinylcholine 
induces an identical response and may be associated with a 
serum potassium increase of 4–10 meq/L. Although succi-
nylcholine is safe during the first day of paraplegia, it should 
be avoided completely after the third day.

The chronic phase in which spinal reflexes reappear is 
characterized by autonomic hyperreflexia in a high propor-
tion of patients. Cutaneous, proprioceptive, and visceral 
stimuli, such as urinary bladder distention, may cause vio-
lent muscle spasm and autonomic disturbances. The 

Table 35.1 Phases of spinal shock

Phase Time
Physical exam 
finding

Underlying 
physiological event

1 0–1 day Areflexia/
hyporeflexia

Loss of descending 
facilitation

2 1–3 days Initial reflex return Denervation 
supersensitivity

3 1–4 weeks Hyperreflexia 
(initial)

Axon-supported synapse 
growth

4 1–12 months Hyperreflexia, 
spasticity

Soma-supported synapse 
growth
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 symptoms of autonomic hyperreflexia are facial tingling, 
nasal obstruction, severe headache, shortness of breath, nau-
sea, and blurred vision. The signs are hypertension, brady-
cardia, dysrhythmias, sweating, cutaneous vasodilatation 
above and pallor below the level of the spinal injury, and 
occasionally loss of consciousness and seizures. The precipi-
tous blood pressure increase may lead to retinal, cerebral, or 
subarachnoid hemorrhage, increased myocardial work, and 
pulmonary edema. Patients with chronic spinal cord lesions 
above T-6 are particularly at risk for this response: 85% will 
display autonomic hyperreflexia at some time during the 
course of daily living. Of course, surgery is a potent stimulus 
to autonomic response even in patients who give no history 
of the problem.

 Intervention Treatment

The recommendations from Advanced Trauma Life Support 
are used: aggressive resuscitation and management of life- 
threatening injuries, as they are identified, is essential to 
maximize patient survival.

Assume a cervical spine injury in any patient with multi-
system trauma, especially when there is associated altered 
level of consciousness or a blunt injury above the clavicle. 
Measures to establish and/or maintain a patent airway must 
be instituted with cervical spine protection. New neurologic 
deficits occur 7.5 times more frequently with an unrecog-
nized injury, and up to 10% of patients with a cervical spine 
injury will suffer a new neurologic deficit if not 
immobilized.

Prehospital care personnel usually have immobilized the 
patient before transport to the hospital. The patient with an 
injured spine must be fitted with a semirigid cervical collar, 
placed on a spine board, foam bolsters positioned at each side 
of the head, and straps used to maintain the neutral position.

Supplemental oxygen is provided. Airway patency may 
be achieved with simple maneuvers; basic chin lift and jaw 
thrust maneuvers are applied, while force is limited to pre-
vent movement of the immobilized cervical spine. Airway 
compromise or altered mental status with a Glasgow Coma 
Scale score 8 or less require endotracheal intubation. There 
are no clear guidelines for the optimal method to secure the 
airway in patients with cervical spine injuries, with the 
exception that the head and neck must be kept in neutral 
position throughout the intubation procedure. Numerous 
approaches and devices to secure an airway in patients with 
an unstable spine have been suggested and were often pre-
sented in small series with high success rates. That said, it is 
essential that an anesthesiologist master a couple of these 
alternative approaches in addition to the standard intubation 
techniques with direct laryngoscopy, fiberoptic intubation, 

and blind nasal intubation. The goal is to facilitate endotra-
cheal intubation without causing further injury to the unsta-
ble spine. Intubation while the patient wears the semirigid 
collar and the head is strapped down between the foam 
blocks is often impossible. The anterior part of the collar and 
the straps and blocks may be removed as long as head move-
ment is avoided. This is accomplished with manual in-line 
axial stabilization (MIAS); note that the recommendation 
has changed so traction (MIAT) is not recommended. MIAS 
is applied by holding the sides of the neck and mastoid pro-
cesses and exerting a gentle downward (posterior) pressure. 
During the intubation process, the person who provides 
MIAS must counteract the forces applied by the person who 
performs the intubation. Rapid sequence induction/intuba-
tion with cricoid pressure application should be used when-
ever indicated. Patients with cervical cord injury should be 
treated with glycopyrrolate prior to intubation to prevent the 
bradycardia that often occurs from unopposed parasympa-
thetic stimulation during airway manipulation in these 
patients. The risk of failed intubation with inability to venti-
late the patient must always be considered; it usually neces-
sitates a surgical airway.

The patients with an unstable spine but otherwise stable 
vital signs who present for urgent or semi-elective proce-
dures are commonly intubated with the use of fiberoptic 
techniques. Fiberoptic intubation of an awake, minimally 
sedated patient can often be achieved after adequate topical 
anesthesia of the airway. This method is preferred because 
the patient can immediately afterwards follow commands 
and demonstrate that postintubation movement of the 
extremities is unchanged from before.

For very anxious patients and for those where movement 
to command is desired after final positioning on the opera-
tion table, fiberoptic facilitated intubation may be preferable 
while they are under anesthesia. An ultrashort anesthetic pro-
vides analgesia and will keep the patient appropriately con-
trolled while the intubation and positioning is accomplished, 
yet it wears off rapidly and the patient can demonstrate 
movement to command. The extremely unstable patients 
additionally may have somatosensory evoked potentials 
monitored both before and after intubation and positioning 
to document that neither procedure caused noticeable com-
promise. Team work, cooperation, and collaboration between 
the anesthesia, monitoring, and surgical teams are essential.

Rapid and accurate assessment of the patient’s hemody-
namic status is critical. Immediate replenishment of intravas-
cular volume is followed with continued maintenance of an 
adequate intravascular volume and appropriate blood pres-
sure to assure spinal cord perfusion. Anemia must be avoided. 
The bladder must be kept decompressed, and an NG tube is 
used to decompress the stomach.

35 Perioperative Challenges in Patients with Unstable Spine
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Key Points
• Primary survey with ABCDE while the spine is 

stabilized
• General management considerations

 – Neurogenic shock
 (a) Traumatically induced sympathectomy with 

spinal cord injury.
 (b) Symptoms include bradycardia and 

hypotension.
 (c) Treatment: volume resuscitation to maintain 

systolic BP >90 mmHg (euvolemia).
 (d) May need phenylephrine (50–300  μg/min) 

or norepinephrine maintain BP
 – Gastrointestinal tract

 (a) Ileus is common and requires use of a naso-
gastric tube.

 (b) Stress ulcer prevention using medical 
prophylaxis.

 (c) Bowel training includes a schedule of sup-
positories and may be initiated within 
1 week of injury.

 – Deep vein thrombosis
 (a) Start mechanical prophylaxis immediately.
 (b) Initiate chemical prophylaxis after acute 

bleeding has stopped.
 – Bladder dysfunction

 (a) Failure to decompress the bladder may lead 
to autonomic dysreflexia and a hypertensive 
crisis.

 (b) The bladder is emptied by intermittent or 
indwelling catheterization.

 (c) Antibiotic prophylaxis for the urinary tract 
is not advised.

 – Decubitus ulcers
 (a) Skin breakdown begins within 30 min in the 

immobilized hypotensive patient.
 (b) For prolonged transport, the injured patient 

must be removed from the hard spine board 
and placed on a padded litter.

 (c) Frequent turning and padding of promi-
nences and diligence on the part of caretak-
ers are essential to protect the insensate 
limbs.

 (d) All bony prominences are inspected daily.
 (e) Physical therapy is started early to maintain 

range of motion in all joints to make seating 
and perineal care easier.
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Airway Crisis Associated with Cervical 
Spine Surgery

Edward Crosby

 Overview

Airway problems encountered in anesthesia for cervical spi-
nal surgery cluster into two major categories: the underlying 
spinal pathology increases the likelihood of difficult airway 
or surgery and prone positioning result in soft tissue swelling 
and acute airway compromise postoperatively. Less com-
monly, intraoperative difficulties arise, typically related to 
endotracheal tube migration or kinking resulting from surgi-
cal positioning.

Surgeries on the cervical spine can be divided into two 
broad categories, decompressive and reconstructive inter-
ventions. Simple decompression of a nerve foramen or dis-
cectomy is usually done via an anterolateral approach with 
the patient in the supine position. More extensive decom-
pression of the canal itself is commonly done via a posterior 
approach with the patient in a prone position, although ante-
rior approaches are used. Reconstruction procedures (with 
instrumentation) may be carried out after decompression to 
stabilize a spine compromised by the surgical intervention or 
done primarily to treat a spine rendered unstable by disease 
or injury. They may involve an anterior or posterior approach 
(or rarely both); the posterior approach is again carried out 
with the patient in the prone position.

 Preoperative Airway Complications

Patients presenting for cervical spine surgery have a higher 
incidence of difficult laryngoscopy and intubation than is 
seen in the general surgical population; the likelihood of dif-
ficulties increases as movement becomes more restricted, 
and patients with occipito-atlantoaxial complex disease have 

the highest prevalence of difficulty. In patients <60  years, 
limitations in cervical spine movement are also associated 
with an increased likelihood of difficult mask ventilation. 
Other patient factors such as obesity, diabetes mellitus, and 
obstructive sleep apnea are common in this patient cohort 
and increase the incidence of anticipated difficult airway.

 Intraoperative Airway Complications

Intraoperative airway complications are usually related to 
either migration or kinking of the tube. The head may be 
flexed on the neck to improve surgical access for posterior 
cervical operations in the prone position. This shortens the 
trachea and may result in migration of the tube into a main 
stem bronchus. Aggressively flexing the head may also force 
the jaw closed; if the patient has full dentition, this may 
result in the tube being kinked or crushed by the teeth and an 
obstructed airway. Compromise of the tube lumen may not 
be immediately evident but can manifest intraoperatively 
with increasing airway pressures and difficulty with ventila-
tion resulting in decreased tidal volumes and hypercarbia. If 
the method to secure the tube becomes compromised in a 
prone-positioned patient, the tube may incrementally migrate 
out of the trachea – a recurrent cuff leak may indicate such 
migration.

 Postoperative Airway Complications

Airway complications are common after anterior cervical 
spine surgery and range from acute airway obstruction to 
chronic vocal cord dysfunction. Variables associated with an 
increased likelihood of postoperative airway complications 
are included in Table  36.1. Unilateral vocal cord paralysis 
resulting from recurrent laryngeal nerve palsy is the most 
common airway complication after anterior cervical spine 
surgery; it should rarely result in any important degree of 
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airway compromise. Pharyngeal and prevertebral edema is 
also common after cervical spine surgery, is most prominent 
at the C2–C4 levels, peaks on the second and third postop-
erative day, and may be associated with airway compromise. 
Surgical traction and dissection are implicated, and both pro-
longed surgery and difficult dissection increase the severity 
of the resulting edema. Patients with rheumatoid arthritis 
seem particularly susceptible to postoperative edema.

Decreased venous and lymphatic drainage of the head 
and upper airway is also implicated as an etiological factor 
for postoperative airway edema; prolonged operations and 
extreme flexed positioning may increase the risk. A hema-
toma in the soft tissues of the neck is common after cervi-
cal spine surgery but rarely results in clinically important 
airway compromise. However, larger hematoma may result 
in laryngeal and supraglottic edema, necessitating reintu-
bation of the trachea on an urgent basis. Airway compro-
mise resulting primarily from hematoma typically occurs 
earlier in the postoperative course (≤12 h) than does that 
resulting from prevertebral and pharyngeal edema. Airway 
complications also occur after spine surgery performed in 
the prone position; these result primarily from supraglottic 
and laryngeal edema and to a lesser degree from 
macroglossia.

 Prevention

 Preoperative Airway Complications

A careful preoperative review will allow for the identifica-
tion of many patients at risk for difficult intubation. 
Particularly relevant in the history is the presence of rheu-
matoid arthritis or ankylosing spondylitis, especially with 
disease which is longstanding and severe. Previous difficul-
ties with laryngoscopy and intubation are also common in 
this population and likely predictive of repeat difficulties if 
the same strategy for airway management is chosen. The 
airway examination should emphasize evaluation of the 
usual features, but the Mallampati classification is a par-
ticularly useful predictor of difficult laryngoscopy in 
patients with cervical spine disease and restricted neck 

movement; a high score provides evidence of poor cranio-
cervical extension and predicts difficulty. Although sophis-
ticated imaging techniques can provide detailed information 
about the airway, even simple radiographs may be useful. 
Reduced separation of the posterior elements of the first 
and second cervical vertebrae on lateral radiographs is 
associated with difficult laryngoscopy. Once the evaluation 
is complete, a decision should be made as to whether the 
evaluation is reassuring regarding the ease of direct laryn-
goscopy. In the event that the evaluation is not reassuring, a 
plan for both intubation and extubation should be formu-
lated which address the non- reassuring elements of the 
evaluation.

 Intraoperative Airway Complications

Endotracheal tubes should be well secured and protected 
after correct placement has been confirmed. The use of a bite 
block or oral airway will provide protection to the tube intra-
operatively and protect it from being crushed between the 
teeth with aggressive flexion of the head on the neck to afford 
surgical access to the upper cervical spine; the use of an 
armored tube alone will not prevent this from occurring. The 
circuit should be supported so as to reduce the dependent 
weight acting on the endotracheal tube in a prone-positioned 
patient to prevent outward migration of the tube; this may be 
done by securing the circuit to the operating table or the 
apparatus supporting the head.

 Postoperative Airway Complications

Extubation is as risky a proposition as intubation in these 
patients; the airway will be no less difficult to manage than at 
intubation and will possibly be more so. A strategy should be 
in place to anticipate, monitor for, and manage postoperative 
edema (Table  36.2). Consideration should be given to a 

Table 36.1 Variables associated with airway complications after spi-
nal surgery

Rheumatoid arthritis
Difficult intubation
Surgical exposure involving > 3 levels
Surgical exposure involving C2, C3, C4
Occipito-cervical fusions
Combined anterior-posterior approach
Blood loss >300 ml
Operative time >5 h
Surgical use of bone morphogenetic protein

Table 36.2 An approach to postoperative airway care after cervical 
spine surgery

Anticipate postoperative complications in at-risk patients
Consider postoperative ventilation in high-risk surgical scenarios
Employ tube exchangers for higher-risk extubations
Observe patients in high-surveillance units postoperatively
Aggressively evaluate complaints of respiratory distress
Administer drying agents if respiratory symptoms are present
Ensure the immediate availability of difficult intubation cart
Perform or arrange for endoscopic evaluation of the airway if airway 
symptoms persist
Maintain a low threshold for airway intervention if symptoms seem 
progressive
Arrange for timely notification of surgeon if airway interventions 
anticipated
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period of postoperative ventilation to allow the swelling to 
subside, if high-risk characteristics are evident. If a decision 
has been made to extubate the trachea of a high-risk patient 
immediately postoperatively, a period of observation in a 
high-surveillance unit is the most prudent management strat-
egy; placement of an airway exchange catheter may also be 
considered. Signs and symptoms of respiratory distress often 
herald the development of airway edema and should prompt 
immediate evaluation of the airway. The development of a 
quiet or muffled voice is an ominous sign and should be dealt 
with as an airway emergency.

Airway compromise associated with a wound hematoma 
is often a result of supraglottic edema, and, although fre-
quently recommended, releasing the staple or suture line to 
evacuate the hematoma may have little apparent and imme-
diate effect on the degree of compromise and the symptoms 
of distress. Consideration should be given to urgent tracheal 
intubation to stent the airway open, and, once the airway is 
secured and protected, a decision may be made regarding 
subsequent wound management.

 Crisis Management

 Pathophysiology and Clinical Presentation 
of Airway Complications

 Preoperative Airway Complications
Difficulties with airway management at induction typically 
result from a combination of disease-related anatomical 
derangements, limitations in safe cervical spinal movement, 
and individual patient characteristics (e.g., obesity). It may 
not be possible to safely and optimally position a patient for 
direct laryngoscopy, and an alternate strategy for tracheal 
intubation is advisable. Extreme extension should be avoided 
as it may result in canal compromise and cord ischemia, 
especially if prolonged. Intraoperative complications more 
commonly are technical in nature and related to displace-
ment of the tracheal tube or compromise of its lumen. 
Ensuring that the endotracheal tube is appropriately placed, 
well secured, and protected from kinking and crushing will 
reduce the potential for technical difficulties. A circuit leak 
should prompt immediate evaluation of tube integrity and 
placement; a fiberoptic bronchoscope (FOB) is indispens-
able in this regard. Increasing airway pressures and a con-
comitant reduction in the ventilation volumes should also 
trigger evaluation of the tracheal tube in addition to the usual 
review of the patient and apparatus.

 Postoperative Airway Complications
Operative procedures performed upon patients in the prone 
position predispose to the development of airway edema. 
Venous drainage of the tongue, face, and airway is via veins 

which enter the internal jugular vein (IJV); the IJV is liable 
to kinking when the neck is maximally flexed. This may 
lead to partial or complete obstruction of the vessel and 
edema in the tissues drained by this system. Anatomical 
abnormalities of the skull base may predispose patients to 
venous obstruction at lesser degrees of flexion; the extreme 
flexion required obtaining surgical access to the posterior 
skull base and upper cervical spine may increase the risk of 
this complication. Postoperative edema and hematoma for-
mation may also be associated with airway compromise 
through similar mechanisms. The amount of prevertebral 
edema formation is influenced by the duration of surgery, 
the difficulty of dissection, and the levels of ossification of 
the spinal ligaments.

 Patient Assessment

 Preoperative Airway Complications
Preoperative airway assessment should consist of both a 
history and physical examination. The occurrence of prior 
airway difficulties is predictive of recurrent difficulties 
during the new intervention being planned. Physical exam-
ination should review the usual features, but a detailed 
assessment of neck mobility is advised. The Mallampati 
evaluation may be particularly useful in this population as 
an assessment of neck movement and predictor of difficult 
laryngoscopy. Detailed imaging is often available for these 
patients and should be reviewed. Loss of the gaps between 
the occiput and posterior arch of C1 and the posterior 
arches of C1 and C2 are associated with difficult direct 
laryngoscopy.

 Postoperative Airway Complications
Postoperative airway compromise as a result of either hema-
toma or edema is often subtle in its initial presentation. 
Compromise related to hematoma is more likely to present 
earlier, whereas that resulting from edema may be delayed, 
presenting up to 24–36  h or longer after surgery. Patient 
symptoms are common and may be present in the absence of 
clear signs of hematoma or airway compromise. However, 
complaints of dyspnea and insistence on either semi- 
recumbent or sitting positions are concerning; these should 
result in the continued observation of the patient in a high- 
surveillance unit and immediate evaluation of the state of the 
airway; an FOB facilitates this evaluation. A change in the 
quality of the voice should prompt immediate airway evalu-
ation and consideration of tracheal intubation. This evalua-
tion may be easily done with the patient in the sitting position; 
a nasal approach is useful and well tolerated. Early adminis-
tration of drying agents (e.g., glycopyrolate 0.4–0.6 mg sc or 
IV) may facilitate subsequent airway evaluations and 
interventions.

36 Airway Crisis Associated with Cervical Spine Surgery
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 Intervention and Treatment

 Preoperative Airway Complications
Airway management is not predicted to be difficult in 
patients presenting for cervical spinal surgery who have 
reassuring airway assessments and well-preserved spinal 
mobility. However, patients for whom the assessments are 
not reassuring require management plans for both intubation 
and extubation which account for the anticipated difficulties; 
techniques employing devices other than the direct laryngo-
scope feature prominently in these plans. Awake intubation 
is more commonly chosen for patients with severe limita-
tions in movement, myelopathy, unstable or fractured spines, 
and spinal stenosis with neurological symptoms or sequelae. 
The FOB is prominently featured in the management of 
these patients and may be used in both awake and asleep 
patients. However, a multitude of devices have been demon-
strated to provide safe and effective airway care in these 
patients, including lighted stylets, rigid fiberoptic endo-
scopes, a range of videoscopes, the intubating laryngeal 
mask airway, and fiberoptic stylets, and experience rather 
than dogma should dictate choice.

 Postoperative Airway Complications
Patients who present with airway compromise postopera-
tively require assessment on an urgent basis. Symptoms of 
respiratory distress may be out of proportion to observed 
signs of hematoma, swelling, and edema and should prompt 
early airway evaluation. It is also possible that symptoms of 
airway compromise in the setting of an obvious hematoma 
may be masked by administration of analgesics and seda-
tives in the early postoperative period, and the index of sus-
picion and surveillance should be raised accordingly. If 
supraglottic or laryngeal edema is present on examination, 
continued observation in a high-surveillance unit is manda-
tory, and consideration should be given to early tracheal 
intubation to protect the airway. Patients may progress to 
severe degrees of edema and airway compromise before the 
condition is recognized; it is likely that they will insist on 
sitting, and both position and agitation may complicate air-
way interventions. Awake intubation with an FOB may be 
attempted but will likely be complicated by the degree of 
airway distortion. If the patient is in extremis or has already 
suffered a respiratory arrest at the time of intervention, the 
observed degree of distortion will be extreme. Surgical 
establishment of an infraglottic airway may be lifesaving for 
a patient in extremis, but the surgical approach will be com-
promised by swelling in the neck and distortion of the 

 anatomy. An urgent call for both a surgeon and the surgical 
kit should be made in a timely fashion. If respiratory arrest 
is imminent or apparent, airway interventions should not be 
delayed awaiting the arrival of a surgeon. Emergency inter-
vention with the use of a direct laryngoscope and a gum 
elastic bougie to probe for the tracheal lumen may allow for 
successful tracheal intubation despite the lack of recogniz-
able anatomy. Evacuation of a hematoma may not result in 
obvious or immediate improvement in the airway but may 
reduce the degree of tracheal deviation and reduce the dif-
ficulty of tracheal intubation.
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Key Points
• Patients presenting for cervical spine surgery have 

an increased incidence of difficult airway.
• Significant limitations in cervical spine movement 

are predictive of difficult airway.
• Prolonged or extensive cervical spine surgery and 

the use of the prone position are associated with 
postoperative airway compromise.

• Extubation should be considered a high-risk inter-
vention in these patients and planned accordingly.

• The use of an airway exchange catheter should be 
considered in high-risk extubations.

• At-risk patients should be monitored in high-sur-
veillance nursing units postoperatively.

• Symptoms of respiratory distress may be out of pro-
portion to observed signs of airway compromise.

• Airway distortion may be severe by the time assess-
ment of symptoms occurs.

• The use of a gum elastic bougie during direct laryn-
goscopy may be useful in a severely distorted 
airway.
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Spinal Cord Injury During Spinal 
Surgery

Hironobu Hayashi and Masahiko Kawaguchi

 Overview

Perioperative spinal cord injury (SCI) is a devastating com-
plication, and its reported incidence based on primary diag-
nosis for adult patients can vary from 0% to 3%, depending 
on the pathological profiles and surgical approach. Its inci-
dence seems to be especially high after spinal surgery for 
kyphosis, spondylolisthesis, and scoliosis. The neuronal/
axonal injury can result in motor, sensory, and/or autonomic 
impairment. In addition to a direct insult to the spinal cord by 
the surgical procedure, anesthesia-related factors can also 
worsen SCI, which is pre- and intraoperatively developed. In 
order to improve neurological outcome after spine surgery, 
prevention, identification, and treatment of SCI is critical. 
Intraoperative neuromonitoring, cardiopulmonary manage-
ment, and pharmacological therapy would be important gen-
eral management of SCI.  Multimodal intraoperative 
neuromonitoring with somatosensory-evoked potential 
(SSEP), motor-evoked potential (MEP), and/or electromyog-
raphy (EMG) provides a higher specificity and sensitivity for 
detecting SCI than any modality used in isolation. However, 
anesthetic and neuromuscular blocking agents and physio-
logical alterations can affect the results of neuromonitoring, 
which may interfere with an early detection of impending 
SCI and consequently delay its treatment. Therefore, proper 
understanding of its influences on each neuromonitor can be 
a key for anesthetic management to reduce the incidence and 
severity of SCI after spinal surgery.

 Prevention

In the setting of an underlying pathological entity of the spi-
nal cord at risk for injury and ischemia, careful anesthetic 
management is required. Hyperextension of the neck during 

intubation in patients with cervical stenosis and potentially 
unstable cervical spines should be avoided. Transfer and 
positioning of the patients should be performed with a care-
ful control of spine. Hypotension should be avoided because 
it can lead to a decrease of spinal cord perfusion. Vasopressors 
should be used to maintain the MAP >80 mmHg, although 
no ideal MAP has been determined. The maintenance of 
hematocrit may also be required. Administration of methyl-
prednisolone for the treatment of acute SCI is not recom-
mended. High-dose steroids are associated with harmful side 
effects including death.

Successful neuromonitoring is one of the most important 
strategies to prevent permanent SCI.  Early recognition of 
impending SCI can help to identify and promptly reverse the 
precipitating cause. Types of intraoperative neuromonitors to 
be used and each technique may vary depending on the path-
ological profiles, surgical procedures, and availability of 
electrophysiological monitoring staff and equipment. 
However, current evidence indicates that MEP is the most 
valuable tool to monitor functional integrity of descending 
motor pathways, although it may be combined with SSEP 
and wake-up test. A schema on MEP is described in Fig. 37.1. 
Spinal MEP can be recorded through epidural electrodes, 
and D-wave is used for monitoring because it is not affected 
by the anesthetic agents and neuromuscular blocking agents. 
Myogenic MEP can be recorded from the muscles as com-
pound muscle action potentials (CMAPs). Since the myo-
genic MEP is very sensitive to suppression by most anesthetic 
agents, a choice of anesthetic agents should be carefully per-
formed. Intravenous anesthesia using propofol and fentanyl/
remifentanil seems to be a good choice to obtain reliable 
myogenic MEPs. In patients with preoperative motor defi-
cits, the use of ketamine with minimum influences on myo-
genic MEP may be considered when a proper control MEP is 
difficult to obtain under propofol-based anesthesia. In con-
trast, inhalational anesthetic agents are suboptimal for myo-
genic MEP monitoring unless medically necessary because 
inhalational anesthetics suppress myogenic MEP amplitude 
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in a dose-dependent manner. However, it has been reported 
that low doses of desflurane up to 0.5 MAC can provide suc-
cessful myogenic MEP monitoring when it is combined with 
propofol-remifentanil intravenous anesthesia, as a regimen 
of balanced anesthesia. Neuromuscular blocking agents 
should be avoided for myogenic MEP except for intubation. 
Otherwise, it may be used at the level of partial muscular 
blocking, which may complicate interpretation. No use of 
neuromuscular blocking agents to augment muscle contrac-
tions during transcranial stimulation for myogenic MEP may 
increase the risk of bite injury.

SSEP monitoring is commonly recorded on scalp after 
electrical stimulation of peripheral nerves. For recording 
SSEP, ulnar or median nerve for the upper limb and tibial or 
peroneal nerve for the lower limb are stimulated. Inhalational 
agents tend to suppress SSEP by decreasing the amplitude 
and increasing the latency in a dose-dependent manner. Total 
intravenous anesthesia using propofol delivers the most ideal 
condition for SSEP monitoring. Neuromuscular blocking 
agents do not affect SSEP.

 Crisis Management

 Pathophysiology and Clinical Presentation

Perioperative SCI involves a direct and indirect physiologi-
cal insult to the spinal cord. A direct insult may include com-
pression, impaction, laceration, distraction, and ischemia, 
which can develop during the induction of anesthesia, posi-
tioning of patients, and postoperative course, as well as dur-
ing the surgical procedure. An indirect insult may result from 
reduction of spinal cord blood flow and oxygen delivery, 
edema, and inflammation and may be secondary to a cascade 
of biochemical and cellular processes initiated by a direct 

insult. Postoperative causes of SCI include an epidural hema-
toma and infection, which can initially present with symp-
toms such as back pain, radicular pain, sensory disturbances, 
weakness, and paralysis.

 Patient Assessment

To recognize the intraoperative development of SCI under 
general anesthesia, the use of neuromonitoring is critical. 
Although still debated in detail, examples of the criteria for 
significant MEP and SSEP changes, which signal impending 
or manifest SCI, are shown in Table 37.1.

Usually myogenic MEP can be reduced or abolished in an 
early phase of SCI. In such situations, it is important to check 
whether changes in myogenic MEPs can truly be attributed 
to ongoing SCI or whether anesthesia-related factors are 
impairing the signal quality. Before initiating SCI-targeted 
treatment, other factors that may attenuate myogenic MEPs 
should be checked. Confounding variables that may affect 
the recording of myogenic MEPs and their appropriate man-
agements are shown in Table 37.2.

Fig. 37.1 Schema of spinal and myogenic MEPs

Table 37.1 Criteria for significant MEP and SEP changes

Neuromonitor Significant changes as an alarm
Myogenic MEP 
(CMAPs)

A reduction in amplitude to less than 20% of 
control or the complete lost

Spinal MEP 
(D-wave)

A reduction in amplitude to less than 50% of 
control

SSEP A reduction of amplitude to less than 50% of 
control
An increase in latency by 10% of control

Wake-up test Motor weakness or paralysis

Table 37.2 Variables affecting myogenic MEPs

Factors affecting myogenic 
MEPs Management
Electrodes failure Check electrodes
Stimulus parameters Check stimulus parameters
Anesthetics Check the depth of anesthesia

Keep the level of anesthesia constant
Avoid inhalational anesthetics
Avoid nitrous oxide >50%

Neuromuscular blockade Check the level of neuromuscular 
blockade
Keep the level of neuromuscular 
blockade constant
Avoid the use of neuromuscular 
blocking agents

Hypothermia Maintain normothermia
MAP reduction Maintain MAP >80 mmHg
Reduction of hematocrit 
(anemia)

Maintain hematocrit > 30%

H. Hayashi and M. Kawaguchi
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 Intervention/Treatment

Once the development of SCI has been recognized by neuro-
monitoring, prompt and aggressive intervention is warranted. 
First, the concerns regarding impending or manifest SCI, 
based on the results of electrophysiological monitoring, 
should be immediately communicated to the surgeons. If sur-
gical interventions such as particular instruments, screws, or 
deformity correction can be identified, these causes must be 
reversed immediately. If MAP is less than 80 mmHg or sig-
nificantly below the preoperative value, the MAP should be 
corrected to levels at least above 80 mmHg using vasopres-
sors. If profound perioperative blood loss has resulted in ane-
mia and hypovolemia, means to correct the hematocrit and 
achieve normovolemia must be initiated. The use of methyl-
prednisolone to prevent secondary injury in the setting of 
acute SCI has been considered as effective according to the 
beneficial results of the National Acute Spinal Cord Injury 
Study (NASCIS) trials. Recently, the 2013 guidelines indi-
cated that high-dose methylprednisolone administration is 
associated with a variety of complications including infec-
tion, respiratory compromise, gastrointestinal hemorrhage, 
and death. There is no consistent or compelling medical evi-
dence of any class to justify the administration of methyl-
prednisolone for acute SCI. Methylprednisolone should not 
be routinely used in the treatment of patients with acute SCI.
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Key Points
• Hyperextension of the neck during intubation, 

transfer and positioning of the patients, hypoten-
sion, and anemia can be causes of SCI, so that care-
ful anesthetic management is required.

• Electrophysiological monitoring such as MEP and 
SEP is critical in the detection of SCI during spinal 
surgery.

• Understanding of the effects of anesthetic agents 
and physiologic alterations on electrophysiological 
monitoring is imperative for successful 
neuromonitoring.

• Maintenance of the MAP>80  mmHg and of the 
hematocrit >30% appears important for minimizing 
the risk of SCI.

• Administration of methylprednisolone for the treat-
ment of acute SCI is not recommended. High-dose 
methylprednisolone are associated with harmful 
side effects, including death.
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Blood Loss During Spine Surgery

Matthew T. V. Chan and Patricia K. Y. Kan

 Overview

Blood loss during surgery of the spine varies enormously. 
Although the experience of surgeons is often considered as a 
major determining factor, there are other risk factors that 
may predict excessive blood loss during surgery (Table 38.1). 
Intuitively, substantial blood loss is expected in a prolonged, 
multilevel procedure that requires extensive decortication of 
the vertebrae, osteotomy, and stripping of paravertebral mus-
cles for surgical exposure and instrumentation. However, 
bleeding could be significant even in a single-level laminec-
tomy during revision surgery, surgery for tumor excision, 
traumatic injury, or infective diseases. Bleeding is also more 
likely in elderly, because the vascular channels are wide 
open due to osteoporosis and the epidural venous plexus is 
more fragile.

Clearly, the consequences are related to the extent of 
blood loss and the underlying physiologic condition of the 
patient. In general, the mechanisms of adverse effects are 
due to:

• Hemodynamic changes associated with fluid shift
• Anemia
• Depletion of platelets and clotting factors resulting in 

consumptive coagulopathy
• Adverse reactions related to the treatment administered, 

especially associated with transfusion of blood or blood 
products (Table 38.2)

In addition, bleeding will obscure operative field and may 
adversely affect surgical outcome. The associated coagulop-
athy and hyperfibrinolysis may lead to postoperative hema-
toma and thus predisposing patients to infection and 

potentially compressive neurologic injury (e.g., epidural 
hematoma).

Perioperative management should therefore aim to con-
trol the source of bleeding, to restore hemodynamic stability, 
to ensure tissue perfusion with sufficient delivery of oxygen 
and nutrients, and to enhance hemostasis. However, at the 
same time, it would be important to minimize exposure to 
allogenic blood and blood products.

 Prevention

 Minimizing Blood Loss

Preventing hemorrhage during surgery requires communica-
tion and close collaboration between the spine surgeons and 
anesthesiologists throughout the perioperative period. The 
following strategies may be adopted:

• A detail preoperative evaluation to identify patients with 
potential bleeding diathesis. This is particularly important 
to patients receiving nonsteroidal anti-inflammatory drugs. 
These agents are known to impair platelet function and are 
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Table 38.1 Risk factors for substantial blood loss after spine surgery

Procedure 
characteristics

Surgery for tumor excision
Surgery for fracture of the spine
Surgery for infection (such as tuberculosis, 
osteomyelitis)
Revision surgery
≥3 vertebral segments fusion
Instrumentation
Lumbar spine (compared with cervical spine) 
surgery
Posterior and lateral approaches

Patient characteristics Age >70 years
Obese patients
Patients with known clotting defects
Children with neuromuscular scoliosis
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best avoided or switched to selective COX-II blockers dur-
ing the week prior to surgery. Patients with coronary artery 
disease, valvular replacement, atrial fibrillation, and stroke 
are often taking potent antiplatelet agents (such as aspirin 
and clopidogrel), heparin, and other novel oral anticoagu-
lants. Although these agents may prevent major cardiac 
event in the non-operative setting, there are uncertainty 
whether the risk of perioperative bleeding will outweigh 
the benefits. It is therefore important to consider the timing 
to stop these agents prior to elective spine surgery 
(Table  38.3). The other drugs that should receive equal 
attention are those “over-the- counter” herbal products and 
traditional Chinese medicine. Many of them, such as 
ginkgo and ginseng, are known to affect coagulation and 
should be discontinued long before surgery. It is also 
important to ensure patients with known clotting defects 
actually received the appropriate treatment before surgery 
(e.g., desmopressin for von Willebrand disease). In urgent 
or emergent surgery, or when unexpected major blood loss 
occurs, it may be necessary to reverse the antithrombotic 
or antiplatelet effects (Table 38.3).

• In patients with vascular tumors, one should consider pro-
phylactic embolization prior to invasive surgery.

• Where feasible, minimally invasive spine surgery should 
be considered. Compared with conventional open proce-
dure, minimally invasive surgery avoids disruption of sur-
rounding tissue and therefore minimizes approach-related 
bleeding.

• In the operating room, patient must be carefully posi-
tioned to avoid impediment of venous drainage and sub-
sequent engorgement of epidural veins.

• Acute normovolemic hemodilution (ANH) may decrease 
loss of hemoglobin during surgery. In this technique, 
blood is removed (down to a hematocrit value of 20–30%), 
and circulating volume is restored with crystalloids or 
colloids prior to an anticipated episode of bleeding. The 
blood collected is then returned to the patient after hemo-
stasis is achieved. Therefore, only diluted blood with 
lower hematocrit is being lost during surgery. Additional 
advantages of ANH are that it uses patient’s own blood 
and that the clotting factors and platelets in it will improve 
hemostasis.

• Controlled hypotension, aiming to reduce systolic arterial 
pressure between 60 and 80 mmHg, has been advocated to 
decrease intraoperative blood loss. However, both con-
trolled hypotension and ANH are contraindicated in 
patients with significant cardiac morbidity. Unfortunately, 
activity of spine patients is often limited because of pain 
and deformity. It is therefore difficult to predict the indi-
vidual who may not be able to tolerate these maneuvers. 
Given the prevalence of coronary artery disease in the gen-
eral population and the emerging cases of postoperative 
visual loss after spine surgery (see Chap. 40: Postoperative 
blindness), the risk of controlled hypotension and ANH 
should not be overlooked.

• Meticulous hemostasis is always required to decrease 
blood loss. Vasoconstrictors, bone wax, fibrin sealants, 
and hemostatic collagen and cellulose are commonly 
used for local control of bleeding. Hemostasis may also 
be enhanced with administration of hemostatic drugs. 
Table 38.4 summarizes the clinical uses, mechanisms of 
action, and potential side effects of these agents. In the 
literature, prophylactic use of tranexamic acid, apro-
tinin, or recombinant activated factor VII (rFVIIa) sig-
nificantly decreases blood loss and the need for allogenic 
blood transfusion. However, they also increase the risk 
of thromboembolism, especially in patients with proven 
history or at risk of atherosclerosis or thrombosis. 
Aprotinin also increases the risk of other serious side 
effects, such as heart failure, renal failure, acute coro-
nary syndrome, and stroke. Because of these adverse 
reactions, aprotinin is currently withdrawn from the 
market and is only restricted to investigational use under 
a limited user agreement. The efficacy data on epsilon-

Table 38.2 Complications associated with transfusion of allogenic 
blood products

Mechanism Adverse effects
Incidence per unit 
blood transfused

Immunologic Acute reaction
  Urticaria 1:50–100
  Febrile, nonhemolytic 

transfusion reaction
1:300

  Anaphylaxis 1:150,000
  Acute hemolysis 1:25,000
  Transfusion-related acute 

lung injury
1:5000

Delayed reaction
  Red cell 

alloimmunization
1:100

  Immune modulation/
suppression

Extremely rare

  Delayed hemolysis Extremely rare
  Graft-versus-host disease Extremely rare

Non- 
immunologic

Acute reaction
  Hypothermia 1:100
  Hypervolemia 1:200
  Coagulopathy 1:200
Delayed reaction
  Human 

immunodeficiency virus
1:1,000,000–
2,000,000

  Human T-lymphotropic 
virus I and II

1:625,000

  Bacterial contamination 1:5,000,000
  Hepatitis C, hepatitis B 1:100,000–2,000,000
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aminocaproic acid (EACA) and desmopressin are how-
ever less consistent, owing to the small number of 
patients in the trials. Desmopressin is a specific treat-
ment for von Willebrand disease and mild hemophilia 
A. Other than this, there is no evidence that desmopres-
sin will decrease blood loss or rate of transfusion after 
spinal surgery. Currently, tranexamic acid and rFVIIa 
should only be given to patients when massive hemor-
rhage is anticipated.

 Minimizing Allogenic Blood Transfusion

Despite the best attempt to reduce intraoperative blood loss, 
a substantial proportion of patients undergoing complex 
spine surgery will require blood transfusion. The following 

techniques have been advocated to minimize the potential 
risk of allogenic transfusion (Table 38.2).

• There are ample of evidence to suggest that preoperative 
anemia predicts perioperative blood transfusion. It is impor-
tant to identify and correct nutrient deficiency with supple-
mental iron, vitamin B, and folate therapy. Preoperative 
recombinant human erythropoietin (rHuEPO) administra-
tion (weekly subcutaneous injection 40,000 IU for 3 weeks) 
elevates hemoglobin and thus reduces allogenic transfusion. 
Thromboembolism and red cell aplasia (due to the develop-
ment of autoantibodies) are the potential adverse effects of 
rHuEPO. Fortunately, these events are uncommon.

• Liberal transfusion should be avoided. Current evidence 
suggested that a hemoglobin concentration above 8 g/dL 
has little effect on perioperative morbidity. However, the 

Table 38.3 Characteristics of common anticoagulant and antiplatelet agents

Agents Mechanism of action Half-life
Timing of cessation 
before spine surgery Antidote

Anticoagulants
Dabigatran Direct thrombin 

inhibitor
12–14 h (80% renal 
elimination; 20% fecal route)

3–5 days (depending 
on glomerular 
filtration rate)

Idarucizumab 5 g IVI; prothrombin 
complex concentrates 3000 U; 
hemodialysis or charcoal hemoperfusion 
to increase drug clearance

Apixaban Direct factor Xa 
inhibitor

8–15 h (25% elimination via 
renal; 70% via hepatic)

3–5 day Prothrombin complex concentrates 
3000 U

Rivaroxaban As above 5–13 h (65% renal elimination; 
35% hepatic metabolism)

3 days Prothrombin complex concentrates 
3000 U

Warfarin Inhibition of vitamin 
K–dependent factors II, 
VII, IX, and X for 
γ-carboxylation; 
proteins C and S

Metabolized by liver 
cytochrome P450; half-life 
20–60 h

1–8 days (depending 
on INR; INR 
decreases to ≤1.5 in 
90% of patients after 
5 days)

Vitamin K; fresh frozen plasma 
transfusion or prothrombin complex 
concentrates

Unfractionated 
heparin

Anti-thrombin activation 60–90 min IVI: 2–6 h Protamine 25–30 mg (1 mg per 100 
anti-Xa units in the last 2 h)

Low-molecular 
weight heparin

As above 4 h Prophylactic dose: 
12 h

Protamine 25–30 mg (partial reversal, 
1 mg per 100 anti-Xa units in the last 
8–12 h)Therapeutic dose: 

24 h
Antiplatelets
Aspirin Irreversible inhibition of 

COX-1 in platelets and 
megakaryocyte, causing 
a decrease in TxA2

15–20 min 5–7 days Desmopressin 0.3–0.4 μg/kg;
Platelet concentrate transfusion

Prasugrel Irreversible inhibition of 
ADP receptor P2Y12

7 h (range 2–15 h) 7–10 days As above

Clopidogrel As above 7–9 h 7–10 days As above
Ticagrelor Reversible modification 

of ADP receptor P2Y12

9 h (range 6.7–9.1 h) 5–7 days As above

Abciximab Glycoprotein IIb/IIIa 
inhibitor – prevents 
platelet aggregation and 
thrombus formation

10–30 min 2–5 days As above

Eptifiban As above 2.5 h 8–24 h As above
Tirogiban As above 2 h 8–24 h As above

ADP Adenosine diphosphate, INR international normalized ratio, COX cyclooxygenase, TxA thromboxane
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actual decision to transfuse should also consider cardiac 
and cerebrovascular status of the patient. The use of 
 noninvasive pulse co-oximeter to estimate total hemoglo-
bin concentration may help to avoid excessive transfusion.

• In preoperative autologous donation program, patients 
donate several units of blood before surgery. During and 
after surgery, patients received their own stored blood 
when clinically indicated. The major drawback of this 
technique is that it only applies to elective surgery when 
procedures are planned weeks ahead. It should also be 
clear that the risk of clerical error, bacterial contamina-
tion, and complications associated with stored blood is 
not modified.

• Perioperative red cell salvage involves collection of blood 
shed during surgery and reinfused to the patients follow-
ing appropriate filtering and treatment. The technique 
could be applied to emergency surgery and has been 
shown to reduce allogenic transfusion, but the effect is 
small. It remains controversial whether perioperative red 
cell salvage can be used in surgery for infective or malig-
nant disease.

 Crisis Management

The cardinal signs for acute hemorrhage during spine sur-
gery are hypotension, tachycardia, and oliguria (Table 38.5). 
Given its non-specific nature, a number of events may mimic 
acute hemorrhage. Table 38.6 summarizes the potential dif-
ferential diagnoses, patient assessment, and management of 
major blood loss during spine surgery. While it is easy to 
identify sudden massive hemorrhage, insidious concealed 
bleeding may be difficult to recognize. The treatment prior-
ity is to control the source of bleeding and then to replace 
blood volume, hemoglobin, and clotting factors.

Hypothermia, electrolyte abnormalities, acidosis, and 
coagulopathy must be seriously considered when large 
amount of blood has been transfused (>10 units of red cell). 
Table 38.7 shows the causes, assessment, and treatment for 
the adverse events associated with massive transfusion.

In the most uncommon event when hemolytic reaction 
is suspect during blood transfusion, an outline of treatment 
is listed in Table  38.8. When coagulopathy is suspected, 
the use of point-of-care hemostatic assays, such as throm-

Table 38.4 Clinical uses and mechanisms of action of hemostatic agents

Drug Dosage Mechanism of action Side effects Results of clinical investigations
Tranexamic 
acid

Loading dose 10 mg/kg during 
induction of anesthesia

Lysine analogue that inhibits 
the binding of plasmin to fibrin

Thromboembolism Study results support its 
prophylactic use

Maintenance dose 1–2 mg/kg/h
Epsilon- 
aminocaproic 
acid (EACA)

Loading dose 150 mg/kg during 
induction of anesthesia

As above As above Mixed results, most studies do not 
support its use

Maintenance dose 10–15 mg/
kg/h

Aprotinin Loading dose 1–2 × 106 KIU 
during induction of anesthesia

Direct inhibition of plasmin, 
kallikrein, trypsin, and factor 
XIIa

Renal failure, 
coronary ischemia, 
cerebrovascular 
thromboembolism

Aprotinin has been withdrawn 
recently due to an increase in 
adverse eventsMaintenance dose 

0.25–0.5 × 106 KIU/h
Desmopressin 
(Deamino-8-
d- arginine-
vasopressin, 
DDAVP)

Slow infusion 0.3 μg/kg over 
30 min

Release of von Willebrand 
factor

Possible increase in 
myocardial 
infarction

Useful in specific disease (type 1 
von Willebrand disease and mild 
hemophilia A), may be effective in 
chronic renal failure

Recombinant 
activated 
factor VII 
(rFVIIa)

30–120 μg/kg every 2 h for 
three doses

rFVIIa binds with 
subendothelial tissue factor that 
is in the exposed vessel wall. 
The binding complexes 
subsequently generate thrombin 
that in turn facilitates conversion 
of fibrinogen to fibrin

Thromboembolism Approved for the treatment of 
bleeding in patients with 
hemophilia. Limited data on its use 
for prophylaxis and treatment of 
bleeding during surgery

Table 38.5 Classes of the American College of Surgeons for acute hemorrhage

Class I Class II Class III Class IV
Blood loss
  Volume ≤750 750–1500 1500–2000 ≥2000
  Percent of total blood volume ≤15% 15–30% 31–40% ≥40%
Arterial pressurea Normal Normal Decreased Decreased
Pulse pressure Normal/increased Decreased Decreased Decreased
Pulse rate (beats per minute) >100 >100 >120 ≥140
Urine output (ml/h) >30 20–30 5–10 Negligible

aPulse pressure = systolic – diastolic arterial pressure
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Table 38.6 Patients with acute intraoperative bleeding

Differential diagnoses Assessment Treatment/intervention
Inadvertent overdose of anesthetic 
and/or vasodilator therapy

Confirm the vital signs Communicate with the surgeons of the 
problem and severity of blood loss

Pulmonary embolism Exclude other causes of hemodynamic disturbances Ensure adequate vascular access if not 
already secured

Other forms of obstructive shock 
(e.g., pneumothorax, cardiac 
tamponade)

Estimate blood loss (blood in suction bottle, surgical 
sponges, under the drape, and on the floor; see Table 38.4)

Communicate with blood bank for adequate 
supply of blood and component therapy

Anaphylaxis (including 
transfusion reaction)

Check hemoglobin concentration Avoid hypertension to facilitate surgical 
control of bleeding (consider wound packing 
while preparing for transfusion or 
establishing equipments for cell salvage)

Always consider bleeding from 
other sites, especially in patients 
with multiple trauma (e.g., 
ruptured spleen)

Check coagulation status (both clinical, oozing from the 
wound, and laboratory parameters – platelet count, 
activated partial thromboplastin time, prothrombin time, 
fibrinogen, and thromboelastography)

Restore blood volume and maintain perfusion 
pressure with vasopressors as soon as 
hemostasis is achieved

Check responses to therapy (including plasma electrolytes 
and arterial blood gas)

Reverse prior anticoagulation therapy (e.g., 
protamine for prophylactic heparin 
administration)
Start transfusion when hemoglobin 
concentration <8 g/dl and there is evidence of 
ongoing bleeding
Prevent and promptly treat the complications 
associated with massive transfusion (acidosis, 
hypothermia, and coagulopathy)

Table 38.7 Complications associated with massive transfusion

Complications Causes/consequences/assessment Treatment/intervention
Hypothermia Heat loss due to exposure to refrigerated 

blood and cold operating room environment
Use only warmed fluids, blood, and blood products

Decrease clotting factor activity by 10%/°C 
decease in core temperature

Apply forced air warming devices, heated blankets

Depressed myocardial contractility when 
core temperature <32 °C

Electrolyte disorders
Hyperkalemia Infusion of aged stored blood in large 

amount
Stop potassium containing

Tissue hypoperfusion Solution
Administer dextrose 50%, 100 ml with actrapid 10 units ivi

Tall peaked T wave when plasma potassium 
concentration >6 mmol/l

Calcium gluconate 10%, 10 ml ivi

Hypocalcemia Consequence of citrate toxicity when large 
amount of blood is infused (>1 unit every 
10 min)

Calcium gluconate 10%, 10 ml ivi

Prolonged QT interval
Metabolic 
acidosis

Tissue hypoperfusion Fluid resuscitation and vasopressor therapy is required to improve tissue 
perfusion

Hyperchloremic acidosis as a result of 
excessive saline infusion

Temporary measures included:
  Hyperventilation to maintain arterial carbon dioxide tension between 28 and 

30 mmHg
  Sodium bicarbonate 8.4%, 50–100 ml infusion ivi to maintain pH >7.2

Coagulopathy Dilutional coagulopathy and 
hyperfibrinolysis

Administer fresh frozen plasma 10 ml/kg, platelet concentrates 10 ml/kg, 
cryoprecipitate 10 units when PT >1.5, platelet count <50 × 109/l, and 
fibrinogen concentration <1 g/l, respectively
Consider other hemostatic agents (see Table 38.3; e.g., tranexamic acid 10 mg/
kg, rFVIIa 90 μg/kg)
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boelastography (TEG) and rotational thromboelastometry 
(ROTEM), provides useful displays of various causes of 
coagulation deficits and may help to rationalize transfu-
sion of coagulation factors and cellular components 
(Fig. 38.1).

Table 38.8 Treatment for acute hemolytic reaction after blood transfusion

Causes Assessments Treatment/intervention
Infected blood 
transfusion

Many of the signs are concealed during 
general anesthesia, but the following should 
raise the possibility of hemolytic reactions:

Stop transfusion

Transfusion- related 
acute lung injury

  Hypotension, tachycardia Maintain arterial pressure and intravascular volume with fluid and 
vasopressor

Mismatched 
(incompatible) 
blood transfusion

  Bronchospasm, urticaria Treat bronchospasm with bronchodilator
  Bleeding diathesis Maintain urine output with mannitol 20%, 0.5 g/kg over 10–30 min, 

frusemide 10–20 mg ivi if urine output remains unsatisfactory
  Hemoglobinuria due to an elevated 

plasma-free hemoglobin
Force alkaline diuresis with sodium bicarbonate 8.4%, 50–100 ml infusion
Avoid further transfusion, if feasible
Check hemoglobin concentration and coagulation status, correct clotting 
defects promptly
Return unused blood, and send blood samples from the patients to the 
laboratory for further investigations

Key Points
• Detail preoperative preparation to identify patients 

at risk of massive hemorrhage during spine surgery, 
correct anemia, and stop agents that may impair 
coagulation.

• In patients at high risk of massive bleeding during 
surgery, preoperative autologous donation should 
be considered.

• During surgery, hypertension should be avoided. 
Acute normovolemic hemodilution is safe down to a 
hematocrit value of 30%. Lower hematocrit or con-
trolled hypotension is considered risky in patients 
with known or at risk of coronary artery disease.

• Tranexamic acid may be used prophylactically to 
decrease blood loss. When bleeding becomes mas-
sive, consider giving rFVIIa.

• During an episode of massive bleeding, the treat-
ment priority is to control the source of bleeding. 
When bleeding slows down, blood volume and 
hemodynamic stability should be restored.

• During massive transfusion, hypothermia, acidosis, 
and coagulopathy must be treated promptly.

Fig. 38.1 Thromboelastographic features of hemostatic abnormalities
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Coagulopathy in Spinal Surgery

Andrew H. Milby, Casey H. Halpern, 
and James M. Schuster

 Overview

More than 500,000 spinal operations are performed annually 
in the USA. Unanticipated coagulopathy during spine sur-
gery is uncommon; however, substantial blood loss remains 
a feared complication of increasingly complex and longer- 
duration procedures. Significant intraoperative coagulopa-
thy, defined as recurrent microvascular bleeding despite local 
hemostatic measures or decreased clot formation of blood 
pooled within the surgical field, has been reported in up to 
16% of patients undergoing major spinal surgery. This bleed-
ing can result in serious consequences including early termi-
nation of the procedure, postoperative hematoma formation, 
and increased in-hospital mortality. Therefore, it is impera-
tive to identify risk factors for coagulopathy during preop-
erative assessment and take appropriate preventative action 
(Table 39.1).

While congenital bleeding disorders cannot be over-
looked, those with severe manifestations are likely to be 
detected prior to adulthood. As the vast majority of patients 
will have undergone routine preoperative evaluation of PT, 
aPTT, and platelet count, coagulopathy during spinal surgery 
is generally due to some preexisting platelet dysfunction 
(i.e., known or unidentified use of platelet inhibitors) or an 
acquired problem with coagulation during the surgery such 

as dilutional coagulopathy. Other comorbid conditions with 
systemic impacts on coagulation may include hepatic or 
renal failure, malignancy, and collagen vascular disorders. In 
addition, there is evidence to suggest that certain spinal con-
ditions, such as idiopathic scoliosis, may be associated with 
a degree of intrinsic platelet dysfunction.

An acquired problem with coagulation during surgery, 
such as a dilutional coagulopathy, can contribute to signifi-
cant bleeding. Blood loss in large instrumented spine cases 
or resections of vascular spinal metastases can approach a 
patient’s estimated blood volume. This loss is typically 
replaced with a combination of crystalloid, intraoperative 
autotransfused blood, and/or allogenic blood products. 
Continuing crystalloid administration without appropriate 
replacement of clotting factors and/or platelets can lead to 
severe coagulopathy over the course of long procedures. 
Coagulation factors typically remain functional down to con-
centrations approximately one-third of normal. However, 
this threshold is reached upon replacement of an entire blood 
volume. Of note, though coagulopathy may occur secondary 
to dilution of either coagulation factors or platelets, there is 
evidence suggesting that coagulation factor dilution and dis-
turbed fibrin polymerization are of greater concern than 
thrombocytopenia.
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Table 39.1 Risk factors and prevention strategies for coagulopathy in 
spine surgery

Risk factor Prevention strategy
Common preexisting 
pharmacotherapy

Aspirin/NSAIDs/Plavix: 
discontinuation 5–7 days prior to 
surgery

Blood loss and fluid/blood 
product replacement

“Goal-directed” resuscitation (see 
text), use of colloid-containing fluids

Operative time Planned staging of procedure
Hypothermia Fluid warming, humidifier use, 

forced-air body warmers, serum 
calcium monitoring

Vascularized tumor 
resection

Preoperative embolization
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It is extremely important to prevent hypothermia, espe-
cially in the setting of a concurrent acidosis, as both factors 
are strongly associated with coagulopathy. Other severe but 
uncommon causes of coagulopathy include allergic and 
immunologic reactions (e.g., transfusion, drug reaction) or 
disseminated intravascular coagulation (DIC). DIC is of par-
ticular concern in patients with multiple traumatic injuries, 
especially severe head injury, and in patients with wide-
spread metastases. During spine surgery, exposed bone may 
act as a source of tissue plasminogen activator and urokinase 
which may lead to activation of the fibrinolytic system and 
subsequent DIC.

Possible platelet dysfunction as a cause of coagulopathy 
is often difficult to assess preoperatively and is even more 
difficult to assess intraoperatively. Platelet aggregation stud-
ies and bleeding times have variable predictive value preop-
eratively and are not useful in the intraoperative setting. 
Assessment of surgical bleeding by measuring the viscoelas-
tic properties of whole blood by techniques such as thrombo-
elastography (TEG) has not been well described other than 
in cardiac and liver transplant surgery, though they have 
potential for application in spine surgery. This technique 
measures the entire clotting process from fibrin formation to 
fibrinolysis. Because whole blood is used, the plasmatic 
coagulation system interacts with platelets and red cells, pro-
viding useful information on platelet function at the patient’s 
temperature. However, there is a difference between in vitro 
and in  vivo coagulation as viscoelastic coagulation tests 
measure coagulation under static conditions (no flow) in a 
cuvette (not an endothelialized blood vessel).

A certain percentage of coagulopathy cannot be antici-
pated or avoided. Significant intraoperative bleeding man-
dates rapid assessment and treatment. This requires close 
communication between the anesthesia and surgery teams, 
including the decision to delay or abort further surgery for 
resuscitation as necessary.

 Prevention

A complete review and reassessment, including obtaining a 
past medical history, current and recent medication use, family 
history, and surgical and anesthesia history, is essential to 
avoid intraoperative bleeding difficulties. Excessive bruising 
and/or unusual bleeding with attempts at intravenous or arte-
rial access may suggest the possibility of clotting difficulties. 
Baseline studies typically include coagulation labs (PT/INR, 
aPTT), hemoglobin (Hb) levels, and platelet count. Bleeding 
times and other studies of platelet aggregation are of question-
able utility in the preoperative setting. There must also be 
direct discussion between the surgical and anesthetic team 
prior to beginning complex cases, as the consent or booking 
description may not completely convey the complexity, length, 

or potential for blood loss. This discussion will help determine 
the need for large-bore vascular access, arterial line monitor-
ing, blood products, and/or cell saver. Consideration should 
also be given to staging procedures, especially if combined 
anterior and posterior approaches are planned.

Intraoperative fluid replacement strategies are highly con-
troversial. Restrictive, “goal-directed” fluid administration 
has been increasingly advocated as a means to prevent dilu-
tional coagulopathy, as opposed to a solely formula-based 
approach. Suggested parameters include a rate of 4 mL/kg/h, 
with additional goal-directed boluses of 250 mL (up to a total 
of 1500 mL) given for periods of hypotension and tachycar-
dia and for urine output dropping below 0.5 mL/kg/h for 2 or 
more hours. Vasopressors and/or furosemide may be used in 
patients not responding to these boluses. There is controversy 
regarding the value of administering fluids as colloid or crys-
talloid. Concerns exist over an increased risk of coagulopathy 
with the use of hetastarch in normal saline. Regardless of the 
fluid replacement strategy employed, the use of warming 
devices and the exclusive infusion of warmed fluids are rec-
ommended to maintain normothermia in long cases.

Further measures can be taken preoperatively and intraop-
eratively to help minimize the risk of significant blood loss. 
When positioning a patient prone, it is important to avoid 
abdominal compression that may cause engorgement of epi-
dural veins, potentially exacerbating blood loss and contribut-
ing to a coagulopathy. It is advisable to have patients with 
vascular spinal metastases such as renal cell carcinoma 
undergo preoperative embolization to potentially reduce intra-
operative blood loss. In these patients it is our practice to place 
the pedicle screws and contour the rods prior to proceeding 
with tumor resection. This allows for provisional stabilization 
of the spine in the event that massive bleeding necessitates 
premature termination of the case. With large incisions it is 
also important to use packing to control local bleeding in por-
tions of the incision not immediately being addressed to avoid 
continuous blood loss. The use of vasopressor agents during 
surgery for the purpose of maintaining cord perfusion in cases 
of spinal cord compression, for example, may mask reduced 
intravascular volume. Indirect measures of adequate perfusion 
such as urine output and possibly lactate levels should be 
assessed. Regular reassessment of hemoglobin levels is 
advised, as a loss of RBC mass may have adverse effects on 
coagulation due to altered blood rheology. Periodic monitor-
ing of electrolytes is also warranted, as coagulopathy can 
occur in the setting of electrolyte derangements. Of these, 
hypocalcemia is of particular concern given the complex inter-
actions between ionized calcium and the negatively charged 
vitamin K-dependent clotting factors. Hypocalcemia may also 
be worsened by volume replacement with colloid solutions or 
infusion of citrated blood products.

The preoperative and/or intraoperative administration of 
antifibrinolytic agents, such as aprotinin and lysine analogs 
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tranexamic acid (TXA) and epsilon aminocaproic acid 
(EACA), has become increasingly widespread in elective 
spinal surgery. There is a growing body of evidence to sup-
port their routine use in a variety of orthopedic and neurosur-
gical procedures. These agents have been most extensively 
studied in the cardiovascular surgical literature, wherein all 
three have been found to significantly reduce intraoperative 
blood loss and postoperative transfusion rates. However, 
despite slightly superior efficacy, aprotinin has been associ-
ated with a higher risk of cardiovascular complications and 
death when compared to the lysine analogs, accounting for 
the increasingly widespread use of the latter. Dosing regi-
mens and medical contraindications for antifibrinolytic 
agents remain variable and institution-dependent. While 
these agents show considerable promise and are the subject 
of further study, it must be noted that their use in spinal pro-
cedures remains off-label at this time.

 Crisis Management

Once an intraoperative bleeding issue is identified, it is 
imperative that there is rapid assessment and treatment 
(Table 39.2). This requires close communication between the 
anesthesia and surgical teams.

 Pathophysiology and Clinical Presentation

Rapid blood loss can be both the cause and result of coagu-
lopathy. Intraoperative emergencies such as laceration of a 

large artery or vein can be life threatening and require imme-
diate packing and vascular repair. Rapid blood loss can lead 
to hypotension and possibly DIC. Blood loss with vascular 
spinal lesions such as renal cell metastasis can be substantial 
despite preoperative embolization. Nevertheless, aggressive 
fluid resuscitation can cause a dilutional coagulopathy. 
Strong consideration should be given to aborting the origi-
nally intended procedure even if the injury is rapidly repaired 
and the patient is physiologically stable.

The development of excessive bleeding in complex cases 
can also be a gradual process with the development of recur-
rent microvascular bleeding. Sometimes, this is a subjective 
response by the surgical teams that comes with experience as 
“things just seem oozy.” Well-established communication 
between anesthesia and surgery teams will allow early iden-
tification and intervention in such circumstances. New-onset 
bleeding in previously hemostatic areas is most frequently 
dilutional in nature. Paradoxically, this is may be more likely 
to occur in cases where large-volume resuscitation has been 
required following rapid bleeding from other etiologies, such 
as a vascular injury. In these situations it is often advisable to 
stop and reassess before continuing.

General anesthesia masks symptoms of end-organ dys-
function, and many signs (hypotension, tachycardia, oligu-
ria/hemoglobinuria) may be wrongly explained by other 
causes. DIC should be suspected at the first potential sign of 
end-organ dysfunction, as clinically apparent bleeding is a 
late manifestation that occurs only after consumption of 
coagulation factors. While exceedingly rare, consideration 
must also be given to the possibility of a transfusion reaction 
in all patients receiving blood products.

Table 39.2 Diagnostic and therapeutic approach to intraoperative coagulopathy during spine surgery

Initial presentation Potential etiology Assessment Treatment response
Mildly increased 
microvascular bleeding from 
case onset (esp. in emergent 
cases)

Preexisting use of 
platelet- inhibitor or 
anticoagulant medication

Clinical 
impression

Platelet transfusion regardless of platelet count
FFP administration if anticoagulation with warfarin suspected

Gradual-onset microvascular 
bleeding in previously 
hemostatic areas

Dilutional coagulopathy PT/INR FFP administration (cryoprecipitate if additional volume 
undesirable and/or fibrinogen  <80–100)

aPTT Platelet transfusion if  < 50,000/μL
Hemoglobin (Hb)
Platelet count
Fibrinogen

Severe bleeding and/or 
evidence of end-organ 
dysfunction (changes in 
vital signs, urine output)

Hypoperfusion with or 
without DIC

(Above), plus: (Above), plus:
ABG   Correction of acidosis, hypothermia, electrolyte abnormalities
Lactate
D-dimer   RBC transfusion if Hb  <10 g/dLa

  Consider termination of procedure to allow for stabilization 
of patient

  Consider administration of rFVIIa if unstable and refractory 
to above measures

aHigher Hb than typical transfusion threshold may be necessary to restore clotting function during ongoing bleeding
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 Patient Assessment

Any response to an intraoperative bleeding crisis must begin 
with an airway, breathing, and circulation assessment. Sites 
of intravenous or arterial access should be examined for evi-
dence of new-onset bleeding and extremities examined for 
possible signs of ischemia or thrombosis. There should also 
be a simultaneous assessment of patient’s intake and output 
balance, especially with regard to estimated blood loss and 
volume replacement. Initial laboratory evaluation should 
include Hb level, platelet count, and coagulation labs (PT/
INR, aPTT). While PT and aPTT may often be mildly abnor-
mal, values in excess of 1.5 times controls are most sensitive 
for clinically evident coagulopathy.

Periods of hypoperfusion or hypotension (i.e., patient 
requiring pressor agents to maintain blood pressure) should 
prompt an immediate blood gas to check for acidosis. Lactate 
levels may be useful in the assessment of systemic hypoper-
fusion, as lactic acidosis can preclude the restoration of nor-
mal coagulation. Additional laboratory evaluation may 
require levels of lactate dehydrogenase (LDH), fibrinogen, 
and fibrin split products (D-dimer) to evaluate for hemolysis 
or DIC. While elevations are nonspecific, a D-dimer within 
normal limits along with a normal platelet count renders DIC 
highly unlikely. An adequate concentration of fibrinogen is 
critical for clot formation. Concern for a transfusion reaction 
should prompt retesting and cross-matching of blood sam-
ples for major incompatibility.

 Intervention/Treatment

Treatment decisions must be based on the extent and etiol-
ogy of coagulopathy. Temporary suspension of surgical 
activity is advised in order to achieve adequate hemostasis 
and resuscitation before proceeding with the operation.

All homeostatic parameters affecting coagulation must be 
addressed. Buffering to physiologic pH is required at a pH 
less than 7.1 or a base deficit of 12.5. Optimal Hb for restora-
tion of coagulation is higher than the one required for oxy-
gen delivery, and transfusion to values of 10–11 g/dL may be 
necessary to support platelet function. Aggressive warming 
must also be pursued for core temperatures less than 34 °C.

Administration of fresh frozen plasma (FFP) is indicated 
for active bleeding following massive blood transfusion 
(more than one blood volume). Early implementation of a 
balanced transfusion protocol with both FFP and PRBC may 
limit the extent of transfusion-related coagulopathy. The 
extent of PT and/or aPTT elevations may be used to guide 
coagulation factor replacement, as they have been found to 
positively correlate with volumes of FFP required to main-
tain hemostasis. Cryoprecipitate or packed factor concen-
trates may be used, when available, if additional volume is 
undesirable or at fibrinogen concentrations less than 

80–100  mg/dL.  Platelets are often given prophylactically 
with normal counts even without documented coagulopathy 
on the presumption of altered platelet function; however, 
consideration must be given to the added expense, infectious 
risk, and risk of developing antibodies which could affect 
future transfusions.

Termination of the procedure to allow for optimal medical 
management of the coagulopathy is a complex decision that 
must be made in collaboration between the surgeon and the 
anesthesiologist. Factors to be considered include the 
patient’s overall medical condition, acuity of the condition 
for which the patient is undergoing surgery, anticipated 
length of remaining procedure, response to treatment thus 
far, and availability of critical care services in the immediate 
postoperative period. This decision will be highly individual-
ized to the clinical scenario and requires communication 
between both teams to arrive at the best decision for the over-
all health and safety of the patient.
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Key Points
• Preoperative clinical and laboratory assessment, as 

well as close communication between the surgical 
and anesthetic teams, is essential to avoiding coagu-
lation difficulties, as well as dealing with them 
effectively when they arise.

• Early recognition of intraoperative bleeding diffi-
culties should prompt a simultaneous and system-
atic evaluation and initiation of therapy and may 
require either temporarily or permanently stopping 
the surgical procedure to allow re-establishment of 
physiologic homeostasis.
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Postoperative Visual Loss Following 
Spinal Surgery

Lorri A. Lee

 Overview

 Incidence and Epidemiology

Postoperative visual loss (POVL) is a catastrophic periopera-
tive complication that has come to the forefront of anesthesi-
ologists’ attention in the last 20 years. The extent of visual loss 
from POVL can be minimal unilateral visual field loss to com-
plete blindness in both eyes. The incidence of symptomatic 
POVL varies from 0% to 4.5% depending on the institution and 
the type of cases studied. The highest reported incidence of 
symptomatic visual loss is 4.5% in cardiac cases and 0.2% in 
spinal fusion surgery. A recently published study utilizing data 
from the Nationwide Inpatient Sample (Rubin et al., 2016) 
documented an approximate 63% decrease in ischemic optic 
neuropathy (ION) associated with spinal fusion surgery from 
1998 to 2012.

The most common types of surgical procedures associated 
with POVL include prone spinal fusion surgery, cardiopulmo-
nary bypass procedures, head and neck procedures, and major 
vascular procedures. Though robotic prostatectomies that utilize 
an exaggerated steep Trendelenburg position were previously 
anticipated to be a high-risk procedure for ischemic optic neu-
ropathy (ION) because of the elevated venous pressure in the 
head, very few ION cases have been reported with this proce-
dure in comparison to cardiac or prone spinal fusion surgery. 
These differences in outcomes between cases may be partially 
attributable to decreased hemodynamic perturbations, smaller 
fluid shifts and shorter procedure durations in robotic prostatec-
tomies compared to cardiac and prone spinal fusion surgery.

A wide variety of other miscellaneous procedures have 
also been associated with POVL including cholecystectomy, 

liposuction, supine spine surgery, nephrectomy, thoracot-
omy, and many others. Moreover, visual loss is known to 
occur in the critically ill in the absence of any surgical proce-
dure, and it can affect any age of patient. Given this hetero-
geneous group of procedures and patients, it is not surprising 
that there are many different ophthalmologic diagnoses pos-
sible with POVL (Table 40.1) and many different suspected 
etiologies, most of which remain unproven (Table 40.2). The 
most common ophthalmologic diagnoses associated with 
POVL are central retinal artery occlusion (CRAO), cortical 
blindness which is more recently called cerebral visual loss, 
and anterior and posterior ION (AION, PION).

There is significant overlap in the procedures and the type 
of POVL. This table represents the most commonly associ-
ated procedures with each POVL diagnosis, respectively. 
Other rare causes of POVL include pituitary apoplexy, gly-
cine toxicity, and posterior reversible encephalopathy syn-
drome (PRES).
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Table 40.1 Postoperative visual loss (POVL) diagnoses and associ-
ated procedures/events

Ophthalmologic 
diagnosis Associated procedures/events
Central retinal artery 
occlusion (CRAO)

Prone spine surgery, nasal and sinus 
procedures, cardiac bypass

Cortical blindness 
(cerebral visual loss)

Cardiac bypass, profound circulatory shock, 
emboli, major vascular surgery

Anterior ischemic 
optic neuropathy 
(AION)

Cardiac bypass, prone spine surgery, major 
vascular procedures, radical prostatectomy, 
abdominal compartment syndrome, 
liposuction, bilateral radical neck dissection

Posterior ischemic 
optic neuropathy 
(PION)

Prone spine surgery, bilateral radical neck 
dissection, cardiac bypass, nasal and sinus 
procedures

Acute angle closure 
glaucoma

Stress – no associated anesthetic technique or 
surgical procedure; many drugs utilized in 
the perioperative period have been suggested 
as contributory

Retrobulbar 
hemorrhage

Nasal or sinus procedures; trauma

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_40&domain=pdf
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 Etiology

Each type of POVL can be associated with more than one 
etiology. Globe compression with periorbital trauma is the 
most common cause of perioperative CRAO, though embolic 
causation is also possible. Cortical blindness (cerebral visual 
loss) can be caused by either thromboemboli or profound cir-
culatory shock (Table 40.2).

The etiologies of AION and PION remain unknown and 
may be multifactorial with both intrinsic and extrinsic risk 
factors. AION is more commonly associated with patients 
with atherosclerotic risk factors and their related surgical 
procedures in the supine position (e.g., cardiac bypass sur-
gery and major vascular surgery). PION is more commonly 
associated with procedures with elevated venous pressure 
(e.g., prone position, bilateral radical head and neck surgery) 
and frequently occurs in relatively healthy patients. However, 
there is significant crossover with diagnoses, patient popula-
tions, and suggested risk factors.

The relatively low incidence of ION (both AION and 
PION) suggests that the patients themselves may have some 
unique anatomical or physiologic differences that promote 
its development. A small cup to disk ratio on fundoscopic 
exam has been described as an anatomic risk factor for spon-
taneously occurring AION. Many ophthalmologists believe 
that the small cup to disk ratio correlates with a narrow pas-
sage for the optic nerve and vessels as they pass through the 
semirigid sieve-like connective tissue (lamina cribrosa) on 
the way to the retina. Any swelling in this area in these indi-
viduals would impede flow through the blood vessels sup-
plying the optic nerve. A recently published case-control 
study (Holy et al., 2009) of perioperative ION did not dem-
onstrate a small cup to disk ratio as a risk factor, but this 
study was limited by a small number of affected cases from 
a wide range of different surgical procedures and a mixture 
of both AION and PION diagnoses. Pillunat demonstrated 

that 20% of healthy volunteers have a reduced ability to 
autoregulate blood flow in the anterior optic nerve with an 
intraocular pressure of 25 mmHg – a value typically reached 
during prolonged prone spine surgery. Other studies in 
humans suggest that the ophthalmic artery may behave extra-
cranially with respect to carbon dioxide reactivity and its 
ability to reverse flow with tight carotid stenoses. Because of 
the location and size of the optic nerve and its vasculature, 
definitive studies in humans regarding autoregulation, vaso-
reactivity, and the effect of various physiologic perturbations 
on optic nerve blood flow are not technically feasible at this 
time.

Atherosclerotic-related diseases have been associated with 
spontaneously occurring AION.  However, certain high- risk 
surgical procedures such as cardiopulmonary bypass and 
major vascular procedures have concomitant coexisting ath-
erosclerotic disease, making it unclear whether the atheroscle-
rosis is contributory to the ION complication in these cases. In 
contrast, the American Society of Anesthesiologists (ASA) 
Postoperative Visual Loss Registry study (Lee et al., 2006) 
demonstrated that two-thirds of 83 patients with ION after 
spine surgery were relatively healthy (ASA Physical Status 
I–II). Perioperative ION after spine surgery has also been 
reported in 10–16-year- old children. These findings suggest 
that ION after spine surgery is more likely associated with 
prolonged physiologic perturbations in the prone position, 
rather than an atherosclerotic- induced disease. Anesthetic 
duration was ≥6 h in 94% of the ASA POVL Registry cases, 
and estimated blood loss was ≥1000  ml in 82% of cases. 
Animal studies indicate that the optic nerve is more sensitive 
to physiologic perturbations than the brain. Clinically, periop-
erative ION rarely occurs in association with cerebral infarc-
tion. Unfortunately, there is no reliable intraoperative monitor 
of optic nerve function to guide therapeutic interventions at 
this time.

Currently there are five case-control studies on 
POVL. Two of these studies (Holy et al., 2009 and Myers et 
al., 1997) with detailed data collection failed to demonstrate 
any association with POVL and lowest blood pressure or 
lowest hematocrit, though numerous case reports and case 
series frequently speculate that these two factors are caus-
ative. These studies were limited by either cases with differ-
ent ophthalmologic diagnoses or by cases from multiple 
different types of surgical procedures. Two other studies uti-
lized the Nationwide Inpatient Sample to examine POVL 
associated with spine surgery. Patil and colleagues study 
(2008) on spinal fusion surgery found an association between 
ION and hypotension (OR 10.1), peripheral vascular disease 
(OR 6.3), and anemia (OR 5.3). Without detailed data con-
sistently available from cases and controls, it is unclear that 
how hypotension and anemia were defined in this study and 
when it occurred in the perioperative course. Accuracy of 
data cannot be validated. Further, the Nationwide Inpatient 
Sample database is maintained for administrative purposes 

Table 40.2 Suggested associated factors with most common types of 
postoperative visual loss (POVL)

Ophthalmologic 
diagnosis Suggested associated factor (most common)
Central retinal artery 
occlusion (CRAO)

Globe compression, emboli

Cortical blindness 
(cerebral visual loss)

Emboli, profound hypotension, cerebral artery 
thrombosis

Anterior ischemic 
optic neuropathy 
(AION)

Hypotension, anemia, atherosclerosis, major 
blood loss, large fluid resuscitation, high-dose 
vasopressors, patient-specific anatomic/
physiologic aberrancies

Posterior ischemic 
optic neuropathy 
(PION)

Venous congestion/elevated venous pressure, 
prolonged duration in prone position, major 
blood loss, large fluid resuscitation, type of 
fluid (crystalloid vs. colloid), hypotension, 
anemia, high-dose vasopressors, patient- 
specific anatomic/physiologic aberrancies, 
obesity (in the prone position), male sex

L. A. Lee
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and cannot be used for comparison of non-routinely col-
lected data between cases and controls. For example, the 
presence of perioperative hypotension is not routinely evalu-
ated unless there is a complication. Therefore, the control 
group (without complication) is unlikely to have hypoten-
sion diagnosed. A second study (Shen et al., 2009) utilizing 
the same database for all procedures examined variables 
entered into the database more consistently in both cases and 
controls. They found a significant multivariable association 
between ION and male sex, age >50 years old, non-fusion 
orthopedic surgery, spinal fusion surgery, and cardiac sur-
gery. The lack of detailed perioperative data such as opera-
tive duration, blood loss, and type of fluid administered 
prevented assessment of potential confounding factors.

The fifth and most recent case-control study (The 
Postoperative Visual Loss Study Group., 2012) compared 80 
cases of ION associated with prone spinal fusion surgery 
from the ASA POVL Registry to 315 controls that underwent 
similar spine procedures but did not develop POVL. Detailed 
collection of data from medical records allowed comparison 
of multiple variables between cases and controls. This study 
identified six significant and independent risk factors associ-
ated with ION including male sex, obesity, use of the Wilson 
frame (which makes the head very dependent relative to the 
heart and increases venous congestion in the head), longer 

duration, higher blood loss, and a lower percentage of col-
loid administered for fluid resuscitation (Table 40.3).

 Prevention

Given the short list of known etiologies and the relatively long 
list of suspected but unproven etiologies (Table 40.2), preven-
tion of POVL is somewhat limited and speculative (Table 40.4). 
The POVL diagnosis most easily prevented is CRAO caused by 
globe compression. This complication is most commonly asso-
ciated with prone spine operations and can be prevented by fre-
quent checking of the eyes to ensure that they are free from 
direct pressure and appropriate head- positioning devices. 
Although all headrests have been associated with CRAO, 
devices that have a narrow margin between the eyes and the 
headrest edge (e.g., horseshoe headrest) may make checking of 
the eyes problematic. Emboli caused by cardiopulmonary 
bypass may be decreased with the use of special filters and epi-
aortic scanning but are not completely eliminated. Emboli from 
major orthopedic procedures are not currently preventable.

Other preventative measures are speculative as the etiology is 
thought to be multifactorial. Conditions which promote extreme 
physiologic stress (e.g., prone position, deliberate hypotension, 
severe anemia, etc.) for prolonged periods should be assessed 
with careful consideration of the risk to benefit profile, as their 
effect on optic nerve blood flow remains undetermined.

In the absence of class I evidence, the ASA has developed 
an advisory and second update for the prevention of blindness 
associated with major spine surgery (Table  40.5), based on 
expert opinion, case reports, case series, and case-control stud-
ies. Briefly, it recommends to consider consenting patients at 
risk for POVL, continually monitor blood pressure, minimize 
use of deliberate hypotension and treat prolonged significant 
decreases in blood pressure, periodically monitor hemoglobin 

Table 40.3 Risk factors associated with ischemic optic neuropathy 
and prone spinal fusion surgery

Male sex
Obesity
Use of the Wilson frame
Duration
Estimated blood loss
Lower percentage of colloid used in non-blood fluid administration

Table 40.4 Prevention of postoperative visual loss (POVL)

Ophthalmologic 
diagnosis Preventative measures Suggested (unproven) preventative measures
CRAO 1. Frequent eye checks

2.  Avoid headrests with 
narrow margin between the 
eyes and headrest

Cortical blindness 
(cerebral visual 
loss)

1.  Devices or maneuvers that 
reduce emboli

2.  Avoid extreme 
hypotension when possible

AION and PION Unknown 1. Avoid prolonged duration in the prone position with major blood loss
2.  Minimize blood loss with modifications in both surgical and anesthetic techniques (e.g., 

topical hemostatic agents, minimally invasive surgery, antifibrinolytic agents, 
replacement of depleted blood products needed for coagulation, and others)

3.  Treat prolonged significant decreases in blood pressure; avoid deliberate hypotension 
when possible. 

4. Monitor hemoglobin and hematocrit periodically and transfuse blood as appropriate

5.  Keep the head at or above the heart level to minimize venous congestion, and avoid 
surgical frames (e.g., Wilson) that promote venous congestion in the head for these 
high-risk procedures

40 Postoperative Visual Loss Following Spinal Surgery



258

and hematocrit and transfuse blood as appropriate, maintain the 
head equal to or higher than the heart, and consider staging 
very prolonged procedures. The update also recommends 
avoiding direct compression of the globe which can cause 
CRAO. It is unclear if the significant decrease in the incidence 
of ION associated with prone spine surgery found over the last 
decade is related to these practice advisories, studies, and other 
educational efforts for the prevention of ION.

 Crisis Management

 Pathophysiology and Clinical Presentation 
(Table 40.6)

Findings noted above are for typical presentations of postop-
erative visual loss. An ophthalmology consultation is an 
essential component of the diagnostic workup where rarer 
causes of postoperative visual loss or those cases with atypi-
cal presentations can be evaluated.

CRAO is most commonly associated with physical com-
pression of the globe and typically has ipsilateral signs of 
periorbital trauma. In the absence of periorbital trauma, 
embolic causation is a possibility as CRAO can also occur 
spontaneously in the community in individuals who are 
hypercoagulable. The most common type of operation asso-
ciated with CRAO is prone spine surgery, and specific head 
support devices that leave little room between the eyes and 
the headrest support margin (e.g., horseshoe headrest) may 
predispose to this injury. A complaint of visual loss is typi-
cally immediate on awakening from anesthesia. It is almost 
always unilateral and without a pupillary light reflex. It has a 
fundoscopic finding of a cherry red spot at the macula. This 
cherry red spot represents an island of well-perfused blood 
supply to the macula from the choriocapillaris, made promi-
nent by the surrounding pale, ischemic retina that is devoid 

Table 40.5 The American Society of Anesthesiologists Practice 
Advisory for perioperative blindness associated with spine surgerya

For patients undergoing major spine surgery:
1.  Consider consenting patients undergoing major spine surgery for 

the risk of POVL
2.  Continually monitor blood pressure. Minimize use of deliberate 

hypotension when possible and treat prolonged significant 
decreases in blood pressure

3. Keep head at or above the heart level
4.  Periodically monitor hemoglobin and hematocrit and transfuse 

blood as appropriate
5. Avoid direct compression of the globe
6. Consider staging procedure

aBecause of the low incidence of postoperative visual loss after spine sur-
gery, prospective clinical trials are not currently feasible. With the lack of 
class I evidence, this Practice Advisory was based primarily on expert 
opinion, case reports, case report series, and one case-control study 
(Practice Advisory for Perioperative Visual Loss Associated with Spine 
Surgery 2019 Anesthesiology 2019)

Table 40.6 Patient findings for postoperative visual loss diagnoses

Diagnosis Symptom onset
# of affected 
eyes

Pupillary 
light 
reflex Visual fields Visual acuity Fundus

Diagnostic 
tests Recovery

CRAO Immediate Unilateral 
(usually 
signs of 
ipsilateral 
periorbital 
trauma)

Absent in 
affected 
eye

Absent in 
affected eye

Usually blind 
in affected eye

Cherry red spot at 
macula; ischemic 
retina; attenuated 
retinal arteries

Fundoscopic 
exam alone is 
diagnostic; 
ERG and VEP 
abnormal 
(flattened)

Poor

Cortical 
blindness 
(cerebral 
visual 
loss)

Immediate Bilateral Normal Usually 
absent; may 
have 
hemianopsia

Usually blind; 
may be normal 
in unaffected 
area with 
hemianopsia

Normal CT, MRI to 
evaluate 
infarct; VEP 
abnormal 
(flattened); 
ERG normal

Better than 
ION (∼2/3 
patients get 
some 
recovery)

AION Immediate to 
several days 
postoperatively – 
can be progressive 
over several days

Usually 
bilateral; 
can be 
unilateral

RAPD or 
absent

Altitudinal 
field cut or 
scotoma; may 
be blind

Usually 
decreased to 
blind; may be 
normal in 
unaffected area

Early exam: edema/
swelling of the 
optic disk, 
peripapillary 
flame-shaped 
hemorrhages; late 
exam: optic nerve 
pallor after several 
weeks to months

VEP abnormal 
(flattened); 
ERG normal

Poor

PION Immediate Usually 
bilateral; 
can be 
unilateral

RAPD or 
absent

Altitudinal 
field cut or 
scotoma; may 
be blind

Usually 
decreased to 
blind; may be 
normal in 
unaffected area

Early exam: 
normal; late exam: 
optic nerve pallor 
after several weeks 
to months

VEP abnormal 
(flattened); 
ERG normal

Poor

CRAO Central retinal artery occlusion, AION anterior ischemic optic neuropathy, PION posterior ischemic optic neuropathy, RAPD relative affer-
ent pupillary defect, ERG electroretinogram, VEP visual evoked potential, CT computed tomography, MRI magnetic resonance imaging
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of blood supply from the central retinal artery. It may occur 
in association with AION, whose optic nerve pallor may not 
manifest until months later. There is no known beneficial 
treatment for CRAO, and recovery of vision is typically poor.

Cortical blindness (cerebral visual loss) is typically associ-
ated with emboli (air or particulate) or severe physiologic 
derangements. The most common procedure associated with 
the release of large numbers of emboli is cardiopulmonary 
bypass, but major orthopedic procedures such as femoral nail-
ing and spinal fusion with instrumentation are also known to 
release large embolic loads. Because the retina has high blood 
flow, it serves as a repository for emboli that can be easily 
detected if emboli are suspected on the arterial side. Profound 
hypotension, as seen in cardiopulmonary resuscitation, has 
also been associated with cortical blindness. Patients will typi-
cally have bilateral involvement with a normal light reflex and 
fundoscopic exam. Recovery from cortical blindness is much 
better than either CRAO or ION with some significant 
improvement reported in approximately two-thirds of cases.

ION that occurs perioperatively is typically nonarteritic 
and consists of two types, AION and PION. Arteritic AION 
(e.g., temporal arteritis) almost never arises perioperatively. 
Patients most commonly complain of visual loss from 
PION immediately upon awakening or when they are first 
cognizant and able to communicate. It does not typically 
worsen from the time of the initial complaint. In contrast 
AION can present either immediately on awakening or up 
to several days postoperatively. It can have a more progres-
sive onset and may worsen over the course of several days. 
Both AION and PION have an abnormal light reflex with 
either a relative afferent pupillary defect or absent light 
reflex. For ION cases with incomplete visual loss, there is 
either an altitudinal field cut and/or scotoma in one or both 
eyes, while visual acuity may be relatively normal in the 
unaffected portion of the visual field. Two-thirds of the 
ASA POVL Registry patients with ION had bilateral 
involvement, consistent with the theory that this injury is 
caused by systemic physiologic perturbations. The fundo-
scopic exam in PION is completely normal, whereas AION 
will demonstrate optic disk edema with or without peripap-
illary flame-shaped hemorrhages. The edema in AION 
eventually resolves and the peripheral heme gets absorbed. 
AION and PION are identical several months after the 
onset with only optic disk pallor. Recovery from periopera-
tive ION is very poor. Some patients may get some mild 
improvement in vision but rarely return to baseline.

 Patient Assessment

For any complaint of visual loss, consultation with the oph-
thalmology service should be obtained as soon as possible, 
preferably by a neuro-ophthalmologist if available. The 
 ophthalmologic diagnosis is primarily based on physical 

exam, pupillary light reflexes, and dilated fundoscopic find-
ings. It may be helpful in eliminating specific etiologies. 
Acute angle closure glaucoma is a very rare cause of 
POVL. It is typically painful, but this finding may be blunted 
with residual anesthesia and narcotics. It can be ruled out by 
the measurement of the intraocular pressures and is easily 
treatable with a lateral canthotomy. It is less common than 
the other four types of ophthalmologic diagnoses periopera-
tively but is the only complication that has a defined and 
effective treatment. Computed tomography or magnetic 
resonance imaging (MRI) is frequently used to eliminate the 
possibility of cortical infarction or other intracranial pathol-
ogy. Small punctuate lesions on these studies are consistent 
with embolic events. Larger strokes in watershed areas from 
hypoperfusion may also be detectable for cases with pro-
found circulatory shock.

Diagnosis of CRAO can be made by the cherry red spot on 
fundoscopic exam. Electroretinograms (ERGs) in the pres-
ence of CRAO will be highly abnormal but are superfluous in 
the presence of an absent pupillary light reflex and a cherry red 
spot. ERGs will be normal in the presence of ION and cortical 
blindness, as the retina maintains normal function. Visual 
evoked potentials will be abnormal in CRAO, ION, and corti-
cal blindness. Definitive diagnosis of ION can be made several 
months later with the appearance of a pale optic disk though 
the ability to distinguish AION from PION will be lost.

 Intervention/Treatment

Because the incidence of each of these causes of POVL is 
low, randomized trials with proven benefit are lacking. 
Further, there is no proven effective treatment for the sponta-
neously occurring forms of CRAO or ION.  Experimental 
selective thrombolysis for spontaneous CRAO has had mixed 
results. Case reports of hyperbaric oxygen therapy, mannitol, 
and steroids have also had inconsistent results. Normalization 
of the blood pressure and transfusion to a hematocrit of 30% 
or more is frequently recommended by consultants and also 
lacks proven efficacy.

Key Points
• POVL can occur after a wide variety of surgical 

procedures but is most commonly associated with 
prone spine surgery, cardiac bypass surgery, and 
head and neck operations.

• The most common POVL diagnoses are CRAO, 
AION, PION, and cortical blindness.

• CRAO is most commonly caused by pressure on the 
globe, and this cause of CRAO is preventable with 
frequent eye checks and use of appropriate head- 
positioning devices.

40 Postoperative Visual Loss Following Spinal Surgery
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• The etiologies of AION and PION are unknown but 
are associated with operations and positions that 
impart significant physiologic perturbations for 
prolonged durations. Patient-specific risk factors 
may also contribute to this complication.

• The largest case-control study to date on ION associ-
ated with prone spinal fusion surgery identified six 
risk factors including male sex, obesity, use of the 
Wilson frame, duration, estimated blood loss, and a 
decreased percentage of colloid in the non-blood fluid 
administration. The ASA practice advisory for the 
prevention of this complication was updated in 2012.

• Consent for POVL should be considered for high-
risk procedures.

• Recent evidence from a national database indicates 
that the incidence of ION associated with spinal 
fusion surgery is decreasing.

L. A. Lee
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Perioperative Challenges During 
Diagnostic and Perioperative Magnetic 
Resonance Imaging (MRI)

Girija Prasad Rath and Deepak Sharma

 Overview

Magnetic resonance imaging (MRI) is a non-invasive diag-
nostic procedure which is particularly useful for imaging the 
soft tissues with its unique ability to delineate different tissue 
characteristics. Majority of neurologically injured patients 
undergo diagnostic MRI at different stages of their clinical 
management. Anaesthesia or sedation ensures immobility of 
the patient during this procedure, hence acquiring an accept-
able quality of image. MRI is also the imaging modality uti-
lised for acquiring intraoperative images with acceptable 
spatial and contrast resolution. Risks associated with the MRI 
procedure apart from the specific problems inherent to the 
patient condition during provision of sedation and anaesthe-
sia at places away from the operating room (OR) complicate 
the management strategy. This chapter revisits all such peri-
operative concerns in the patients with neurological abnor-
malities who need sedation or anaesthesia to undergo MRI.

 Principle of MRI

MRI is based on the concept of nuclear magnetic resonance 
(NMR). Protons of water molecule present in the body have 
intrinsic magnetic properties. They are excited by a combination 
of strong and static magnetic field and extrinsic radiofrequency 
(RF) pulses. External magnetic fields are applied to create a 
magnetic gradient and excite the protons in different orienta-
tions within the basic magnetic field. The protons gain energy in 
an excited state, and shift from low-energy to high-energy state 

known as ‘resonance’. When the RF pulse is turned off, the pro-
tons lose energy (relax); the energy released is used to create 
MR imaging. The hydrogen atom is most often used for imag-
ing and is present in body tissue as water and fat. Relaxation 
rates vary for specific body tissues, thereby allowing differentia-
tion of body structures in the images. There are two distinct 
mechanisms for relaxation with separate time constants, T1 and 
T2. Accordingly, the standard magnetic resonance (MR) image 
sequences include T1-weighted images, T2-weighted images, 
and contrast (gadolinium)-enhanced T1 images. Additional 
MRI sequences are also performed based on the diagnostic 
requirements. The flow-sensitive MR angiography and venogra-
phy (MRA and MRV) provide images for blood flow; the diffu-
sion-weighted sequence provides insight into tumour (increased 
cellularity), cell swelling (e.g. ischaemia), and oedema; and the 
functional MRI helps in detecting alterations in eloquent corti-
cal activity in response to stimuli (speech area localisation).

 Contrast Agent

Intravenous (IV) contrast agents are administered to alter 
relaxation rates of the hydrogen nuclei. Gadolinium is most 
commonly used for MRI which may cause mild side effects 
such as nausea, vomiting, headache, and pain on injection. 
Patients with renal failure who receive gadolinium are at risk 
of a life-threatening condition called nephrogenic systemic 
fibrosis. Hence, in these patients an estimated glomerular fil-
tration rate (GFR) should be measured. The risk-benefit ratio 
must be assessed before the administration of this agent if 
the GFR is less than 30 ml/min/m2.

 The MRI Scanner and Environment

The medical MRI scanners use static magnetic field strengths 
generated by superconductor magnets that are cooled by liquid 
helium. The scanner also uses pulses of RF energy generated by 
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power delivery unit and application of superimposed gradient 
magnetic fields for spatial encoding. The body part being 
scanned is usually placed at the centre of the field in a standard 
cylindrical-bore designed scanner. A fringe field normally 
extends around the scanner. Field strength is measured in units 
of Tesla (T) or Gauss (G). The magnetic field strength of the 
MR system is maximal at the bore of the magnet, with the field 
strength of most modern scanners in clinical use being between 
1 and 3 T. This field strength reduces exponentially with increas-
ing distance from the magnet, so the danger of magnetic field 
increases as one move closer to the magnet (Fig. 41.1). Normally, 
the field strength at the scanner bore is quantified as Tesla, 
whereas the smaller values associated with safety limits around 
the fringe fields are described in Gauss, where 1 T = 10,000 G.

The MRI suites are designed to restrict access and limit 
exposure to the powerful magnetic field by four conceptual 
access zones (Table 41.1). Inside the MRI suite, the five gauss 
(5 G) line of the magnetic field is marked on the floor and wall 
for safety. It is the point where the magnetic field starts affect-
ing the electromagnetic substances such as cardiac pacemak-
ers, and hence, access to unscreened personnel is restricted.

 Challenges for the Anaesthesiologist

The goal of anaesthesiologist for MRI is to provide immobil-
ity, safety, and comfort to the patient while acquiring best 
possible image. It can be achieved with sedation or anaesthe-

sia based on the patient condition and the acceptability. The 
specific concerns for the anaesthesiologists are mentioned in 
Table 41.2.

 Risks Involved with MRI Procedures

The strong physical processes responsible for producing 
high resolution MR images have the potential for injury to 
the patients, if specific precautions are not undertaken.

 Static Magnetic Field Hazards

The static magnetic field in MR systems is the most impor-
tant field hazard because it poses a constant invisible dan-
ger as the magnet remains switched on continuously. 
Ferromagnetic substances within the 30 G line will experi-
ence both an attractive force being pulled towards the cen-
tre of magnet and a torque (makes substances line up with 
the magnetic field). The major risks of the static field 
include pacemaker malfunction, projectile effect, implant 
dislodgement, and malfunction of the medical equipment 
(Table 41.3).

The long-term effects of strong magnetic fields on the 
developing foetus are unknown. Hence, MRI should be 
avoided during first trimester of pregnancy in view of possi-
ble teratogenicity.

 Hazards from RF Pulses and Magnetic 
Gradient Fields

The pulses of RF energy and time-varying magnetic gradi-
ent fields are superimposed on the powerful static mag-
netic field for generation of spatial images. During the 
process current is induced in the biological tissue and elec-
trical conductors (e.g. cable wiring). As the human body is 
conductive by nature, RF pulse-generated current gets 
absorbed as heat. The RF heating is more prominent in the 
periphery of the body than its core. Moreover, direct 

Fig. 41.1 A typical magnetic resonance imaging (MRI) suite

Table 41.1 MRI access zones

Zones Activity/restriction of access
Zone I The area freely accessible to general public
Zone II Patients are greeted, interviewed, and screened by MR 

personnel
Zone III Access strictly restricted; an unscreened access of 

non-MR personnel or ferromagnetic objects can result 
in serious injury owing to strong magnetic field

Zone IV Location of MRI scanner; generates the existence of 
zone III

Table 41.2 Anaesthetic concerns of MRI

The risks of MR procedures
Anaesthesia outside OR
Compatible anaesthesia monitors and equipment
Inaccessibility patients in MRI suite
Anaesthetic technique
  Sedation vs. general anaesthesia
Patient related factors
  Children
  Adult claustrophobic patients
  Movement disorder
  Intensive care patients
Prolonged studies
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 contact of conductive materials to the skin creates a risk of 
thermal burn to the patient. Hence, contact of metallic 
objects in the clothing, cables, ECG leads, and other equip-
ment must be avoided; it can be ensured with robust 
screening procedures.

The switching of magnetic gradient fields cause mechani-
cal vibrations and loud acoustic noises typically above the 
safe limit of 85 dB with potential for auditory damage. 
Hence, earplugs should be used for protection in both awake 
or anaesthetised patients and staffs.

 Helium Escape and Emergency MRI Shutdown

All modern high-tesla MRIs have superconducting magnets 
that are maintained at extremely low temperature. Liquid 
helium is used as the cooling fluid. In the event of spontane-
ous or emergency shutdown of magnetic field (quench), liq-
uid helium boils rapidly and expands to gaseous state. The 
cryogenic gas is released to the atmosphere and must be 
vented rapidly outside the building by a quench pipe. In case 
the quench pipe is blocked or leaked gas enters into the suite, 
the atmosphere is rendered hypoxic and high-pressure. It is 
an emergency situation and necessitates immediate evacua-
tion of patient and MRI staff. MRI suites usually have oxy-
genation sensors; attention should be given to the zone IV 
with regard to oxygen monitoring and alarm. Release of the 
cryogenic gas causes fogging and condensation of the room. 

Within the machine frame near the quench pipe, condensed 
oxygen may be formed which creates a localised oxygen- 
rich environment, increasing the risk of fire. Ventilation of 
the zone IV may minimise this hazard.

The potential danger of quenching is the reason why in 
the event of a medical emergency, the patient should be 
removed from the magnetic field rather than causing an 
emergency magnetic shut down.

 Anaesthetic Equipment and Monitoring

Anaesthetic equipment used within the MR suite is often dif-
ferent from the conventional ones used elsewhere in the hos-
pital. They may be MR safe, MR conditional, or MR unsafe 
(known to pose a hazard in all MR environments). 
Practitioners of MR anaesthesia should be fully familiar with 
the MR equipment used in the suite. An ideal equipment for 
the use within zone IV should pose no hazard to the patient 
and function normally in the strong magnetic field, and its 
presence does not degrade MR image.

The monitoring in the patients undergoing MRI must 
have the same standards as in the OR consistent with the 
ASA ‘Standard for basic anaesthesia monitoring’. The mon-
itors should be MR safe or MR conditional in zone IV for 
the scan. Use of standard pulse oximeter may result in 
severe burn owing to induction of current, and hence, fiber-
optic MRI-safe probes may be used. ECG is also prone to 

Table 41.3 Risks of the intense static magnetic field

Risk of magnetic field Precautions
Projectile or ‘missile’ effect
Ferromagnetic objects in the zone III are attracted by the strong 
magnetic field and rendered projectile. Collisions can result in injury 
and death to patient and staff, as well as potential damage to the 
scanner

Access to zone III/IV is restricted and all persons must be medically 
screened before admission

Ferromagnetic objects include many pieces of essential anaesthetic 
equipment, e.g. laryngoscopes, gas cylinders, defibrillators, and pulse 
oximeters

A dedicated area adjacent to the magnet room and outside the strong 
magnetic field (zone II) is provided for anaesthesia
Only non-ferromagnetic (MR safe or MR conditional) equipment is 
permitted within the zone III, e.g. fibre-optic pulse oximeter, 
aluminium gas cylinders, etc.

Pacemaker malfunction
Pacemakers malfunction where magnetic field strength exceeds 5G, 
with reported fatalities

A robust screening procedure is required to identify and prohibit 
persons with pacemakers and defibrillators entering the zone III

Implant dislodgement
Ferromagnetic objects implanted in the patient may dislodge with 
potential for devastating internal injury

A robust screening procedure is essential. Ferromagnetic implants are 
a contraindication to MR procedures

Medical implants include aneurysm clips, stents, prosthetic heart 
valves, internal defibrillators, intrauterine contraceptive devices, and 
cochlear implants

Non-ferromagnetic implants are safe, e.g. general surgical clips, many 
joint prostheses, artificial heart valves, and sternal wires

Metal shrapnel and intra-ocular foreign bodies from welding or 
penetrating eye injury

Access to zone III is denied in the event of any uncertainty

Equipment malfunction
Malfunction of standard equipment may lead to device failure. 
Malfunction of infusion device may result in incorrect drug delivery

Standard equipment should only be used outside the 5G line
Only equipment designated MR safe or MR conditional is safe to use 
inside it

MR safe: No known MR hazards in any MR environment; MR conditional: no hazard in specified MR environment during specific condition of use; 
MR unsafe: pose a hazard in all MR environment
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interference resulting in spikes on the trace and ST-T 
changes. Hence, arrhythmias and morphological changes in 
ECG are difficult to be detected. The effects of induction 
currents on ECG are reduced by using high impedance, 
short leads, and MRI-safe electrodes placed in a narrow tri-
angle on the chest of the patient. MR safe ECG electrodes 
use fiber-optic cables, transmit the ECG signal by means of 
light rather than electric current, and are more resilient to 
electromagnetic effects. Non-invasive blood pressure moni-
toring can be safely used by changing ferrous connections to 
nylon. Length of invasive pressure lines are minimised to 
reduce damping. Capnography with long sampling line 
increases the time delay for waveform display by 20s. A 
monitor should be available at zone III when the anaesthesi-
ologist is not present in zone IV.

 Screening of Patient and Personnel

Thorough screening of the patients and MR personnel is 
essential to prevent any mishap. Contraindications to MRI 
are directly related to the major risks discussed above 
(Table 41.3). The patient screening should include patient- 
and equipment-related risk factors. The anaesthesiologist 
should determine whether the patient presents with high-risk 
medical conditions like (prematurity or infancy, ICU status, 
respiratory abnormality, haemodynamic instability and on 
vasopressor medication or other co-morbidities such as obe-
sity and sleep apnoea); implanted devices (e.g. Pacemakers, 
cardiac defibrillators, or nerve stimulators, surgical clips/
stents, prosthetic heart valves); or foreign bodies embedded 
(orbital iron filling, tattoos) and pierced (pierced jewellery 
and rings).

 Anaesthesia Techniques

An MRI study usually consists of a combination of multiple 
imaging sequences. Each sequence may take 5–10  min to 
acquire. The duration of a particular MRI study may vary 
depending on the number of scanning sequences required 
with certain studies lasting for more than 2–3  hours. 
Immobility is the most crucial aspect to acquire optimal 
image. Nevertheless, safety of the patient is of paramount 
importance as the anaesthesiologist does not have direct 
access to the patient. The anaesthetic techniques most com-
monly utilised include sedation and general anaesthesia with 
IV or inhalational anaesthetics.

Sedation Most often the MRI is carried out under sedation 
by non-anaesthesiologists (radiologists, nurses, technicians, 
etc.) as many hospitals do not have availability of anaesthesi-

ologists. The goals of sedation are to guard the safety of 
patient, minimise physical discomfort and pain, control anxi-
ety, provide amnesia, and control movements. All the patients 
should be evaluated before sedation for appropriate fasting 
(as ensured before an elective procedure) and an airway 
examination, to secure it in case of adversity. Airway equip-
ment should be kept ready, routine physiological monitors 
should be attached, and an IV access will have to be secured 
for safe delivery of sedation. If hypoventilation or other prob-
lems occur during the procedure, the procedure has to be 
halted, and the patient needs to be managed after pulling out 
of the magnetic field. It requires special expertise for the care-
giver to save time yet provide optimum safety to the patient.

A number of medications (oral/IV) are described to pro-
vide sedation (Table 41.4) in children undergoing MRI. An 
appropriate understanding of pharmacological properties is 
required to choose the agent based on a particular patient or 
scenario. The ideal agent should be safe and reliable with 
rapid onset and offset of action, minimal respiratory depres-
sion, maintain haemodynamic stability, and allow rapid 
awakening. Infants under 6 months of age can be managed 
with chloral hydrate or triclofos, whereas older infants and 
toddler can be sedated with oral pentobarbital. However, 
these sedatives are rarely used, in the current scenario. 
Midazolam as a sole agent may not be effective all the time, 
for sedation. In cooperative children without an IV access, 
sedation is still provided in some centres with intramuscular 
(IM) ketamine. Propofol infusion is one of the most popular 
techniques for MRI procedures. It provides effective seda-
tion, easy titration to achieve desired level of hypnosis, with 
a short recovery time. Currently, dexmedetomidine also has 
been tried for MRI sedation in different routes (IV and intra-
nasal); however, the exact dose is yet to be defined. Conscious 
sedation has been described for adult patients with moderate 

Table 41.4 Sedative agents for MRI in children

Agent Dose Route
Onset 
(min)

Duration 
(min)

Chloral hydrate 50–100 mg/kg  
(max 2 g)

Oral 15–30 60–120

Pentobarbital 4 mg/kg (maximum 
8 mg/kg)

Oral 20–60 60–240

Midazolam 0.5–1 mg/kg  
(max 15 mg)

Oral 20–30 60–90

0.02–0.1 mg/kg IV 5–10 30–60
Propofol 1–2 mg/kg bolus 

followed by 
50–150 mcg/kg/min

IV 1–2 5–10 
(after 
bolus)

Ketamine 3–5 mg/kg IM 3–6 30–180
Dexmedetomidine 1 mcg/kg 

over10 min (bolus) 
followed by 
0.5 mcg/kg/min

IV 15–30 120–180
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anxiety who may require an anxiolytic (e.g. benzodiaze-
pines) before entering into the MRI suite.

General Anaesthesia A certain group of patients require 
general anaesthesia during MRI (Table  41.5); children are 
most common among them. A lighter level of anaesthesia 
may be appropriate for MRI procedures as these are painless. 
However, the lighter plane may lead to airway complications 
(bronchospasm and coughing) and may necessitate altera-
tions in anaesthetic depth. It is important to discuss about the 
possible duration of the procedure, as it would also help 
determine spontaneous ventilation via a laryngeal mask air-
way (LMA) or tracheal intubation and subsequent mechani-
cal ventilation.

Induction of anaesthesia should be carried out in an 
anaesthesia room or an area adjacent to MRI suite outside 
5  G line, earmarked for the anaesthetic procedures. This 
area/room should also be utilised for resuscitation in case of 
an emergency after the patient is immediately pulled out of 
the magnetic field. The patient transfer between this room 
and the magnetic field (zone IV) is made by non- 
ferromagnetic trolleys. After the patient placed in the scan-
ner, the head becomes inaccessible. Moreover, placement of 
a receiver coil for head scan further restricts the access to the 
airway which must be secured, adequately. The pilot balloon 
of the cuffed endotracheal tubes (ETT) may contain ferro-
magnetic spring which must be taped away from the mag-
netic field in order to prevent artefacts.

Monitoring of end-tidal carbon-dioxide (EtCO2) should 
be considered in all patients requiring deep sedation. 
Oxygenation monitoring by pulse oximeter should not be 
considered as a substitute of monitoring of ventilator func-
tion. MRI safe/conditional anaesthesia machines are 
always to be preferred in the MRI suite. In case of non-
availability, inhalational anaesthetic agents can be admin-
istered with standard anaesthesia machines from zone III 
via an elongated circuit with a waveguide. Alternatively, 
total intravenous anaesthesia (TIVA) may be used with 
MRI safe/conditional infusion pumps from zone IV or tra-
ditional pumps with IV tubing passed through a wave-

guide. Whatever may be the anaesthetic technique, a 
speedy recovery from anaesthesia is expected after the MR 
procedure with a minimal side effect.

 Paediatric Patients

Children are the most common patient group requiring anaes-
thesia for MRI. Hence, it is imperative that the anaesthesia 
team is adequately trained, equipped, and prepared for the 
challenges of paediatric anaesthesia. Young infants often 
sleep after feeding and may allow a small duration scan to be 
carried out. Otherwise a sedative agent may be tried to achieve 
immobility during the procedure. However, for administra-
tion of sedative or anaesthesia, an IV access must be secured. 
Children without an IV access must be induced with inhala-
tion agents followed by continuation of inhalational anaesthe-
sia or propofol infusion for the maintenance. LMA is 
commonly utilised in uncomplicated children for securing the 
airway during MRI procedures along with spontaneous venti-
lation in order to prevent the pitfalls of intermittent positive 
pressure ventilation (IPPV) with long circuit tubing.

 Intensive Care Patients

MRI is a complicated procedure for the intensive care unit 
(ICU) patients as the patient may have associated critical 
neurological condition such as coma or spinal cord com-
pression along with cardiovascular instability and might be 
on vasopressor infusions. MR imaging is contraindicated in 
the unstable patient. The risk-benefit ratio must be analysed 
before transferring the patient from the ICU to MRI suite 
which is usually located at distant place. Proper medical 
history on implanted foreign bodies must be obtained from 
the relatives or else a plain radiography of the body should 
be carried out before scan. Metallic implants and incompat-
ible monitoring devices (e.g. ICP bolt) should be removed 
or changed with MR conditional monitors and equipment. 
Similar precaution should be taken for infusion pumps 
before the patient enters zone IV. Current induction in lines 
or wires in direct contact with the heart muscle may cause 
micro- shocks and may lead to ventricular fibrillation and 
cardiac arrest. Temporary pacing wires and pulmonary 
catheter should be removed before MR procedures.

 Crisis Management During MRI

Safe practice in the MRI under sedation and anaesthesia 
requires robust screening, adequately trained staff, multidis-
ciplinary teamwork, and eternal vigilance. Table  41.6 

Table 41.5 Patients requiring general anaesthesia for MRI

Infants and children with associated neurological diseases, neural 
tube defects, intracranial tumours, vascular malformations
Uncooperative patients
Patients with movement disorders
Claustrophobia
Patients undergoing stereotactic neurosurgical procedures
Intensive care patients; ventilated patients
Prolonged procedure of MRI
Patients undergoing intraoperative MRI during surgery
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 summarises the immediate management of some potential 
catastrophic complications during MR anaesthesia.

 Intraoperative MRI (iMRI)

Intraoperative MRI (iMRI) allows the patient to be scanned at 
regular intervals during the surgery so that exact location and 
near-complete resection of the lesion is possible. It has also 
been used to identify eloquent areas of the brain and hence, 
known as intraoperative functional MRI (fMRI). iMRI also 
reduces the necessity of a postoperative scan with improved 
clinical outcome of the patients. This procedure has been suc-
cessfully used for intracranial tumour surgery (pituitary tumour, 
intraventricular tumours, and benign gliomas), epilepsy sur-
gery, and deep brain stimulation. iMRI is also used during 
awake craniotomy to maximise the excision of intracranial 
tumour present adjacent to the eloquent areas of the cortex.

The current high-field iMRI system, constructed by the 
cooperation of Siemens and Brain Lab (Brain Suite), con-
sists of a standard 1.5T magnet scanner, implemented in a 
dedicated OR with a computer-assisted neuronavigation sys-
tem, and digitised image transfer and projection system to 
form a comprehensive unit (Fig.  41.2). The typical iMRI 

suite comprises of an inner controlled area. The red line 
(inner) represents the region where the magnetic field is 50 G 
and higher, and the yellow line (outer) demarcates the region 
beyond which the magnetic field strength is less than 
5 G. Any ferromagnetic object within 5G line can be attracted 
to the magnet. The areas for imaging and surgery are sepa-
rate in many clinical circumstances; either the patient is 
transferred to the MRI, or the MRI is brought to the patient. 
If the operating table is located inside the 5 G area, all the 
surgical instruments should be MRI safe/conditional. 
However, if the table is located outside 5 G line, full range of 
surgical and anaesthetic equipment may be used with its 
transfer into magnetic console to obtain images whenever 
indicated during surgery.

Management of patients in the iMRI suite creates great 
challenges to the anaesthesiologist. The concerns of patient 
safety and compatibility of monitors and equipments remain 
similar to that of a standard MR environment. The neuroan-
aesthetic concerns are further complicated by repeated 
intraoperative scan, cold intraoperative condition leading to 
hypothermia, appropriate positioning of patient during 
transfer to the magnetic field, and prolonged operative 
times. Both TIVA and inhalational anaesthetic techniques 
for general anaesthesia, and monitored anaesthesia care 
(MAC) for awake craniotomy have been used successfully 
in iMRI condition.
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Table 41.6 Management of possible complications during MRI

Complication Assessment Intervention
Loss of airway 
(Regurgitation, 
hypoxia, 
disconnection)

Confirm airway 
position and 
patency

Correct abnormality

Assess 
breathing

If not possible to correct 
immediately, remove patient 
from zone III/IV, shift to the 
resuscitation area

Circulation Do not bring anaesthetic 
equipment into zone III/IV, 
e.g. laryngoscope

Cardiorespiratory 
arrest

Airway (A) Initiate basic life support
Breathing (B) Immediate removal of 

patient from the magnetic 
field before beginning 
advanced life support

Circulation (C)

Object stuck in the 
MR scanner

Assess patient 
safety

Remove patient from zone 
IV
Remove the object

Quenching 
emergency

Hypoxic alarm Evacuation of patient and 
staff magnetic field

Helium present Quenching procedure (see 
text)

Contrast reaction ABC Stop administration of 
contrast

Anaphylaxis 
management

Assess patient and remove 
zone IV for resuscitation
Institute anaphylaxis 
management protocol – 
oxygen, adrenaline, IV 
fluids, etc.

Fig. 41.2 Intraoperative magnetic resonance imaging (MRI) set-up 
showing magnetic scanner and computer-assisted neuronavigation 
system
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Perioperative Challenges During  
Electro Convulsive Therapy (ECT)

Carrie Bowman-Dalley and James G. Hilliard

Since 1938, electroconvulsive therapy (ECT) has been used 
in the treatment of severe and refractory depression, catato-
nia, schizophrenia, and suicidal ideation. ECT has also been 
studied recently as a potential treatment to improve post- 
traumatic stress disorder (PTSD) symptoms and reduce 
mortality in this patient population. Although ECT was per-
formed without anesthesia for almost 30 years, the collabo-
ration between anesthesia practitioners and our psychiatric 
colleagues has resulted in safer techniques, improved patient 
comfort, and more efficacious therapy. The anesthesia prac-
titioner must anticipate the physiologic response to the elec-
trical stimulus and understand the effect of anesthetic drugs 
on the treatment to minimize the risks and increase the 
effectiveness of ECT.

Several recent reports indicate a decline in the inci-
dence of ECT-related adverse events. However, the anes-
thetic management of ECT continues to be associated with 
many potential complications (see Table 42.1). Among the 
most commonly reported causes of ECT-related morbidity 
and mortality are cardiovascular events including dys-
rhythmia, myocardial infarction, congestive heart failure, 
and cardiac arrest. This chapter will focus on the cardio-
vascular complications associated with ECT, along with 
pulmonary, neurological, and musculoskeletal conse-
quences of ECT.

 Cardiovascular Complications

 Overview

Electroconvulsive therapy stimulates the parasympathetic 
and sympathetic branches of the autonomic nervous system. 
Following application of the electrical current to the brain, a 
vagal reflex occurs, and parasympathetic dominance is gen-
erally observed for 10–60  seconds. The patient’s hemody-
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Table 42.1 Complications associated with ECT

Pulmonary
  Aspiration
  Obstruction
  Laryngospasm
  Pulmonary edema
Cardiovascular
  Dysrhythmia
  Hypertension
  Myocardial infarction
  CHF
  Cardiac arrest
Neurological
  Pretreatment anxiety
  Status epilepticus
   Convulsive
   Nonconvulsive
  Delirium and agitation
  Inadequate seizure length
  Headache
  Intracranial hemorrhage
Musculoskeletal
  Long-bone fractures
  Dislocations
  Dental damage
  Oral lacerations
  Myalgia
Other
  PONV
  Recall
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namic profile then quickly changes as catecholamines are 
released from postganglionic sympathetic nerves and the 
adrenal medulla (period of sympathetic dominance). The 
hemodynamic impact of this sympathetic stimulation is gen-
erally observed for approximately 5–10 minutes, with peak 
heart rate and systemic blood pressure readings observed 
3–5 minutes after the electrical stimulation. Profound brady-
cardia and asystole have been observed during the parasym-
pathetic phase, and cardiac rhythms ranging from transient 
sinus tachycardia to ventricular tachycardia have been 
reported in the sympathetic phase. In addition, hypertension 
is common with the average increase in systolic blood pres-
sure of 30–40%. While studies have demonstrated that most 
patients experience impairment in left ventricular systolic 

and  diastolic function for up to 6 hours following ECT, the 
majority of patients tolerate the cardiovascular alterations 
well. Patients with increased risk for the development of life- 
threatening cardiovascular complications during ECT and 
respective associated prevention strategies are summarized 
in Table 42.2.

 Prevention

Standard monitors (as defined by the American Society of 
Anesthesiologists) are generally sufficient during anesthe-
sia for an ECT procedure. Hemodynamic and respiratory 
derangement requires prompt intervention to prevent 

Table 42.2 Management of cardiovascular complications associated with ECT

Patient risk factors Potential complications Prevention strategies
Cardiovascular disease Myocardial ischemia Pretreatment with beta-blockers
Previous myocardial infarction Myocardial infarction Optimize outcomes by controlling hypertension, 

diabetes mellitus, CHF, angina and dysrhythmiasLVEF <50% Dysrhythmias (ventricular tachycardia)
>10 PVC an hour Cardiac rupture
Pacemaker or implanted cardioverter 
defibrillator (ICD)

Dysrhythmias Pre- and post-ECT device interrogation
Proper grounding of all equipment
Consider having a cardiology specialist present for the 
first ECT
Have magnet available
Pacemaker: follow the recommendation of the 
manufacturer and cardiologista

ICD: deactivate defibrillator function during ECT, turn 
back on after procedurea

Monoamine oxidase inhibitor therapy Hypertensive crisis Consult psychiatrist for risk/benefit analysis of 
discontinuing for 2 weeks before ECT

Dysrhythmias Avoid meperidine
Avoid indirect sympathomimetics

Tricyclic antidepressants Dysrhythmias Consult psychiatrist for risk/benefit analysis of 
discontinuing for 2 weeks before ECT

Synergistic with anticholinergic drugs Titrate sympathomimetic drugs carefully
Synergistic with sympathomimetic drugs Avoid preemptive anticholinergic drugs

Serotonin- norepinephrine reuptake 
inhibitors (SNRIs)

Dysrhythmias (SNRIs) Consult psychiatrist for risk/benefit analysis of 
discontinuing before ECT

Bupropion Asystole (SNRIs)
Prolonged seizure activity

Hyperkalemia Dysrhythmias with succinylcholine 
administration

Avoid succinylcholine
Consider small dose of atracurium or cis-atracurium

Atrial fibrillation Thromboembolism following conversion to 
sinus rhythm with ECT stimulation

Recommend anticoagulation therapy prior to ECT for 
all patients with concurrent atrial fibrillation

Cerebral aneurysm Enlargement or rupture of aneurysm from 
increased wall stress

Complete pharmacologic suppression of sympathetic 
nervous system response
In patients with known coronary artery disease, reduced 
ejection fraction, or aortic insufficiency, consider 
nitroprusside 30 mcg/minutes IV with atenolol 50 mg 
PO and arterial-line monitoring

Hypertension Intracranial hemorrhage Maintain BP within 20% of patient’s baseline. See 
Table 42.3 for preferred agents and ECT related 
considerations

Brady- dysrhythmias and cardiac 
conduction delays

Profound bradycardia Pretreat with anticholinergic agent
Asystole Avoid repeat dosing of succinylcholine

aNo randomized controlled clinical trials are available to direct practice. Recent case series/case reports suggest pacemaker function does not usu-
ally require modification (i.e., placement into asynchronous mode)
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 cardiovascular crisis with ECT. Hypoxemia secondary to 
 compromised airway patency or hypoventilation must be 
prevented with adequate bag-mask ventilation. The patient 
should be pretreated with an anticholinergic agent (e.g., 
glycopyrrolate or atropine). This is especially important if 
the psychiatrist is using subthreshold stimuli or repeated 
stimuli to determine the seizure threshold, if the patient is 
taking a beta- adrenergic antagonist medication, or if there 
is a history of failure to induce a seizure following electri-
cal stimulation. In any of these situations, there is a much 
higher risk of clinically significant bradycardia and asys-
tole. The sympathetic response may be diminished or 
absent, with unopposed vagal discharge following the 
induced seizure. Glycopyrrolate may be superior to atro-
pine because it offers a stronger antisialagogue effect with 
less tachycardia and does not have central nervous system 
side effects.

In high-risk patients, additional suppression of the hyper-
dynamic response is desirable to prevent cardiovascular cri-
sis such as myocardial infarction arising from tachycardia, 
other significant arrhythmias, and hypertension. Table 42.3 
summarizes agents that have been effectively used to mini-
mize autonomic nervous system effects of ECT and their 
effect on seizure duration. When using antihypertensive 
agents during ECT, one must be cautious that cerebral perfu-
sion pressure is maintained. Adequate cerebral blood flow is 
crucial during ECT because the induced seizure will increase 
cerebral oxygen demand by 200%.

 Crisis Management

In the event of a life-threatening cardiovascular complica-
tion, the anesthesia provider must be prepared to intervene 
with ACLS protocols. Emergency medications and resuscita-
tive equipment must be immediately available.

If myocardial ischemia is suspected, oxygenation and 
hemodynamic parameters should be optimized immediately 
following current evidence based protocols. The patient 
should be admitted to a monitored setting with continuation 
of supportive therapies. Serial cardiac markers including tro-
ponin should be followed to quantify myocardial damage.

 Pulmonary Complications

 Overview

ECT treatment regimens commonly require patients to 
receive treatments three to four times per week. A mask 

Key Points
• Following electrical brain stimulation with ECT, 

patients will predictably experience a vagal reflex 
followed 15–60  seconds later by sympathetic 
discharge.

• Patients at risk for cardiovascular complications 
from ECT-related autonomic nervous system stimu-
lation include those with coronary artery disease, 
cerebral vascular disease, hypertension, congestive 
heart failure, aneurysms, and pre-existing arrhyth-
mias or those currently taking a tricyclic antidepres-
sant (TCA), serotonin-norepinephrine reuptake 
inhibitor (SNRI), bupropion, or monoamine oxi-
dase inhibitor (MAOI).

• Premedication with an anticholinergic agent is rec-
ommended particularly if the patient is taking beta- 
blockers or in cases where repeated electrical 
stimulation or subthreshold stimulation are being 
used.

• Premedication to attenuate the hyperdynamic 
responses to ECT can be considered for patients at 
high risk for cardiovascular complications.

• Cardiovascular complications are the leading cause 
of ECT-related mortality. Complications include 
bradycardia, asystole, severe hypertension, severe 
sinus tachycardia, ventricular tachycardia, myocar-
dial ischemia, and infarction.

• Anesthesia for ECT should only be administered in 
an environment which is equipped and trained for 
immediate delivery of ACLS.

Table 42.3 Intravenous antihypertensive agents and effect on seizure 
duration

Preemptive medication

Effect on 
seizure 
duration ECT-related considerations

Esmolol Mildly 
decreased

Short duration of action 
desirableUp to 1 mg/kg

Labetalol Decreased Effect on seizure duration 
controversial0.1–0.2 mg/kg

Nicardipine No change Used in combination with  
labetalol to avoid rebound ↑ 
HR

1.25–2.5 mg

Diltiazem Decreased Nicardipine preferred for 
ECT10 mg

Nitroglycerin No change Advised if at risk for 
myocardial ischemia3 mcg/kg

Nitroprusside No change Advised for coexisting 
aneurysms and aortic 
stenosis; arterial line 
required

0.1–5 mcg/kg/minutes

Dexmedetomidine No change Administration with 
propofol 1 mg/kg may 
augment antihypertensive 
effect

1 mcg/kg over 
10 minutes 
(pre-induction)
Remifentanil 100 mcg No change Anesthetic sparing effect 

may be helpful to improve 
suboptimal seizure duration
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anesthetic is the treatment of choice, unless contraindicated 
because of known difficult ventilation, significant gastro-
esophageal reflux disease, or late-term pregnancy.

Most of the pulmonary complications associated with 
ECT are similar to those of any mask anesthetic: aspiration, 
airway obstruction, laryngospasm, hypoxia, or hypoventila-
tion. Aspiration is rare (fewer than 1 of 2000 patients) but 
can be life-threatening.

Pulmonary edema is a rare complication of ECT.  The 
sympathetic output after the electrical stimulus increases 
afterload over a short period of time. In patients with myo-
cardial dysfunction, the increase in afterload may cause tran-
sient decompensated heart failure.

 Prevention

The prevention of pulmonary complications begins with a 
thorough preoperative assessment. When gastroesopha-
geal reflux disease (GERD) is identified, the patient’s con-
dition can be optimized with prophylactic medications. 
The preoperative administration of H2 receptor blockers 
(ranitidine), prokinetic agents (metoclopramide), and ant-
acids (sodium citrate) can increase the pH and reduce the 
volume of stomach contents, which may prevent or reduce 
the negative impact of a clinically significant aspiration 
event. Furthermore, in patients with severe GERD, rapid 
sequence induction and intubation should be considered to 

protect the patient’s airway. In all patients, proper posi-
tioning, with the head of bed elevated 15–30°, reduces the 
chance of passive aspiration and improves pulmonary 
compliance.

Preparation of airway resuscitation equipment is impera-
tive. The anesthesia provider must be able to support oxy-
genation and ventilation quickly and effectively.

Patients at risk for pulmonary edema should be identified 
early. In these patients, normovolemia should be maintained, 
and medications can be administered throughout the proce-
dure to optimize hemodynamic parameters such as heart rate 
(beta-adrenergic antagonists), preload (venodilators), and 
afterload (direct acting vasodilators).

 Crisis Management

Treatment strategies for pulmonary complications are sum-
marized below in Table 42.4.

Table 42.4 Management of pulmonary complications associated with EC

Complication Adverse effects of complication Treatment
Potential adverse effects of 
treatments

Aspiration of gastric 
contents

Airway obstruction by solid particulate matter 
leading to hypoxemia/neurologic injury/death

Trendelenburg position Injury to teeth and soft tissue 
structures; sore throat

Immediate pulmonary tissue injury (pH related) 
and secondary inflammatory injury

Suction oral pharynx

  Pneumonia Support oxygenation and 
ventilation

  Acute respiratory distress syndrome (ARDS) Secure airway
Laryngospasm Hypoxia Positive pressure ventilation Bradycardia, hyperkalemia

Hypercarbia Succinylcholine
Pulmonary edema

Upper airway 
obstruction

Hypoxia Reposition airway Epistaxis
Hypercarbia Insert oral/nasal airway

Consider LMA or ETT
Pulmonary edema Inadequate gas exchange Support oxygenation and 

ventilation
Hypovolemia, hypotension

  Hypoxemia Confirm diagnosis
  Hypercarbia Restrict IV fluids and consider 

diuretics

Key Points
• A thorough preoperative assessment and prepara-

tion of airway equipment is paramount.
• Patients at risk for aspiration should receive H2 

blockers, prokinetic agents, and sodium citrate, and 
endotracheal intubation should be considered.
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 Neurological Complications

 Overview

Neurological complications result from the effects of 
the  electrical stimulus on extracranial and intracranial 
 structures, as well as mental status changes associated with 
the postictal state.

Headaches (HA) are a common complaint after ECT, 
occurring in about 45% of patients. When the electrodes 
deliver a direct stimulus, the muscles of the head and face con-
tract for the duration of the stimulus. The contraction of the 
temporalis and masseter muscles, along with ECT-related vas-
cular changes, are proposed etiologies. The incidence of head-
ache has been associated with increased duration of seizure.

Intracranial hemorrhage is a reported complication of ECT; 
however, it is extremely rare. The acute hyperdynamic response 
can cause increased cerebral blood flow, transient neurologic 
deficits, cortical blindness, and damage to vascular structures. 
Patients with undiagnosed underlying vascular malformations 
such as aneurysm or arteriovenous malformations may be at 
increased risk for post-ECT intracranial hemorrhage.

Tonic-clonic seizures of adequate length are consistent 
with efficacious treatment. Although rare, a seizure lasting 
more than 5  minutes, or multiple seizures within a short 
period, despite no additional electrical stimulus, may be pre-
cipitated by ECT. Status epilepticus (SE) must be recognized 
and treated immediately and may be convulsive or noncon-
vulsive. Convulsive SE is characterized by focal or general-
ized sustained tonic-clonic movements, such as rhythmic 
contraction followed by relaxation of flexor and extensor 
muscles of the elbow, knee, and hip joints. Nonconvulsive 
SE requires EEG to confirm diagnosis and should be sus-
pected in patients with significantly delayed emergence or 
emergence delirium, not explained by the usual postictal 
state. Patients who may be tapering their antipsychotic medi-
cations or patients currently on aminophylline are at risk for 
this complication. Propofol and thiopental can inhibit the 
ECT seizure, rendering it ineffective. Etomidate, in compari-
son to propofol, can result in longer motor and electroen-
cephalogram seizure duration. Most sedatives or anxiolytics 
will decrease the efficacy of the ECT.

While most patients recover quickly from their ECT, 
some patients develop confusion, agitation, and violent 
behavior post-procedure. These patients may require pre-
medication (see below), increased vigilance in the recovery 
room, or sedation post-ECT.

 Prevention

A thorough preoperative assessment is crucial to reducing 
the incidence of neurological complications during ECT. A 
careful examination of the patient’s health history and medi-
cations may reveal coexisting disease and medications that 
can influence seizure activity. For example, mediations used 
to control epilepsy (lamotrigine, valproate, and carbamaze-
pine), and anxiety (benzodiazepines), may attenuate seizure 
activity, whereas medications used to treat bipolar disease 
(lithium) and schizophrenia (phenothiazines and clozapine) 
have been reported to prolong seizure activity. Therefore, 
consultation with an appropriate specialist (e.g., neurologist 
for a patient with epilepsy, etc.) should be considered. In 
addition, the choice of anesthetic agent can influence ECT 
seizure length. For example, methohexital and etomidate 
have been reported to promote a longer ECT seizure duration 
compared with propofol.

Patients who report HA can receive pretreatment in the 
form of oral NSAIDS unless contraindicated.

The incidence of post-procedure agitation can be reduced 
with premedication of low dose midazolam (0.025 mg/kg) or 
dexmedetomidine (0.5  mcg/kg) without adverse effects. 
Administration of a half dose of the induction agent (typi-
cally methohexital) after the stimulus has also been described. 
Efforts by the staff to reduce stimulation and provide reas-
surance may be helpful.

 Crisis Management

Crisis management for neurological complications of ECT is 
summarized in Table 42.5.

Key Points
• Headaches are common and can be avoided by pre-

medicating with NSAIDS.
• Intracranial hemorrhage is an important differen-

tial diagnosis if LOC is inadequate following 
ECT.

• Status epilepticus results in increased cerebral met-
abolic demand and an unprotected airway.

• Pharmacologic and non-pharmacologic methods 
can be employed to reduce post-ECT agitation.
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 Musculoskeletal Complications

 Overview

Musculoskeletal injuries caused by ECT were commonplace 
prior to the application of anesthesia to the  procedure. Now 
long-bone fracture and dislocations are extremely rare. These 
complications can be a result of inadequate dosing of muscle 
relaxants or delivery of the stimulus prior to complete paral-
ysis. Patients with a history of osteoporosis are at greater risk 
for skeletal injury.

Damage to the teeth and soft tissues of the mouth 
remain a concern. Direct electrical stimulation causes sus-
tained contraction of the masseter muscle despite profound 
muscle relaxation. Anesthesia and psychiatric personnel 
must take measures to prevent injury to the teeth, tongue, 
and lips.

Myalgia continues to be a relatively common 
 complication. The etiology is unclear; both the fascicula-
tions from succinylcholine and the motor activity dur-
ing convulsions may be responsible. Severity of myalgia 
is not predicted by degree of fasciculation or motor activ-
ity but appears to be worse in patients younger than 
45 years.

 Prevention

Accurate dosing of muscle relaxants and careful timing by the 
psychiatrist can prevent long-bone fractures and dislocations. 
Deep tendon reflexes are a reliable indicator of muscle tone and 
can be used to determine the optimal time for stimulation. 
Meticulous care and vigilance ensure minimal injury to the 
teeth and mouth. A bite guard with an opening to allow for 
continued ventilation placed between the teeth from molars to 
incisors provides adequate protection. The lips are at risk for 
laceration and should be free of the teeth prior to the stimulus.

The prevention of myalgias remains controversial. 
Success has been reported with reduced succinylcholine 
doses, defasciculation with non-depolarizing muscle relax-
ants, and premedication of a variety of drugs including 
sodium channel blockers (lidocaine), calcium gluconate, 
pregabalin, enteric-coated aspirin (650 mg orally), acetamin-
ophen (650 mg orally), or ketorolac (30 mg IV).

 Crisis Management

Crisis management for musculoskeletal complications of 
ECT is summarized in Table 42.6.

Table 42.5 Management of neurological complications associated with ECT

Complication Adverse effects of complication Treatment Potential adverse effects of treatments
Headache Patient discomfort NSAIDs Gastric ulcers

Renal failure
Platelet inhibition

Intracranial 
hemorrhage

Increased intracranial pressure Support oxygenation and ventilation Excessive hypercarbia resulting in 
cerebral vasoconstriction and reduced 
flow through collateral vasculature

Decreased cerebral perfusion 
pressure

Maintain MAP to ensure adequate CBF

Neuronal hypoxia Monitor for signs of intracranial hypertension
Brain herniation Reduce ICP
Death   Hyperventilation

  Osmotic diuresis
  HOB elevated
  Ventriculostomy
Consult neurosurgeon
  Confirm diagnosis (STAT head CT)
  Consider emergency surgery

Status epilepticus Neuronal hypermetabolism 
resulting in central nervous 
system hypoxia, potential cell 
death, and central nervous system 
injury

Support oxygenation and ventilation Sedation, respiratory depression and 
airway obstruction

  Convulsive Administer benzodiazepines, barbiturates or 
propofol

Bradycardia

Consider administration of other 
anticonvulsants (e.g., levetiracetam or 
phenytoin)

Sedation, respiratory depression, and 
airway obstruction

  Nonconvulsive Confirm diagnosis with EEG
Administer benzodiazepines or other 
anticonvulsants as necessary (consult 
neurologist)

Agitation and 
delirium

Potential physical and 
psychological trauma

Reduce stimulation during the postictal phase Sedation, prolonged recovery times, 
bradycardiaProvide verbal reassurance

Premedication with midazolam or 
dexmedetomidine
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Table 42.6 Management of musculoskeletal complications associated 
with ECT

Complication

Adverse 
effects of 
complication Treatment

Potential 
adverse events 
of treatments

Long-bone 
fractures and 
dislocations

Pain Stabilize 
fracture

Fat embolism

Disability Control pain 
with opioids

Respiratory 
depression, 
nausea, 
vomiting, 
pruritus

Administer IV 
fluids
Consult 
orthopedic 
specialist

Dental damage 
and oral 
lacerations

Pain Remove any 
broken teeth to 
prevent 
aspiration

Aspiration of 
teeth, blood

Disability Consult oral 
surgery

Myalgia Pain IV NSAIDS 
(ketorolac 
30 mg)

Gastric ulcers
Renal failure
Platelet 
inhibition

Key Points
• Accurate dosing of muscle relaxants and a well- 

timed electrical stimulus reduce the incidence of 
fractures and dislocations.

• Structures of the mouth require careful attention in 
order to prevent damage and aspiration of foreign 
bodies.

• A bite guard should be considered to provide pro-
tection for the teeth and lips.

• Premedication with NSAIDS can reduce to inci-
dence of myalgia.
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Perioperative Challenges During 
Carotid Artery Revascularization

Ursula G. Schulz

 Introduction: Carotid Revascularization 
Procedures

Carotid stenosis is an important cause of ischemic stroke. 
About 10–15% of patients with carotid territory strokes and 
transient ischemic attacks (TIA) have a carotid stenosis 
>50%. If not treated appropriately, these patients have a high 
risk of further, potentially disabling, cerebral ischemic 
events, which may be as high as 10% in the 1st week and 
15% in the 1st month following the initial presentation. 
Urgent treatment of the carotid stenosis to prevent recurrent 
strokes is therefore mandatory and will in most cases consist 
of a revascularization procedure in addition to medical 
management.

The most widely used procedure to treat carotid stenosis 
is carotid endarterectomy (CEA), which very effectively 
reduces the long-term risk of stroke. A pooled analysis of the 
largest trials showed that the 5-year absolute risk of any 
stroke or death was reduced by 15.3% (95% CI 9.8–20.7) 
in patients with 70–99% stenosis and by 7.8% (3.1–12.5) in 
patients with 50–69% stenosis. Surgery has no benefit in 
patients with <50% stenosis. Because the risk of recurrent 
stroke is highest in the first few days after the initial event, 
this is also when the benefit from CEA is highest. Benefit 
from surgery rapidly diminishes over time, and surgery 
within 2  weeks after the initial event is recommended in 
patients with a TIA or nondisabling stroke who are neuro-
logically stable and medically fit to tolerate the procedure.

While the benefit of surgery for recently symptomatic 
carotid stenosis is uncontested, there is more debate about 
the benefit from surgery for asymptomatic carotid stenosis. 
The risk of stroke from an asymptomatic carotid stenosis is 
lower than from a recently symptomatic stenosis, and the 

benefit from surgery is therefore smaller. Two large trials 
showed an absolute risk reduction of about 5% over 5 years. 
However, medical treatment has become more aggressive 
since these trials were done, and the risk from surgery in the 
trials was probably lower than in “real life.” Hence, the actual 
benefit from CEA in asymptomatic stenosis may well be 
lower. Overall, the quality of medical treatment has improved 
since the carotid surgery trials for symptomatic and for 
asymptomatic stenosis were done, and at the same time, the 
operative risk has decreased. The risk reduction from surgery 
in recently symptomatic high-grade stenosis was so large in 
the original trials that it is likely that the benefit of surgery 
will have been maintained even compared to current aggres-
sive medical management. However, the benefit of surgery in 
comparison to current medical management is less certain 
for patients with asymptomatic carotid stenosis, and poten-
tially even for patients with lower risk symptomatic stenosis, 
such as those with moderate (50–69%) stenosis, or with 
delayed presentation. Trials to determine if intervention is 
still beneficial in this group are ongoing.

In recent years, carotid artery stenting (CAS) has been 
increasingly used as an alternative to CEA. While it is gener-
ally more convenient, may avoid some of the complications 
associated with open surgery, and the hospital stay may be 
shorter, there are also specific risks of CAS. These include 
stroke caused by dislodged atherothrombotic debris, arterial 
wall dissection, arterial rupture, and, in the longer term, 
restenosis. The debate whether CEA or CAS is the preferable 
intervention for treating carotid artery stenosis is, to some 
extent, still ongoing. Recent data from two large studies 
(International Carotid Stenting Study – ICSS and the Carotid 
Revascularization Endarterectomy vs. Stenting Trial  – 
CREST) suggest that the periprocedural risk of stroke and 
death is higher for carotid stenting, whereas the risk of peri-
procedural myocardial infarction, and of cranial nerve defi-
cits, is higher in patients undergoing carotid endarterectomy. 
Long-term follow-up data from the ICSS showed similar 
benefit of CEA and CAS, with a similar risk of recurrent 
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stroke for both treatment modalities. The decision on whether 
CEA or CAS is offered will therefore often also depend on 
local preference. However, CAS is usually the preferred 
option where CEA is technically difficult, for example, in 
stenosis related to previous neck irradiation, in patients with 
restenosis following previous CEA, in surgically poorly 
accessible stenosis, and in patients with contralateral carotid 
occlusion, as the vessel occlusion time during CAS tends to 
be shorter. In contrast, CAS appears to be higher risk in 
patients who are more than 70 years of age, and CEA is the 
preferred option here.

One further revascularization procedure, which is far 
less commonly used, is extra-intracranial bypass surgery, 
in which a branch of the superficial temporal artery is 
anastomosed with a cortical branch of the middle cerebral 
artery via a cranial burr hole. This surgery is sometimes 
used in recurrently symptomatic carotid occlusion or in 
stenosis of the distal carotid or middle cerebral artery. 
There has only been one randomized trial in symptomatic 
carotid occlusion due to atheromatous disease, which 
showed no benefit.

 Complications of Carotid Revascularization 
Procedures

Complications arising during and after carotid revasculariza-
tion can be classified as follows:

• General complications arising from general anesthesia 
and from cerebral angiography

• Complications arising from manipulation and recanaliza-
tion of the carotid artery

• Procedure-specific complications associated with CEA 
or CAS

The complications arising from general anesthesia and 
neuroradiological interventional procedures are dealt with 
elsewhere in this book (see Chap. 73: Anesthesiological 
Challenges During Neuroradiological Interventions). In this 
chapter, we focus on complications specifically associated 
with carotid revascularization procedures.

 Stroke Associated with Carotid 
Revascularization Procedures

 Background

Periprocedural stroke is the main neurological risk associated 
with both CEA and CAS. The reported risks vary widely but 
in patients with symptomatic stenosis are generally about 

5–6% for CEA and 4–8% for CAS. During surgery, ischemic 
stroke may occur from embolization of atheromatous  material 
or low flow associated with temporary vessel occlusion and 
insufficient collateral vessels. Surface thrombus or atheroma-
tous material may also be dislodged during CAS, but in addi-
tion stroke may be caused by vessel wall dissection with 
subsequent thrombus formation and embolization, thrombus 
formation on the guide wire, or air embolism. Postprocedural 
stroke may occur from thrombus formation on the endarterec-
tomized surface, on suture lines, on the inserted stent, or from 
embolization from residual atheromatous plaque.

 Prevention of Periprocedural Stroke

 Carotid Endarterectomy
• Antiplatelet therapy: Patients should be on an antiplate-

let agent, usually either aspirin or clopidogrel, before 
and, for secondary stroke prevention, indefinitely after 
the procedure. From a secondary prevention point of 
view, clopidogrel may be slightly more effective than 
aspirin in reducing the risk of recurrent stroke, but it 
may also be associated with a higher rate of operative 
bleeding, which is why many surgeons prefer patients to 
be on aspirin rather than clopidogrel prior to CEA. There 
is evidence that treatment with a combination of aspirin 
and clopidogrel reduces the number of emboli from a 
recently symptomatic carotid plaque. Short-term use of 
dual antiplatelet therapy to reduce the risk of recurrent 
ischemic event is currently investigated in a clinical 
trial. However, dual antiplatelet therapy also increases 
the overall risk of hemorrhage, and there is currently 
insufficient evidence to recommend its use prior to or 
following CEA.

• Anticoagulation: A heparin bolus is usually given before 
clamping the carotid artery.

• Shunting during surgery maintains blood flow through the 
internal carotid artery, while it is clamped. However, this 
procedure carries a risk of dislodging thrombus, and rou-
tine shunting has not been found to be associated with a 
reduced risk of stroke, although it may be helpful in indi-
vidual cases.

• Intraoperative monitoring: The gold standard is to assess 
the patient’s functional status clinically during the proce-
dure. This is possible when using local anesthesia and one 
of the advantages of this anesthetic modality. If there is 
any deterioration, for example, if the patient develops a 
focal deficit after clamping of the carotid artery, shunting 
can be performed. Under general anesthetic, other moni-
toring methods, such as transcranial Doppler (TCD), 
EEG, or sensory evoked potentials, have been used to 
help decide if shunting is indicated.
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 Carotid Artery Angioplasty and Stenting
• Antiplatelet therapy: Generally patients should be on dual 

antiplatelet therapy (aspirin and clopidogrel) at least 
3 days prior to the procedure, and this should be contin-
ued for 1–3 months postprocedure. Indefinite antiplatelet 
therapy for secondary stroke prevention then continues 
according to local guidelines.

• Anticoagulation: Patients are generally anticoagulated 
with heparin throughout the procedure to prevent throm-
bus formation on the catheter and guidewire. 
Anticoagulation is not routinely used after the procedure.

• Protection devices: These are deployed prior to angio-
plasty and stenting to prevent any debris that may be dis-
lodged during the procedure from embolizing distally. 
There are several types of device available. Largely, they 
can be divided into distal filter or occlusion devices, 
which need to be passed through the stenosis prior to 
being deployed, and into proximal occlusion devices, 
which prevent blood flow through the artery, while the 
stent is inserted, with subsequent aspiration of debris. 
Even though the use of these devices is recommended as 
standard in some countries, they also have inherent risks. 
There is currently no conclusive evidence that any one 
type of protection is superior to the other in preventing 
complications during CAS, or indeed if the use of any 
protection devices is beneficial.

 How to Recognize and Investigate 
a Periprocedural Stroke

Consider a periprocedural stroke if the patient develops a 
new focal neurological deficit during or after the procedure 
or  – less frequently  – becomes restless and develops a 
decreased level of consciousness.

 During the Procedure
If done under local anesthetic, exclude other possible causes 
for agitation, for example, pain or urinary retention. Assess 
the patient’s vital signs, neurological status, and blood sugar. 
If the patient is undergoing a stenting procedure and the 
angiography catheter is still in place, the neuroradiologist 
will be able to check blood vessels for patency, and – if a 
vessel occlusion is present – it may be appropriate to perform 
clot retrieval or to give intra-arterial thrombolysis. 
Endovascular salvage may also be feasible if a stroke occurs 
during endarterectomy and the patient can quickly be trans-
ferred to an angiography suite.

 After the Procedure
After a general anesthetic, the patient may awake with a new 
neurological deficit. In this case, the therapeutic options will 

depend on the care provider’s best estimate of time of onset 
of the deficit. In addition, a patient may develop a neurologi-
cal deficit several hours or days after the procedure. In this 
situation proceed as follows:

• Try to ascertain as precisely as possible when the deficit 
developed.

• Quickly assess the patient to determine the extent of the 
deficit (vital signs, quick neurological examination  – 
probably most easily and rapidly done by using the NIH 
Stroke Scale, a standardized scale for assessing and clas-
sifying stroke severity).

• Urgently contact the responsible neurologist/stroke 
physician and the neuroradiologist for further assess-
ment and brain imaging (intracerebral hemorrhage after 
carotid revascularization is not uncommon), and repeat 
vascular imaging. In case of a recent ischemic event, 
intervention may be appropriate (e.g., endovascular clot 
retrieval).

The potential for salvaging brain tissue after vessel 
occlusion decreases rapidly with increasing time since 
onset even within the first few hours, and intra-arterial 
intervention might only be feasible within the first 6 h after 
onset. However, this will have to be decided on an indi-
vidual basis, so urgent discussion with the stroke team and 
neuroradiologist or surgeon who has done the procedure is 
mandatory.

 Treatment of a Periprocedural Stroke

Any interventional treatment will be decided on and done by 
the stroke team/neuroradiologist.

Any further treatment will follow the general guidelines 
for treatment of ischemic stroke outlined in Table 43.1.

 Cerebral Hyperperfusion Syndrome

 Background

Cerebral hyperperfusion syndrome (CHS) is a complica-
tion that occurs in 0–3% of patients following carotid 
revascularization. It usually occurs within a few hours or 
days after revascularization but may occur up to 28  days 
later. The exact pathophysiology is incompletely under-
stood. Generally, it is thought to be due to sudden restora-
tion of blood flow in a chronically hypoperfused area of the 
brain. Autoregulation in that part of the brain is impaired, 
and the cerebral blood vessels fail to constrict fully in 
response to increased perfusion, which is therefore 
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 markedly increased compared to before the revasculariza-
tion procedure. Generally, cerebral perfusion increases by 
at least 100%, although more recently CHS has also been 
reported in patients showing perfusion increases of only 
40–60%.

 Clinical Presentation

• Hypertension
• Headache, usually ipsilateral, often throbbing, frontal, or 

periorbital
• Seizures: focal with secondary generalization
• Focal neurological deficits
• Cerebral hemorrhage

 Investigations

One of the main diagnostic questions in a patient who devel-
ops a new neurological deficit after a revascularization pro-
cedure is whether the patient has had an ischemic event due 
to vessel occlusion or embolization from the procedure site 
or has CHS. The main investigations are therefore:

• Brain imaging: CT or preferably MRI.  MRI should be 
done with diffusion and perfusion-weighted imaging 
(DWI and PWI). The aim is to look for new infarction or 
for a cerebral hemorrhage. CHS may show diffuse 

 cerebral edema in one hemisphere and, if severe, may 
show an intracerebral hemorrhage.

• Vascular imaging: to rule out restenosis or occlusion of 
the operated vessel. In CHS the carotid arteries are 
patent.

• Perfusion imaging: with SPECT, MRI, or CT. This should 
show markedly increased perfusion (≥100%) in the 
affected hemisphere compared to baseline or, perhaps to a 
lesser extent, in comparison to the contralateral hemi-
sphere. Transcranial Doppler (TCD) shows a flow veloc-
ity increase of 150–300% in the ipsilateral middle cerebral 
artery and may be the most convenient way of monitoring 
the patient’s progress.

 Treatment

This should occur in a Neuro Intensive Care Unit or High 
Dependency Unit. The mainstay of treatment is aggres-
sive blood pressure management with the goal of reducing 
cerebral hyperperfusion. Management is outlined in 
Table 43.2.

 Prognosis

The few studies that are available suggest that mortality in 
CHS may be as high as 50% and that 30% of the surviving 
patients remain disabled.

Table 43.1 General management of acute ischemic stroke

Blood pressure (hyper- and hypotension)
 Hypertension in acute stroke usually settles spontaneously and should not be treated unless systolic BP is >220 mmHg or diastolic BP is 
>120 mmHg or there is acute ischemic heart disease, heart failure, aortic dissection, renal failure, hypertensive encephalopathy, or 
preeclampsia/eclampsia
 Causes of hypertension, such as pain, anxiety, or urinary retention, should be treated
 If systolic BP >220 mmHg or diastolic BP >120 mmHg, lower BP very cautiously, for example, with labetalol 10–20 mg IV over 1–2 min. 
Aim to lower the blood pressure by 15% over the first 24 h
 Hypotension after stroke is rare. Any causes should be sought and corrected. Treatment includes volume replacement, correction of 
arrhythmias, and the use of vasopressors
Blood glucose
 Hyperglycemia is associated with a worse outcome after stroke
 Blood glucose should be kept at <10 mmol/l
Body temperature
 A raised temperature may lead to a worse outcome in ischemic stroke
 Temperature should be kept within normal limits
Oxygen saturations
 Maintaining adequate tissue oxygenation is important to prevent hypoxia and worsening of brain injury. Maintain O2-saturations in the normal 
range, aiming for >92%
Prophylaxis of venous thromboembolism
 Early mobilization and use of compression stockings
 Low-dose heparin is safe in patients with ischemic stroke and should be used
Adequate hydration and nutrition, swallowing assessment
 Stroke patients are at increased risk of aspiration and require a swallowing assessment before they can be allowed to eat and drink
 Adequate hydration will improve cerebral perfusion and help prevent venous thrombosis
 Stroke patients are at high risk of malnutrition and may require enteral feeding
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 Cardiovascular Complications

 Hypotension and Bradycardia

Carotid plaque is usually located close to the carotid barore-
ceptors. Manipulation during surgery or distension of the 
artery during angioplasty and stenting  may therefore produce 
a hypotensive response. The reported incidence varies widely 
between 12% and 60%. This tends to be more frequent and 
more prolonged after CAS and can rarely also occur with a 
delay of several hours after the procedure. It may be associ-
ated with an increased risk of stroke and is of concern in isch-
emic heart disease, which is highly prevalent in patients with 
carotid atheromatous disease. More rarely, in 10–15% of 
cases, patients may also develop a hypertensive response.

 Prevention

• Some centers withhold the patient’s usual antihyperten-
sives before the procedure and for 12  h afterward. 
However, because hypertension may be associated with a 
higher risk of CHS and perioperative stroke, this is not a 
generally accepted practice.

• Before CAS some centers premedicate with atropine or 
glycopyrrolate.

• Before CEA some surgeons inject the area around the 
carotid baroreceptors with local anesthetic, although defi-
nite evidence that this reduces the risk of procedural 
hypotensive episodes is lacking.

 Myocardial Infarction

Myocardial infarction during, or in the early days, after sur-
gery occurs in 1–2% of patients, more often if there is a his-
tory of symptomatic coronary heart disease, and particularly 
if myocardial infarction has occurred in the previous few 
months or if the patient has unstable angina. Perioperative 
myocardial infarction can be painless, so clues to the diagno-
sis are unexplained hypotension, tachycardia, and dysrhyth-
mias. Congestive cardiac failure, angina, and cardiac 
dysrhythmias are also occasional concerns following sur-
gery. The management of cardiovascular complications 
associated with carotid revascularisation procedures is sum-
marized in Table 43.3.

 Cranial Nerve Injuries

Cranial nerve injuries may occur in up to 20% of patients 
following CEA and are caused by traction, pressure, or 
transection of a cranial nerve. These injuries tend to 
recover spontaneously and rarely have any long-term con-
sequences but may cause short-term complications, par-
ticularly if a bilateral endarterectomy is done and bilateral 
damage occurs. Because of the danger of serious bulbar 
dysfunction with bilateral cranial nerve damage, if a 
patient has symptoms referable to both severely stenosed 
carotid arteries which require bilateral CEA, it is probably 
safer to do the operations a few weeks apart. Furthermore, 
a permanent nerve injury may be as disabling as a mild 

Table 43.2 Management of cerebral hyperperfusion syndrome

Blood pressure control
 There are no trial data to give the optimum blood pressure range for 
patients with CHS. General recommendations are that systolic blood 
pressure should not exceed 90–140 mmHg. Blood pressure control 
may be very difficult to achieve
 Recommended drugs for blood pressure lowering are labetalol and 
clonidine. Vasodilating antihypertensive agents and ACE inhibitors 
should be avoided, because they can lead to further increases in 
cerebral blood flow and worsening of CHS
Seizures
 If a patient develops seizures, these should be treated with 
anticonvulsants, which can be given intravenously, and with a 
loading dose, for example, levetiracetam or phenytoin
 There is no evidence that prophylactic anticonvulsants are helpful
Cerebral edema
 There are no specific data on how this should be managed in 
CHS. Reduction in perfusion pressure remains the main aim of 
treatment
Monitoring of treatment
 Monitoring of treatment effect is clinical
 Monitoring of flow velocities in the middle cerebral artery with 
transcranial Doppler may be helpful
Duration of treatment
 Tight blood pressure control is recommended until cerebral 
autoregulation is restored, which can be monitored with transcranial 
Doppler. As all patients will have atheromatous disease, close blood 
pressure control should continue indefinitely as a secondary 
prevention measure for further vascular events

Table 43.3 Cardiovascular complications after carotid revascularization

Cardiovascular 
complication Management
Hypotension Intravenous fluids

Consider starting vasopressors if BP is 
persistently <90 mmHg systolic

Bradycardia Atropine or glycopyrrolate
Temporary pacing is only rarely required

Hypertension No specific antihypertensives are recommended. 
Given the danger of bradycardia, beta-blockers 
should probably be avoided. Continuous infusion 
of calcium antagonists, for example, nicardipine, 
has been used
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stroke, which needs to be taken into account when consid-
ering the risks and benefits of surgery. Table 43.4 shows 
which cranial nerves may be damaged during endarterec-
tomy and which deficits this may cause.
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Table 43.4 Cranial nerve damage after carotid endarterectomy

Affected cranial nerve Deficit caused by nerve damage
Recurrent and superior 
laryngeal nerve, vagus nerve

Change of voice quality, hoarseness, 
difficulty coughing, and sometimes 
dyspnea due to vocal cord paralysis
Bilateral damage during a bilateral 
endarterectomy may cause airway 
obstruction and require temporary 
airway support

Hypoglossal nerve Ipsilateral tongue weakness, leading 
to dysarthria, dysphagia, and 
difficulty chewing. Bilateral damage 
may lead to airway obstruction

Spinal accessory nerve Shoulder and neck pain and stiffness
Weakness of sternomastoid and 
trapezius muscles

Facial nerve (marginal 
mandibular branch)

Mild weakness of the corner of the 
mouth

Greater auricular nerve Numbness of ear lobe and angle of 
jaw

Transverse cervical nerves Numbness of scar area

Key Points
• Carotid Endarterectomy and Carotid Artery Stenting 

are the two most commonly used carotid revascular-
ization procedures. While endarterectomy is still the 
established standard procedure, stenting is increas-
ingly used, particularly in patients with high surgical 
risk or a poorly accessible stenosis.

• While the benefit of revascularization in recently 
symptomatic stenosis ≥70% is well established, the 
benefit of intervention in asymptomatic stenosis is 
less clear.

• The main risks specific to carotid revascularization 
procedures are periprocedural stroke and Cerebral 
Hyperperfusion Syndrome. Cardiovascular complica-
tions, especially hypotension and bradycardia, and, in 
endarterectomy, cranial nerve injuries may also occur.

• In periprocedural ischemic stroke, it is important to 
determine the time of onset as accurately as possi-
ble. Urgent discussion with the responsible stroke 
team and neuroradiologist is mandatory, as endo-
vascular intervention to treat a new vessel occlusion 
may be possible.

• Cerebral Hyperperfusion Syndrome is thought to be 
due to sudden restoration of blood flow in a hypoper-
fused area of the brain. It presents with headache, 
seizures, focal deficits, and hypertension. Mainstay 
of treatment is aggressive blood pressure control.

• Manipulation and stretching of the carotid barore-
ceptors may cause hypotension and bradycardia 
during the procedure.

• Cranial nerve injuries mainly occur after endarter-
ectomy. They rarely have long-term consequences 
but may be problematic in the short term, especially 
if bilateral.
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Venous Air Embolism During 
Neurosurgery

Chris C. Lee, Anshi Wu, and Min Li

 Overview

The reported incidence of VAE in neurosurgery varies 
according to the sensitivity of detection methods, the type of 
the procedures, and the positioning of the patients. The sur-
geries in the sitting position have the highest rate of occur-
rence of VAE, with an incidence of 10–80%. The common 
sources of critical VAE are the major cerebral venous sinuses 
which may be noncollapsible, including the transverse and 
the sigmoid. The air from the operative field may enter the 
venous vasculature whenever the open vein is above the 
level of the right side of the heart. This is the reason why 
VAE is most often associated with sitting position. VAE 
may also occur in neurosurgical procedures performed in 
the lateral, prone, or supine positions with reported inci-
dence from 10% to 25%. Table 44.1 lists the neurosurgical 
procedures with VAE risk.

Besides the type of surgery, there are other contributing 
factors, both procedure-related and patient-related, which 
may have an impact on the occurrence of air entrainment 
during neurosurgery (Table 44.2).

 Prevention

Since VAE can be lethal, its prevention and having a high 
index of suspicion are crucial in clinical practice. Various 
measures have been taken to reduce the incidence of VAE in 
neurosurgery (Table 44.3).

 Positioning

Avoid sitting position if possible. In fact, with the awareness 
of the VAE risk associated with sitting position and the 
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Table 44.1 Neurosurgical procedures associated with venous air 
embolism (VAE)

Procedure
Known incidence 
(%)

Relative 
risk

Sitting position craniotomies 9.3, 27.4, 43 High
Posterior fossa procedures 76 High
Craniosynostosis repair 8–82.6 High
Cervical laminectomy 23–25 Medium
Posterior spinal fusion 10 Medium
Deep brain stimulator 
placement

6 Low

Peripheral denervation 2 Low
Torticollis corrective surgery Low

Table 44.2 Factors contributing to the occurrence of venous air embo-
lism (VAE)

Factors
Procedure-related
  Surgical site relative to the level of right heart
  Extensive operation field exposure
  Investigational procedures which requires injection of gas
  Decompression of the abdomen
  Hydrogen peroxide for wound irrigation
Patient-related
  Preexisting hypovolemia
  Spontaneous ventilation (with the attendant intermittent negative 

intrathoracic pressure)
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improvement of surgical technique, the popularity of the sit-
ting position has greatly declined. If sitting position is 
strongly recommended, try to place the patient in a more 
semi-recumbent position than sitting up. The legs elevated to 
the level of the heart can also help to reduce the pressure 
gradient between the right atrium and the surgical site.

 Hydration

Ensure adequate intravascular volume to maintain the right 
atrial pressure. This method can not only reduce the negative 
pressure gradient between the surgical site and the right heart 
but also reduces the right-left atrial pressure gradient, which 
is then beneficial in reducing the incidence of VAE and para-
doxical air embolism. It has been proposed that the right 
atrial pressure be maintained between 10 and 15  cm 
H2O.  However, hydration should be applied cautiously in 
patients with elevated intracranial pressure or those with 
either preexisting or borderline cardiopulmonary disease.

 Controlled Ventilation

Since spontaneous ventilation is related to the increased nega-
tive intrathoracic pressure and greater pressure gradient 
between the surgical site and right atrium, general anesthesia 
with controlled positive pressure ventilation is recommended 
in high-risk surgery. The advocating mechanical ventilation 
with positive end-expiratory pressure (PEEP) during anesthe-
sia is controversial. Some studies state that PEEP induces a 
reliable and sustained increase in right atrial pressure, which 
is sufficient to increase venous pressure above atmospheric 
level. Others suggest that PEEP may facilitate the occurrence 
of paradoxical air emboli (PAE) in a patient with a patent 
foramen ovale (PFO) and also potentially result in hemody-
namic deterioration by impeding venous return and reducing 
right ventricular preload. Therefore, although controversial, 
some clinicians suggest that PEEP should not be routinely 
used in craniotomies unless there is a strong indication.

 Avoiding the Use of Nitrous Oxide (N2O)

Since nitrous oxide expands the size of embolized air bubbles 
tremendously, it is reasonable to avoid its use in high- risk 

 surgeries and patients at high risk, especially in those with 
known intracardiac septal defects, preexisting pneumocepha-
lus, during acute venous air embolism, disorders of folate 
metabolism, and abnormal SSEP (somatosensory evoked 
potential) monitoring intraoperatively. Paradoxical air emboli 
(PAE) phenomenon adds an additional reason for avoiding 
N2O use after the occurrence of VAE.

 Crisis Management

 Pathophysiologic Manifestation of VAE

If the embolism is large (>5 ml/kg), the obstruction to the 
right ventricular outflow tract may immediately occur and 
subsequently result in acute right heart failure and cardio-
vascular collapse. The lethal dose of intravascular air in 
adult has been estimated as 200–300  ml or 3–5  ml/kg. 
Small amount of air can be dissipated and absorbed by the 
lungs. The embolization of pulmonary circulation may 
cause pulmonary vasoconstriction, pulmonary hyperten-
sion, V/Q mismatch, and the release of inflammatory medi-
ators (e.g., endothelin 1 and platelet activator inhibitor). 
This, in turn, may result in pulmonary capillary injury, 
bronchoconstriction, and pulmonary edema. The V/Q mis-
match is characterized by decreased PETCO2, decreased 
PaO2, and increased PaCO2.

The release of vasoactive mediators, such as thrombox-
ane, leukotrienes, and 5-Hydroxytryptamine (5-HT, sero-
tonin), into systemic circulation will cause intense 
vasoconstriction and thromboembolism of other organs. In 
a patient with a PFO, right to left shunting may develop due 
to major VAE, leading to an actively increased risk of para-
doxical air embolus (PAE) with catastrophic cardiac and 
cerebral events.

 Clinical Presentation

The clinical manifestation and the severity of the pathophys-
iologic effects of a VAE are directly proportional to the rate 
of air entrainment and volume of accumulation of air in the 
right atrium. A small amount of air entrained may be of little 
consequence. However, if the air is entrained rapidly or if the 
cumulative volume is large, hypoxemia and acute right heart 
failure may be present (Table 44.4).

 Respiratory System
The awake patients may experience coughing as the first 
symptom, followed by chest pain, dyspnea, tachypnea, and 
a sense of “impending doom.” A “gasp” leads to further 
decrease of intrathoracic pressure, resulting in more air 
entrainment. For anesthetized patients under mechanical 
ventilation, the major changes in respiratory system are 
the decreased PETCO2, decreased PaO2, and increased 

Table 44.3 Prevention of venous air embolism (VAE)

Avoid sitting position if possible
Elevate the legs/wrap the legs
Maintain adequate intravascular volume
Controlled positive pressure ventilation
Avoid nitrous oxide in high-risk patients if possible
Avoid drugs that dilate the venous capacitance vessels, such as 
nitroglycerin (NTG)
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PaCO2. If patients develop bronchoconstriction, wheezing 
may be present.

 Cardiovascular System
There may be several EKG changes, including sinus tachy-
cardia or bradycardia, arrhythmias, right heart strain pat-
tern, ST-T changes, and myocardial ischemia. Other 
hemodynamic responses include hypotension, elevated 
CVP, PA pressure or RAP-LAP gradient, and jugular vein 
distension. In the most devastating cases, cardiac arrest 
may occur. The “mill-wheel” murmur may be detected by 
auscultation, indicating a significant amount of air has 
entered the right heart.

 Central Nervous System
Low cerebral perfusion may result from hypotension and 
hypoxemia. Altered mental status, convulsion, and even 
coma may develop in awake patients. Brain damage is exac-
erbated by cerebral (arterial) air embolism with possible 
long-term neurologic deficits.

 Patient Assessment

In neurosurgical procedures with high VAE risk, routine 
monitoring such as EKG, SpO2, PETCO2, direct measurement 
of arterial pressure, and arterial blood gases is essential. In 
addition, specific monitoring such as transesophageal echo-
cardiography and precordial Doppler has enabled earlier 
diagnosis of VAE. The current available monitoring devices 
for VAE are listed in Table 44.5.

 Transesophageal Echocardiography (TEE)
TEE is currently the most sensitive monitoring device for 
VAE.  It can detect as little as 0.02 ml/kg of air given by 
bolus injection. However, TEE has to be inserted orally, 
which may cause injury. Also, it is expensive and requires 
expertise for continuous monitoring, limiting its use in 
neuroanesthesia.

 Precordial Doppler
Precordial Doppler is the most sensitive noninvasive monitor 
for VAE and is able to detect as little as 0.05 ml/kg of air. The 
performance of the Doppler is related to the correct place-
ment of the transducer. Placing the probe over the right side 
of the sternum may provide better detection than along the 
left sternal border. In high-risk neurosurgical procedures, 
precordial Doppler is strongly recommended. It is the most 
cost-effective and relatively easy to use. However, precordial 
Doppler is nonquantitative and can be difficult to place in 
obese patients and those in prone or lateral positions.

 Capnography
End-expiratory CO2 (PETCO2) is an effective and convenient 
method of detecting VAE. Its use is required as a standard 
intraoperative monitor by ASA, and it can be used in any 
position. However, it is less sensitive than precordial Doppler 
and a decreased PETCO2 may have alternative etiologies. 
Nevertheless, a sudden decrease in PETCO2 with hypotension 
in high-risk patients should always alert the anesthesiologist 
to the diagnosis of VAE.

Table 44.4 Clinical presentations of venous air embolism (VAE)

Clinical presentations
Respiratory (early signs)
Awake patient
  Coughing
  Chest pain
  Dyspnea
  Tachypnea
Anesthetized patient
  Decreased PETCO2

  Hypercarbia
  Hypoxemia
  Wheezing
Cardiovascular (late signs)
  EKG: Tachycardia or bradycardia, arrhythmias, ST-T changes, and 

myocardial ischemia
  Hypotension
  Elevated PAP, CVP or RAP-LAP gradient
  Jugular venous distension (JVD)
  “Mill-wheel” murmur
  Acute right heart failure
  Cardiac arrest
Neurological
  Altered mental status (in awake patients)
  Neurological deficit

Table 44.5 Monitors for detection of venous air embolism (VAE)

Monitor Advantages Disadvantages
TEE High level of sensitivity 

(0.02 ml/kg)
Moderate invasive

High level of specificity Expensive
Need experienced 
operator to monitor 
continuously

Precordial 
Doppler

High level of sensitivity 
(0.05 ml/kg)

Correct placement of 
the probe can be hard in 
obese patients and those 
in prone or lateral 
positions

Noninvasive

The auditory signal 
gives no indication of 
the size of the bubble
Subjective, false- 
negative rate reported to 
be 3%

Capnography Noninvasive Less sensitive 
(sensitivity as 0.5 ml/
kg)

Most convenient

Routinely used for any 
surgery

Not specific for air 
embolism

Pulmonary 
artery catheter

Provide intensive 
hemodynamic monitor for 
patients with significant 
cardiopulmonary 
comorbidities

Less sensitive 
(sensitivity as 0.5 ml/
kg)
Invasive

44 Venous Air Embolism During Neurosurgery
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 Pulmonary Artery Catheter (PAC)
VAE results in an increase in pulmonary arterial pressure. 
The degree of the increase is proportional to the amount of 
air entrainment. PA pressure monitoring has a sensitivity 
similar to PETCO2. It can measure the pressure gradient 
between the left and right atria, which may be useful in 
assessing the risk of paradoxical air embolism. Nevertheless, 
it is an invasive procedure and should not be used as a routine 
monitor.

 Transcranial Doppler
Transcranial Doppler has demonstrated its ability in detect-
ing air bubbles in the cerebral artery with a sensitivity of 
91.3% and specificity of 93.8%. Transcranial Doppler is suit-
able for monitoring intracranial VAE in a patient with a PFO.

 Treatment

Early detection of VAE during neurosurgery, early diagnosis, 
and rapid intervention are the key elements in decreasing the 
severity of its complications and improving the patient’s out-
come. If possible, the entrapped air should be aspirated as 
much as possible. Fortunately, most cases of VAE are clini-
cally mild. Table 44.6 lists the elements of treatment.

 Prevent Further Air Entrainment
If a VAE is suspected, then the surgeon should be immedi-
ately informed to inspect the possibility of air entrainment 
into the open veins. The field should be flooded with saline 
or covered by saline-soaked dressings. Closing the open ves-
sels as soon as possible should stop the source of the gas 
embolism.

 Reposition the Patient
Immediate change to Trendelenburg position will increase 
venous pressure at the operative site and reduce air entrain-
ment. Rotating the patient to the left side with head-down 
position helps to localize air into the right heart, which pro-
hibits the air entering the orifice of pulmonary artery and 

facilitates the aspiration through a central catheter. However, 
it may be difficult to change the position of the patient in 
some situations.

 Institute 100% Oxygen
Nitrous oxide (N2O) should be turned off immediately if 
used. Controlled positive ventilation enhances the intratho-
racic pressure which is beneficial for both oxygenation and 
prevention of further air entrainment.

If a central venous catheter is in place, aspirating air from 
the right atrium should be attempted promptly. This maneu-
ver is diagnostic and therapeutic. It has been reported that air 
could be best aspirated with multiorificed catheter placed 
with the tip at or 2  cm below the sinoatrial node. Blood 
should be withdrawn until no air bubbles are seen. Emergent 
catheterization takes time and is not routinely recommended 
to date.

 Hemodynamic Support
IVF, ephedrine, dobutamine, norepinephrine, and/or epi-
nephrine have been recommended.

If cardiac arrest occurs, advanced cardiac life support 
(ACLS) protocol should be followed and cardiopulmonary 
resuscitation (CPR) initiated immediately. A thoracotomy 
may be necessary to aspirate the air from the right ventricle.

If possible, the patient should be taken to a hyperbaric 
chamber, and the treatment should be started as soon as pos-
sible to prevent severe and possible long-lasting brain dam-
age. For VAE patients, especially for those with cerebral 
embolism, the hyperbaric oxygenation therapy has many 
advantages. The best outcome results from early recognition 
and prompt treatment.

Table 44.6 Treatment of venous air embolism (VAE)

Prevent further air entrainment
  Inform surgeon (flood the wound and close open vein)
  Lower the head (Trendelenburg position), and compress jugular 

veins
  Discontinue nitrous oxide (N2O) if used
  Start controlled ventilation if the patient is spontaneously 

breathing
Treat VAE
  Aspirate air from a CVP or PA catheter
  Switch to 100% O2

  Hemodynamic support: pressors, inotropes, and IV fluids
  Resuscitation (CPR and ACLS) and abandon surgery

Key Points
• Venous air embolism (VAE) is most commonly 

seen in neurosurgeries in sitting position.
• Prevention from its occurrence and having a high 

index of suspicion are crucial in clinical practice.
• Constant vigilance and inclusion of VAE in the dif-

ferential diagnosis of intraoperative cardiovascular 
collapse, especially in the high-risk procedures and 
patients at high risk, are the best preparation for this 
lethal complication.

• Early diagnosis of VAE and prompt intervention are 
critical to avoid further associated complications 
and the key elements in improving the patient’s 
outcome.

• Capnography (PETCO2) and precordial Doppler are 
the most convenient and practical detection meth-
ods for VAE. Their combination is the current stan-
dard of care.
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• Once the diagnosis is made, prevention of further 
air entrainment and expansion of the air embolus 
with nitrous oxide (N2O), 100% O2, lowering the 
height of the surgical site, aspiration of air from 
right heart, and maintenance of cardiac output are 
essential.
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Arterial Hypotension and Hypertension

Kirstin M. Erickson and Daniel J. Cole

 Carotid Endarterectomy (CEA)

 Overview

Atherosclerosis is a systemic disease, and, accordingly, 
patients with carotid plaque also often have coronary 
artery disease. Moreover, long-standing essential hyper-
tension is frequently a comorbidity along with its effects 
on cardiac function (e.g., diastolic dysfunction or left ven-
tricular hypertrophy). Both hypertension and hypotension 
are common.

In patients with poorly controlled hypertension, the 
blood pressure range for normal cerebral autoregulation is 
shifted to the right (Fig. 45.1). Moreover, in patients with 
advanced carotid artery disease, cerebral autoregulation is 
often impaired, making regional cerebral blood flow (CBF) 
exquisitely sensitive to perfusion pressure. Carotid sinus 
baroreceptor manipulation can cause bradycardia and 
hypotension.

Severe hypertension (>180/110 mmHg) increases overall 
morbidity and mortality. The most common complication of 
hypertension is myocardial ischemia. Hypotension can 
worsen ischemic neurologic deficits. Postoperative hyperten-
sion can lead to hyperperfusion syndrome. Active blood 
pressure management is essential.

 Hypertension and Hypotension in CEA: 
Prevention

Chronic hypertension should be well controlled before 
CEA. Ordinary intraoperative alterations in the level of stim-
ulation should be anticipated and treated early with small 
doses of therapeutic medication. An arterial line is recom-
mended for beat-to-beat assessment and precise control of 
blood pressure.

Blood pressure is maintained at preoperative, awake val-
ues until the carotid artery is cross-clamped. If there are no 
contraindications, blood pressure is then increased by as 
much as 20% during cross-clamping to improve perfusion via 
collateral vessels. Small doses of phenylephrine or ephedrine 
are appropriate. Careful phenylephrine infusion is often used 
although it is associated with a higher risk of myocardial isch-
emia compared to lightened anesthesia. Coughing and other 
causes of blood pressure spikes during emergence should be 
averted to minimize stress on the freshly repaired artery and 
the potential complication of neck hematoma.
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Fig. 45.1 The relationship between cerebral perfusion pressure (CPP) 
and mean arterial pressure (MAP) shows autoregulation of CPP across 
a range of MAP. The curve is shifted to the right in patients with chronic 
hypertension
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 Hypertension and Hypotension in CEA: Crisis 
Management

Table 45.1 summarizes intraoperative events requiring 
blood pressure management, signs or indications for treat-
ment, and suggested therapy for hypertension and hypoten-
sion during CEA.

 Aneurysm/AVM Repair

 Overview

Tight control of blood pressure during aneurysm repair or 
arteriovenous malformation (AVM) resection is essential. 
Hypertension increases transmural pressure and risks vessel 
rupture and subarachnoid hemorrhage, brain edema, and 
postoperative cerebral hyperperfusion. Conversely, hypoten-
sion lowers cerebral perfusion pressure (CPP) and risks isch-
emia, especially in areas of vasospasm. Moreover, acute 
hypertension may be a sign of aneurysm rupture and intra-
cranial hypertension.

 Hypertension and Hypotension in Aneurysm/
AVM Repair: Prevention

Anticipation of stimulating events prevents abrupt blood 
pressure changes. A preinduction arterial line is routinely 
used. Small doses of pressors guard against marked reduc-
tions in blood pressure following induction of anesthesia. 
Dramatic blood pressure increases may occur with laryngos-
copy, pinion placement, incision, dural opening, and surgical 
manipulation. Lidocaine, esmolol, or short-acting opioids 
will diminish hemodynamic stimulation from these events. 
Nimodipine and nicardipine, calcium channel blockers, may 
improve neurologic outcome by preventing the development 
of vasospasm after aneurysmal hemorrhage.

 Hypertension and Hypotension in Aneurysm/
AVM Repair: Crisis Management

If an aneurysm ruptures intraoperatively, immediate tempo-
rary proximal occlusion of the culprit vessel by the surgeon 
is necessary. Maintaining cerebral perfusion should continue 
to be the goal while the surgeon gains control.

If vasospasm develops, more aggressive therapy combin-
ing hemodynamic augmentation (“triple-H therapy”), angio-
plasty, and intra-arterial infusion of vasodilator drugs is used. 
Excessive hypertension risks rebleeding.

Table 45.2 summarizes intraoperative events requiring 
blood pressure management, goal of intervention, and sug-
gested therapies.

Table 45.1 Intraoperative events requiring blood pressure manage-
ment, signs or indications for treatment, and suggested therapy for 
hypertension and hypotension during CEA

Event/pathology
Signs/indications for 
treatment Suggested therapy

Direct 
laryngoscopy, 
intubation, 
incision

Hypertension, 
tachycardia

Deepen anesthetic
Lidocaine
Fentanyl/remifentanil
Esmolol/metoprolol
Nicardipine/clevidipine
Nitroglycerin

Post-induction Hypotension Lighten anesthetic
Phenylephrine
Ephedrine

Chronic untreated 
hypertension

Severe or refractory 
intraoperative 
hypertension

Nitroprusside
Nitroglycerin
Esmolol

Intravascular 
volume depletion, 
hemorrhage

Hypotension, 
tachycardia, systolic 
pressure variation

Intravenous fluid
Blood
Phenylephrine
Ephedrine

Carotid 
cross-clamping

Blood pressure low or 
low-normal

Increase baseline blood 
pressure by 10–20% 
(phenylephrine, decreased 
anesthetic dose)

Carotid sinus 
baroreceptor 
manipulation

Hypotension, 
bradycardia

Vagolytic (atropine, 
glycopyrrolate)

Decrement in 
neurologic 
monitoring (e.g., 
EEG slowing)

Hypotension Raise blood pressure 
with phenylephrine, 
ephedrine, lighten 
anesthetic

Emergence, 
coughing

Hypertension Beta-blocker (labetalol, 
esmolol)
Lidocaine
Remifentanil

Hypertension and Hypotension in CEA: Key Points
• The autoregulation curve is shifted to the right in 

patients with chronic hypertension.
• Prevention of blood pressure lability is achieved by 

anticipating stimuli and using small doses of thera-
peutic drugs.

• Normotension is the goal during CEA before and 
after cross-clamping of the carotid artery. During 
cross-clamping, blood pressure should be mildly 
elevated from baseline (approximately 20% is 
appropriate).

Hypertension and Hypotension in Aneurysm/AVM 
Repair: Key Points
• Strict maintenance of normotension minimizes 

abrupt changes in transmural pressure and opti-
mizes collateral circulation.
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 Acute Traumatic Brain Injury (TBI)

 Overview

Traumatic brain injury (TBI) per se is associated with hyper-
tension either due to increased circulating catecholamines or 
as a response to intracranial hypertension. Cerebral autoreg-
ulation is impaired which increases the risk of hypertension 
causing hyperemia, vasogenic edema, and intracranial 
hypertension. In the setting of intracranial hemorrhage 
(ICH), minimizing hypertension has been shown to reduce 
hematoma growth. Hypotension can develop when TBI is 

severe or accompanied by systemic injuries and significant 
blood loss.

 Hypertension and Hypotension in Acute TBI: 
Prevention

Intra-arterial pressure monitoring is customary, although 
lines may need to be placed during or after surgical incision 
to facilitate immediate surgical intervention and thereby 
limit secondary brain injury.

Hypotension is usually a sign of hypovolemia from other 
injuries. Hypovolemia is best assessed by clinical signs 
including arterial blood pressure and systolic pressure varia-
tion (Fig.  45.2). Urinary output may be confounded as a 
guide if mannitol has been given.

Hemorrhage should be treated with immediate and 
aggressive volume resuscitation. Glucose-containing solu-
tions should be avoided because they are associated with 
worsened neurologic outcomes. To prevent hypotension in 
the patient receiving large amounts of mannitol, diuresed 
fluid should be replaced. Control of bleeding and volume 
resuscitation takes precedence over immediate surgical inter-
vention, as systolic pressure of less than 80 mmHg leads to 
poor outcomes.

 Hypertension and Hypotension in Acute TBI: 
Crisis Management

Targets for treating hypertension are based on intracranial 
pressure (ICP) and CPP. Although controversial, CPP should 
be 70 mmHg or greater. Overaggressive fluid administration 
may worsen intracranial edema and ICP.

The 2007 guidelines set a systolic blood pressure target of 
less than or equal to 180 mmHg. Recent data strongly sug-
gest that a lower systolic pressure of 140  mmHg reduces 
hemorrhagic growth and risk of poor outcomes. No specific 
agents have been shown to be superior.

Table 45.3 summarizes differential diagnoses and sug-
gested therapeutic approaches to hypertension and hypoten-
sion in TBI.

Table 45.2 Intraoperative events requiring blood pressure manage-
ment, goal of intervention, and suggested therapies

Event
Goal of blood pressure 
management

Suggested 
therapy

Dissection, 
manipulation of the 
aneurysm or AVM, 
placement of 
temporary clips on the 
parent vessel, 
aneurysmal clip 
ligation, and closure

Normotension Deepen 
anesthetic
Lidocaine
Fentanyl
Labetalol, 
esmolol
Nicardipine
Phenylephrine
Ephedrine

Following temporary 
clipping of parent 
artery

Normotension, or may 
need to increase blood 
pressure approximately 
20% to maintain CPP

Phenylephrine
Ephedrine

Rupture Normotension; may need 
to increase blood 
pressure to maintain 
adequate CPP if 
intracranial pressure 
rises, balance with need 
to control hemorrhage

Maintain 
intravascular 
volume
Phenylephrine
Ephedrine

Vasospasm Induced hypertension as 
part of “triple-H” 
therapy (hypervolemia, 
hypertension, 
hemodilution)

Volume 
expansion
Phenylephrine
Dopamine

Fig. 45.2 Systolic pressure variation (SPV) is the measured difference 
between minimum and maximum systolic pressure within one respira-
tory cycle. Increased SPV reflects volume-sensitive hypotension

• Anticipation of stimulating events is key to optimal 
blood pressure management.

• If rupture occurs, blood pressure should be kept in 
the high normal range to maintain CPP and mini-
mize ischemia.

• Inducing mild hypertension following subarach-
noid hemorrhage improves neurologic outcome, but 
marked hypertension increases the risk of 
rebleeding.

45 Arterial Hypotension and Hypertension
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Table 45.3 Differential diagnoses and suggested therapeutic approaches to hypertension and hypotension in TBI

Sign Differential diagnosis Therapeutic approach
Hypertension, tachycardia Catecholamine release 1. Lower ICP

Increasing ICP 2. Ensure adequate anesthesia, oxygenation, ventilation
Inadequate anesthesia
Coughing, bucking 3. Avoid hypocapnia unless herniation evident

4. Beta-blocker (avoid vasodilators in a closed cranium)
Hypertension, bradycardia, 
irregular respiration

Impending herniation (Cushing 
phenomenon)

Manage blood pressure based strictly on direct ICP monitoring

Hypotension, tachycardia Hypovolemia 1. Isoosmolar colloid or crystalloid solutions
  Hemorrhage from systemic 

injuries
2. Transfusion

  Acute mannitol diuresis, 3. Vasopressor or inotrope
  Central diabetes insipidus 1.1.4. Vasopressin for diabetes insipidus
  Chronic diuretic therapy
Severe traumatic brain injury 
(variable heart rate)

Hypertension and Hypotension in Acute TBI: Key Points
• TBI alone is associated with increased catechol-

amines and arterial hypertension.
• Arterial hypertension may be a marker of intracra-

nial hypertension and impending herniation.
• Limiting hypertension after ICH reduces hematoma 

formation.
• Hypotension should be treated as hypovolemia, 

until proven otherwise.
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Hyperthermia and Hypothermia During 
Neurosurgical Procedures

Eric Tesoriero, Evgeni Brotfain, and Akiva Leibowitz

 Overview

Humans are euthermic beings, that is, critical physiologic 
functions must be maintained within a fixed temperature 
range. Any shifts from a body core temperature of 
36.6 ± 0.2 °C result in either hyperthermia or hypothermia, 
causing pathophysiologic reactions. Normal thermoregula-
tion is a highly complex process with positive and negative 
feedback systems depending on input from nearly every tis-
sue of the body and several well-identified response mecha-
nisms. While the hypothalamus and skin are identified as 
having the major role in thermal regulation, nearly every 
tissue of the body is involved in the process. When thermal 
stresses arise from the environment, changes in skin tem-
perature occur prior to changes in core temperature. When 
thermal stresses arise from alterations in heat production by 
the body, changes in core temperature occur prior to 
changes in skin temperature. In either case, thermal gradi-
ents are established between the skin and the body core. In 
the neurosurgical patient, a combination of environmental 
factors and endogenous thermal dysregulation may result 
in hypothermia. When hyperthermia occurs, it must be 
quickly addressed, particularly in patients with neurologi-
cal injury or disease.

Processing of thermoregulatory information occurs in 
three phases:

• Afferent input: Temperature-sensitive neurons in the ante-
rior hypothalamic-preoptic area and the spinal cord trans-
mit and integrate afferent sensory inputs from the core 
and the skin, in response to excessive cold and heat. 
Information is transmitted in distinct neural fibers via 
multiple spinal tracts to the hypothalamus.

• Central control: Most of the processing takes place in the 
hypothalamus, where input from different sites is com-
pared and integrated, and responses are regulated when 
deviation from threshold appears. Many factors influence 
the absolute threshold and normal core temperatures in 
humans. Distinguishing normal deviations from patho-
logical states is of major importance. Table  46.1 lists 
some of the major contributors to threshold and core tem-
perature variation. The interthreshold range is bounded by 
sweating on the upper end and shivering on the lower end; 
perturbations of 0.2 °C do not typically trigger an auto-
nomic response.
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Table 46.1 Factors influencing the threshold

Factor Effect
Drugs and 
substances

Norepinephrine, dopamine, 
5-hydroxytryptamine, 
acetylcholine, prostaglandin E1, 
neuropeptides, alcohol, sedatives, 
nicotine

Mediation of 
absolute 
threshold

Gender Female >  male Female core 
temperature up 
to 1 °C >  male

Menstrual 
cycle

Further rise in 
second half of 
menstrual cycle

Circadian 
rhythm

Daily variation in core temperature Lowest 
temperatures in 
mornings

Systemic 
disease

Hypothyroidism, hyperthyroidism, 
infection
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• Efferent response: Thermal perturbations from normal 
limits activate effector responses that increase metabolic 
heat production or regulate heat convection and radiation 
to the environment. Each thermoregulatory effector has 
its own threshold and gain, so there is an orderly progres-
sion of responses and response intensities in proportion to 
need. Aside from autonomic responses, there are behav-
ioral responses that are absent in anesthetized patients. 
Table  46.2 summarizes the major autonomic effector 
responses.

 Thermoregulation During Anesthesia

Thermoregulation during anesthesia – general or regional – 
is often significantly impaired. Anesthetics may modulate 
thermoregulatory thresholds and influence effector 
responses. Other factors prevalent in the OR environment 
and in surgical procedures, such as cool environment, 
exposed body  surface, cold IV fluid replacement, cold sur-
gical irrigation fluids, and mechanical ventilation, further 
contribute to the difficulty in maintaining normothermia. 
Incidence of perioperative hypothermia is reported to be as 
high as 70% and is of major concern particularly in lengthy 
procedures. Hyperthermia is a less frequent intraoperative 
complication, but – when occurring – may have devastating 
effects in the context of central nervous system injury. 
Later in this section, mild hypothermia will be discussed as 
a controversial treatment modality in neurosurgery (see 
Table 46.3).

 Prevention: Hypothermia

Body heat redistribution following anesthesia follows a spe-
cific pattern, extensively studied by Sessler et al. (1991). A 
gross summary of this pattern is represented in Fig. 46.1.

The physician’s role is crucial in intervening in each of 
these phases, minimizing the development and extent of 
hypothermia.

 Phase 1

Redistribution hypothermia, once initiated, is extremely dif-
ficult to treat, since it is a result of heat flow from core to 
periphery (rather than cutaneous heat loss) and warming the 
core compartments is a lengthy procedure. Endogenous 
reflex mechanisms, reducing skin blood flow, and conserving 
heat production are effective in maintaining core body tem-
perature within a certain temperature range. Redistribution 
may be further minimized (but is not necessarily required) 
by the following means:

• Increasing body heat content by prewarming the patient 
preoperatively.

• Pharmacologic vasodilation preoperatively, inducing 
redistribution prior to anesthesia.

Table 46.2 Response mechanisms

Response Mechanism Other effects
Cutaneous 
vasoconstriction/
vasodilation

Metabolic heat is lost primarily through convection and radiation from the skin surface, 
and vasoconstriction reduces this loss. Thermoregulatory skin blood flow is comprised 
primarily of the cutaneous plexuses and capillary loop system which are abundant in most 
of the body surface and the arteriovenous shunt component which is found mainly in 
glabrous skin. Active vasodilation is not blocked by any known drugs

Variation in BP up to 
15 mmHg

Sustained shivering Augments heat production by 50–100%. Not fully developed in infants Blocked by anesthetics 
and neuromuscular 
blocking agents

Nonshivering 
thermogenesis

Increases metabolic heat production without producing mechanical work Activated by circulating 
norepinephrine. Blocked 
by β-blockers

Sweating Dissipation of heat mediated by postganglionic cholinergic nerves Blocked by 
anticholinergics 
(e.g., atropine)

Table 46.3 Summary of thermoregulatory alterations during general 
anesthesia

Influences of anesthesia on thermoregulation
Behavioral 
responses

Abolished

Thermoregulatory 
threshold

Significantly altered. Reduced from 37 to 
34.5 °C, interthreshold range widened to 
±4 °C, sweating threshold slightly elevated, 
and vasoconstriction threshold markedly 
lowered

Vasoconstriction Impairment of vasoconstriction response, 
primarily in AV shunts, affects redistribution of 
body heat

Shivering 
thermogenesis

Impaired by all general anesthetics, even 
without muscle blockade

Nonshivering 
thermogenesis

Primarily affects infants who depend on this 
mechanism. In adults, an insignificant 
mechanism
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• Phenylephrine-induced vasoconstriction during the first 
hour of anesthesia has been shown to decrease the extent 
of redistribution hypothermia.

 Phase 2

Most of the heat lost during this stage is due to radiation or 
convection. Endogenous mechanisms are overwhelmed and 
are no longer able to offset the redistribution. Thus, effec-
tively interrupting these pathways has been found to be 
effective in minimizing heat loss. Approximately 90% of 
body heat is lost via the skin surface. The remaining body 
heat is mostly lost via surgical incisions and cold IV fluid 
administration. Another source of heat loss is through res-
piration, although it is not of clinical significance. In neuro-
surgical cases involving large incisions or massive fluid 
shifts, heating IV fluids has a greater significance. 
Cutaneous insulation and warming remain the mainstay of 
preventing perioperative hypothermia and include the 
following:

• Raising ambient temperature: This minimizes heat lost to 
radiation. Often, controlling ambient temperature may be 
impractical, as the ambient temperature necessary may 
reach levels uncomfortable to the scrubbed-in surgical 
team (e.g., 23–26 °C for an infant patient and >30 °C for 
burn surgery).

• Cutaneous warming: Passive insulation is highly effec-
tive. A single layer of cotton blankets or surgical drapes 
reduces heat loss by as much as 30%, while the effective-
ness of subsequent layers decreases. Heat preservation is 
proportional to the body surface area insulated. This is 
important with respect to infants whose proportions are 
different from those of adults (i.e., covering the head may 
be of significance.).

• Active warming: Two main methods are used clinically 
for active warming  – forced warm air and circulating 
heated water. Since 90% of heat loss is via skin surface, 
cutaneous heating is an efficient way of elevating core 
body temperature. Thermoregulatory vasoconstriction 
impairs heat flow from the periphery to core and poses a 
difficulty in warming unanesthetized hypothermic 
patients efficiently. Therefore, active warming is best 
when applied to vasodilated anesthetized patients. 
Numerous studies have shown use of forced warm air to 
be superior to circulating hot water systems, albeit some 
studies demonstrate quicker heating with circulating 
water systems. When used, circulating hot water systems 
should be applied on top of the patient rather than under-
neath, as most foam mattresses provide good insulation 
and patient weight impairs cutaneous blood flow and 
increases risk of burns.

• Heated IV fluids: Heated IV fluids (limited to 40 °C) are 
not sufficient to maintain normothermia in anesthetized 
patients. Nevertheless, in cases involving large fluid 
shifts, extensive blood loss, or extremely long procedures, 
heated IV fluids provide some protection against develop-
ment of hypothermia associated with cool IV fluid 
administration.

• Warmed and humidified gasses: As this route of heat loss 
is negligible in adults, there is no significant benefit of 
warming inspired gasses. Infants might have some bene-
fit, as this route is somewhat more significant for them.

 Crisis Management: Hypothermia

Managing hypothermia, once initiated in the intraoperative 
period, includes temperature monitoring and adequate warm-
ing. Complications of hypothermia should be sought and 
treated as indicated.

Fig. 46.1 Phases of 
intraoperative heat loss
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 Monitoring Sites

Temperature can be measured from a variety of sites. The 
gold standard of temperature measurement is intravascular 
measurement (pulmonary artery catheter or central arterial 
catheter). Other sites where temperature can be measured 
include central (urinary bladder, esophageal, rectal, nasopha-
ryngeal) or peripheral (tympanic, temporal artery thermom-
eter, axillary, oral, forehead). The accuracy of peripheral 
temperature monitoring sites is less accurate in both hypo-
thermia and hyperthermia.

Table 46.4 summarizes the different temperature monitor-
ing sites.

 Complications of Perioperative Hypothermia

Perianesthetic hypothermia produces potentially severe 
complications. The controversial benefits of mild hypother-
mia in the neurosurgical setting will be discussed further 
below.

 Wound Infection and Healing
Wound infection and impairment of healing are among the 
most common serious complications of anesthesia and sur-
gery, known to increase morbidity and lengthen hospital 
stay, and have been shown to be reduced when normothermia 
is maintained.

 Coagulation
Coagulation is impaired in hypothermic patients and is 
thought to be mainly a result of a decrease in activity of clot- 
activating factors. Other mechanisms shown to be impaired 
include platelet function and the fibrinolytic system. Two 
points should be kept in mind:

• Platelet count is not affected.
• Routine coagulation studies will usually result in normal 

coagulation function, as these tests are performed rou-
tinely in an environment of 37 °C.

 Adverse Myocardial Events
Mild hypothermia has been shown in some studies, to 
increase the risk of postoperative adverse myocardial events 
threefold. Particular care should be taken with patients suf-
fering from preexisting cardiac ischemic disease and elderly 
patients.

 Drug Metabolism
Drug metabolism is decreased by hypothermia, and postan-
esthetic recovery is prolonged. The effect of hypothermia 
differs from drug to drug and is listed in Table 46.5.

 Postoperative Shivering
Patients report shivering and thermal discomfort as their 
worst experience of the perioperative period, even worse 
than surgical pain. Of particular interest in neurosurgery, 
shivering increases ICP and intraocular pressure, in addi-
tion to stretching surgical incisions and interrupting moni-

Table 46.4 Major temperature monitoring sites

Monitoring site Reliability Advantages Disadvantages
Pulmonary artery catheter Gold standard. Reflects core 

blood temperature
Accurate Highly invasive

Impractical in most clinical scenarios
Distal esophagus Reliable, accurate Reliable, easy to use, accessible Sensitive to site of placement. 

Malpositioning leads to false recordings
Nasopharynx and tympanic 
membrane

Reflects core brain 
temperature. Infrared aural 
canal thermometers 
inaccurate

If properly placed – reflects 
temperature reliably. Accessible

Tympanic membrane thermometer must be 
directly parallel to tympanic membrane. 
Positioning might be difficult. Risk of 
eardrum perforation

Bladder Close approximation to core 
temperature

Tolerable by awake patients Accuracy varies with urine output

Rectal Close approximation to core 
temperature

Tolerable by awake patients. 
Easily accessible site

Presence of stool and bacteria may falsely 
elevate temperature. Temperature changes 
lag behind core temperature changes

Skin Inaccurate. Many 
confounding conditions

Simple, accessible Confounded by ambient temperature, 
redistribution, and vasomotor tone

Table 46.5 Effect of hypothermia on drug metabolism

Drug class Effect
Neuromuscular 
blocking agents

Mainly pharmacokinetic effect. Onset of action 
delayed. Prolonged duration. Recovery 
minimally affected. Vecuronium affected more 
than atracurium. Efficacy of neostigmine not 
altered

Inhaled 
anesthetics

Pharmacodynamic effect. Solubility increases. 
Decrease in MAC of 5% for every °C

Propofol Increase in plasma concentration of 30% when 
temperature decreased by 3 °C
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toring devices. Incidence is as high as 40%, but decreases 
when patients are normothermic and larger doses of opioids 
are used intraoperatively. Shivering may increase meta-
bolic rate and oxygen consumption by 200%, but currently 
is not thought to contribute significantly to the adverse 
myocardial events.

The approach to postoperative shivering should include 
the following:

• Skin surface warming: Shivering threshold is dependent 
on core and mean skin temperature. Thus increasing the 
skin temperature will decrease shivering through aug-
mentation of the cutaneous warm input. Skin warmers 
increase mean skin temperature by only a few degrees, 
and thus it is important to raise core temperature >35 °C, 
for augmentation of warm input to be efficient and to pre-
vent shivering.

• Drugs: Meperidine (25–50 mg IV) is considerably more 
effective in treating shivering than equianalgesic doses of 
other μ-agonists, and this may be attributed to its effect on 
κ receptors and other non-opioid sites of action. Other 
proposed treatments include clonidine (75–150  μg IV, 
most probably by reducing vasoconstriction and shivering 
thresholds), ketanserin (10  mg IV), tramadol (1–2  mg/
kg), physostigmine (0.04 mg/kg), and magnesium sulfate 
(30 mg/kg).

 Therapeutic Hypothermia in Neurosurgery

The decrease in metabolic rate and oxygen demand has 
led researchers and clinicians to postulate that hypother-
mia might have beneficial effects on neurological out-
comes, in a vast array of situations involving cerebral 
ischemia and brain trauma. While numerous studies have 
shown mild hypothermia to provide protection against 
cerebral ischemia and hypoxemia in animal species, the 
only benefit proven in humans, in some studies, is on the 
neurological outcomes following ventricular fibrillation 
cardiac arrest.

 Global Ischemia
Early studies had shown improved neurologic outcomes and 
reduced mortality in comatose survivors of ventricular fibril-
lation cardiac arrest treated with mild hypothermia (32–
34 °C) for a period of 12–72 h. More recently the Targeted 
Temperature Management trial demonstrated that hypother-
mia at 33 °C compared to 36 °C for 36 h did not alter mortal-
ity or neurologic outcome. The benefits of therapeutic 

hypothermia may not have been from hypothermia per se but 
rather from avoidance of hyperthermia. Thus, current litera-
ture supports limiting therapeutic hypothermia to 36 °C, fol-
lowing cardiac arrest.

 Intracranial Aneurysms
A randomized trial found no benefit to intraoperative hypo-
thermia in patients undergoing craniotomy for aneurysm 
clipping (Todd et al. 2005). A number of studies show some 
possible benefit of hypothermia as a last resort treatment 
for carefully selected subgroups of patients suffering from 
refractory intracranial hypertension and/or cerebral vaso-
spasm following aneurysmal subarachnoid hemorrhage. 
However, the complications of hypothermia are very com-
mon including increased rates of nosocomial infections and 
septic shock, hypernatremia, hyperkalemia, and thrombo-
cytopenia. Upon rewarming, one must be diligent to moni-
tor for further complications including vasodilatory shock 
and hyperkalemia. Thus, therapeutic hypothermia is not a 
recommended treatment in this group of patients.

 Traumatic Brain Injury
Hypothermia as a protective mechanism in traumatic brain 
injury is under debate. It has been shown to decrease 
ICP. Some studies have been able to show some benefit in 
particular subgroups of the study. Recent investigations have 
not demonstrated overall beneficial effect of hypothermia on 
outcomes of traumatic brain injury.

 Utilizing Therapeutic Hypothermia

While therapeutic hypothermia in neurosurgery is not gener-
ally indicated, should the risk benefit profile of therapeutic 
hypothermia be appropriate, there are several important 
considerations.

Opposing thermoregulatory responses to hypothermia: 
This means providing adequate sedation, anesthesia, and 
potentially neuromuscular blockade to prevent shivering.

• Cooling techniques: There is a wide variety of techniques, 
invasive and noninvasive. The most appropriate technique 
should be selected.

• Rewarming: While there is no consensus on the ideal time 
or rate for rewarming patients, an accepted rate of rewarm-
ing is 0.5 °C/h. When hypothermia is prolonged, rewarm-
ing may be as gradual as 1 °C/day.

• Increased diligence for potential complications of 
hypothermia.
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 Overview: Hyperthermia

Even a mild elevation in brain temperature may be detrimen-
tal to the hypoxic, ischemic, and injured brain. Hyperthermic 
states may be caused by a wide variety of clinical disorders 
which can be divided into two major groups: (1) controlled 
hyperthermia, resulting from a deviation of thermoregula-
tory set points and thresholds, and (2) uncontrolled hyper-
thermia, resulting from impaired thermoregulatory responses 
or excessive heat production. Table 46.6 lists major causes of 
hyperthermia.

Numerous studies have found pyrexia to be associated 
with increased mortality and morbidity after stroke. Early 
fever is associated with a poor Glasgow Coma Scale score 
in traumatic brain injury patients. Hyperthermia may 
potentially worsen vasospasm-mediated brain injury, in 
patients suffering from subarachnoid hemorrhage. Several 
studies have shown hyperpyrexia to be an independent risk 
factor, predicting worse outcomes in TBI, SAH, and isch-
emia. Blood in the cerebrospinal fluid induces fever in 
experimental models, and temperature is thus a possible 
marker for the primary severity of the hemorrhage. The 
harm associated with hyperthermia is a result of direct cel-
lular toxicity (i.e., deterioration of mitochondrial activity 
and alterations of enzymatic reactions and cell membrane 
instability). Cellular effects may progress to widespread 
organ pathophysiologic reactions. Muscle damage, degen-
eration, and necrosis are direct results of extreme heat pro-
duction and are associated with significant elevation in 
muscle enzymes. Cardiovascular effects caused by ele-
vated core body temperature are associated with elevated 

Table 46.6 Major causes of hyperthermia

Increased heat production Impaired heat loss
Surgical and medical 
conditions Drugs

↑Metabolic rate Environmental (high ambient temperature and 
humidity)

Hypothalamic bleeding Anticholinergics
Fever Monoamine oxidase 

inhibitorsHeat stroke
Thyrotoxicosis, thyroid storm Excessive heating Fourth ventricle bleeding Serotonin releasers

Cardiovascular disease CNS lesions
Pheochromocytoma Hemispherectomy Serotonin reuptake 

inhibitorsDrugs: amphetamines, 
hallucinogens

Hypokalemia Infectious etiology
Dehydration Meningitis Amphetamines

Malignant hyperthermia Old age Encephalitis MDMA
Skin disease Cerebral abscess LSD

Neuroleptic malignant syndrome Cystic fibrosis Subdural empyema Tricyclic antidepressants
Medullary abscess
Sepsis Analgesics
Intraparenchymal 
hemorrhage

Antihistamines
Phenothiazines

Subarachnoid hemorrhage Butyrophenones
Thiothixenes
Anti-Parkinsonian agents
β-Blockers
Alcohol

Key Points
• Shifts from a body core temperature of 36.6 ± 0.2 °C 

result in hyperthermia or hypothermia, causing 
pathophysiologic reactions, setting off a variety of 
response mechanisms. General anesthesia impairs 
normal regulation significantly.

• Effector mechanisms preventing hypothermia 
include vasoconstriction, shivering thermogenesis, 
and nonshivering thermogenesis.

• Factors contributing to hypothermia which may be 
modified include OR ambient temperature, drugs, 
exposure, and duration.

• Core body temperature monitoring is extremely 
important and is reliable when monitored in one of 
the five sites – pulmonary artery, distal esophagus, 
nasopharynx, tympanic membrane, and bladder.

• Intervention in three phases of hypothermia is cru-
cial: Phase 1, minimizing redistribution hypother-
mia; Phase 2, minimizing heat loss due to radiation 
or convection; and Phase 3, monitoring and preven-
tion of hyperthermia in the vasoconstriction phase.

• Passive insulation and active warming are the main-
stay of maintaining normothermia.

• Perioperative hypothermia causes a variety of sys-
temic complications and should be avoided. 
Evidence advocating permissive hypothermia in 
neurosurgery is limited.

• Meperidine is the opioid of choice for treatment of 
postoperative shivering.
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cardiac output due to a several fold increase in skin blood 
flow, leading to an increase in demand and diminished 
peripheral vascular resistance (secondary to vasodilation 
and dehydration) and tachyarrhythmias (sinus tachycardia, 
SVT, and also VT/VF). High-output cardiac failure and 
heat-induced myocardial damage often lead to various 
degrees of systemic hypotension.

CBF and CMR are increased by elevated body tempera-
ture (between 37 and 42 °C), but above 42 °C cerebral oxy-
gen consumption decreases due to cellular enzymatic 
degradation. Uncoupling of CNS metabolism may lead to 
further damage if CBF is compromised and may have delete-
rious effects on the noncompliant brain by raising ICP. Other 
effects of hyperthermia on the injured and ischemic brain 
include direct brain and spinal cord toxicity associated with 
cell death, alterations in membrane stability, enzyme func-
tion and neurotransmitter release, blood-brain barrier disrup-
tion, cerebral edema and local hemorrhage, seizure/
epileptiform discharges, and increased peritumoral edema. 
These processes may lead to stupor or coma. In conscious 
patients, ataxia, dysmetria, and dysarthria may be seen. 
Hyperthermia and impaired brain autoregulation may 
increase the risk for cerebral hypoperfusion during periods 
of hypotension and likewise in the setting of hypertension, 
development of vasogenic edema, vascular engorgement, 
and worsening of intracranial hypertension during periods of 
hypertension.

Hyperthermia can cause acute renal failure (incidence 
5%) secondary to dehydration, hypotension, and rhabdomy-
olysis. Acute tubular necrosis with moderate proteinuria is 
more common. In the gastrointestinal tract, hyperthermia 
frequently leads to ischemic ulcerations that may result in 
bleeding, elevated liver enzymes, cholestasis, and hepatic 
necrosis. Table 46.7 summarizes the major clinical and labo-
ratory manifestations of hyperthermia.

 Prevention: Hyperthermia

Core body temperature should be measured continuously 
throughout the entire perioperative period. Core temperature 
is best reflected by monitoring in a site that reflects central 
temperature: intravascular, distal esophagus, nasopharynx, 
and bladder. Rectal temperature tends to lag behind core 
body temperature.

 Crisis Management: Hyperthermia

Hyperthermia is suggested by recording above normal core 
temperature. The diagnosis is confirmed by history and 
physical examination of the patient. A thorough examination 
and diagnostic evaluation for all vital signs (pulse, blood 
pressure, oxygenation, ETCO2, arterial blood gas analysis) 
should be conducted to identify the cause of hyperthermia. 
Differential diagnosis must include the most common causes 
of hyperthermic state (Table 46.7). While the most common 
cause of hyperthermia is benign, caused by excessive insula-
tion and heating, the more sinister etiologies must be consid-
ered as well.

Hypothalamic tumors or intraoperative brain hemorrhage 
may produce hyperthermia by elevating core body tempera-
ture and may be distinguished from heat stroke or severe 
infection, by noting associated clinical conditions such as 
diabetes insipidus and anhydrosis. Central nervous system 
infections are characterized by relevant history, clinical 
signs, and elevated enzyme and white cell count in CSF.

While the underlying cause of hyperthermia should be 
sought, symptomatically correcting fever in the brain- 
damaged patient is warranted, minimizing damage and 
improving outcomes. While the ideal method of cooling is 
not known, treating pyrexia with antipyretics and external 
cooling is recommended. Disadvantages of physical cooling 
include patient discomfort, limited effectiveness, and eleva-
tion of CMR and catecholamine levels  – particularly in 
instances of “controlled” fever. Some evidence exists, dem-
onstrating advantages in pharmacologic control of hyperpy-
rexia in brain-injured patients.

Malignant hyperthermia is a rare but fatal phenomena 
encountered in anesthesia. Most commonly, it occurs under 
severe stress and after administration of triggering anesthetic 
agents (most notable – volatile anesthetics and succinylcho-
line). Several reports have associated brainstem hemorrhage 
with MH like symptoms. Hyperthermia is usually a late sign 
and is preceded by masseter muscle contraction, tachyar-
rhythmia, combined respiratory and metabolic acidosis, 
muscle rigidity, and hypertension. Aberrations in calcium 
homeostasis may contribute to increased neuronal damage. 
The cerebellum has been noted to be particularly vulnerable. 
Neuroleptic malignant syndrome may be diagnosed by 

Table 46.7 Clinical and laboratory manifestations of hyperthermia

Clinical manifestations
Cardiovascular effects Tachyarrhythmia, various degree of 

systemic hypotension
Neurologic effects Ataxia, dysmetria, dysarthria, profound 

stupor, coma, and seizures
Respiratory Pulmonary edema, ARDS
Renal failure Acute tubular necrosis, renal failure
Muscle Degeneration and necrosis, rhabdomyolysis
Gastrointestinal Bleeding, elevated liver enzymes, 

cholestasis, and hepatic necrosis
Laboratory tests
White blood cell count Elevated
Coagulation DIC
Electrolytes, 
chemistry, hormones

Hyperglycemia, elevated serum cortisol, 
growth hormone, and aldosterone levels
Hypokalemia, mild hypophosphatemia, and 
hypocalcemia
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 history of use of neuroleptic agents (butyrophenones, pheno-
thiazines, thioxanthenes, dopamine-depleting agents, and 
others). A wide variety of other drugs not included in this 
category have been suspected to cause hyperthermia as well. 
Several reports have shown TBI patients to have greater risk 
of developing NMS following treatment with haloperidol, 
and particular attention should be given to early detection. If 
malignant hyperthermia is suspected, discontinue the trig-
gering agent, and dantrolene must be administered as soon as 
possible (IV dantrolene sodium 1–10 mg/kg). Forced diure-
sis and hemodialysis may be indicated to treat rhabdomyoly-
sis and renal failure. Supportive therapy aimed at treating 
systemic disturbances (tachyarrhythmias, hypotension, 
decreased urine output, and metabolic acidosis) associated 
with hyperthermia should be initiated. Continuously moni-
toring arterial blood gas analysis, urine output, and serum 
electrolytes are critical in the management of the acute 
crisis.

Treatment of hyperthermic disorders depends on the eti-
ology of underlying cause. The following approach is sug-
gested (Fig. 46.2).
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may be an indicator of a life-threatening 
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Challenges Associated 
with Perioperative Monitoring During 
Neurosurgery

Viraat Harsh, Shankar P. Gopinath, 
and Claudia S. Robertson

 Overview

The Monro-Kellie doctrine states that the sum of volume of 
the brain, blood, and cerebrospinal fluid (CSF) is constant 
and an increase in one should cause a decrease of either or 
both of the remaining two. An increase in any intracranial 
constituent or development of a mass lesion beyond the abil-
ity of the other components to acclimate in volume will 
result in raised ICP. Early recognition of intracranial hyper-
tension and timely intervention significantly decreases the 
morbidity and mortality in these patients. Ventriculostomy or 
intraparenchymal catheters may be used to monitor ICP in 
such patients.

Measures of cerebral oxygenation, such as jugular venous 
oxygen saturation (SjvO2) or brain tissue pO2 (PbtO2) help in 
estimating the adequacy of cerebral blood flow (CBF) rela-
tive to cerebral metabolic requirements. These parameters of 
cerebral oxygenation assist in distinguishing between low 
CBF (25–30 ml/100 g/min) from hypoperfusion (decreased 
oxygenation) and that from decreased metabolic requirement 
(normal oxygenation). SjvO2 reflects the residual oxygen 
after oxygen has been extracted from the blood in the brain, 
whereas PbtO2 gives an estimate of the average tissue pO2 in 
the vicinity of the electrode. For neuromonitoring, change in 
the values of these parameters is more important than their 
isolated readings or the absolute values of CBF.

 Intracranial Pressure Monitoring

 Background

ICP management is the cornerstone in the perioperative 
monitoring of a neurosurgical patient. Both invasive and 
noninvasive methods of ICP monitoring are available 
(Table 47.1). Challenges with ICP monitoring are summa-
rized in Table 47.2.
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Table 47.1 ICP monitoring techniques

Technique Advantages Disadvantages
Ventriculostomy Allows for 

therapeutic drainage 
of cerebrospinal 
fluid

High risk of infection, 
hemorrhage and blockage

Allows for drug 
administration

Difficult placement and 
chance of malpositioning

Resetting and 
recalibration 
possible
Measure of global 
intracranial pressure

Intraparenchymal 
catheter

Easier to place (in 
patient with small 
ventricles or midline 
shift)

Does not allow for 
therapeutic drainage and 
hence not indicated in 
hydrocephalus

Reflects local 
intracranial pressure

Cannot withdraw 
cerebrospinal fluid for 
cultureNo chance of 

occlusion
Minimal 
neurological damage

Resetting and 
recalibration not possible; 
exhibit drift with time
More expensive
Inaccurate if 
intraparenchymal 
gradient exists

Noninvasive 
methods

Economical Low accuracy
No risk of infection 
or hemorrhage

High inter-examiner 
variability

Good as screening 
technique
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Ventriculostomy is considered as the gold standard of 
ICP monitoring as it may be used for therapeutic drainage 
as well, throughout the normal and pathologic ranges of 
ICP. The ventricular end of an external ventricular drainage 
device is positioned in the frontal horn of the lateral ven-
tricle and is coupled with fluid-filled tubing to an external 
pressure transducer. This allows for resetting to zero when 
required and recalibration against an external standard. The 
alternative device, an intraparenchymal strain gauge cathe-
ter with transducer tip, is easier to insert especially in 
patients with compressed ventricles or those with a midline 
shift or brain swelling. Also, they provide more accurate 
measure of ICP as compared to fluid-coupled or pneumatic 
devices placed in the subarachnoid, subdural, or epidural 
spaces.

Noninvasive methods like fundoscopy, MRI (fat suppres-
sion sequences), transcranial Doppler ultrasound pulsatility 
index calculation, and tympanic membrane displacement 
estimation may give an idea about the ICP status but have not 
been found to be very reliable in quantifying it; still, they 
may find use in patients with coagulopathy. The low accu-
racy of noninvasive techniques of ICP monitoring makes 
them poor choice over their invasive counterparts. However, 
the method of choice for ICP monitoring must be individual-
ized for every patient keeping in mind the advantage/disad-
vantage of every technique.

Measurement of ICP allows the calculation of cerebral 
perfusion pressure (CPP), which is the driving pressure for 
cerebral blood flow. CPP is calculated as the difference 
between the mean arterial pressure (MAP) and the 
ICP. Cerebral pressure autoregulation, which is the brain’s 
ability to maintain a constant CBF over a range of blood 
pressures, can be assessed by calculating the cerebrovascular 
pressure reactivity index (PRx). PRx is the slope of a regres-
sion line comparing MAP and ICP. For patients with impaired 

pressure autoregulation (PRx > 0.13), a lower CPP target of 
50–60 mm Hg may be considered, while if pressure auto-
regulation is intact, a higher CPP target may be beneficial 
and improve ICP control. An individualized CPP target can 
be assessed using this method.

 Challenges and Management

The primary challenge in placement of a ventriculostomy 
catheter is in the localization of the ventricles. An immediate 
pre-procedure computed tomography (CT) scan will help in 
highlighting any change in the position of the ventricles or 
midline shift. In case of an intraventricular hemorrhage, the 
catheter should be placed in the contralateral lateral ventri-
cle. The Kocher’s point is the most preferred site of insertion 
of an external ventricular drain (EVD), although other ven-
triculostomy points have also been described and used. The 
stepwise procedure should be strictly followed for appropri-
ate placement of the ventriculostomy catheter and should be 
known to all neurosurgeons as this is the single most impor-
tant modifiable factor which may help in decreasing the 
complications of ICP monitoring.

When an external ventricular drainage device has been 
applied, it should be appropriately positioned to avoid over- 
or underdrainage. It is important that neither the patient nor 
the drainage device be accidently lowered or raised. It may 
be required to sedate a restless patient. Any obstruction in the 
CSF flow may lead to false ICP readings and should be 
avoided. Gentle saline flush may be attempted to clear 
clogged catheters.

In case of parenchymal catheters, they should be placed at 
locations where local pressure gradients will not adversely 
affect ICP measurement. Failure from mechanical complica-
tions (breakage/migration/displacement) may occur in up to 

Table 47.2 Summary of challenges associated with common invasive neuromonitoring techniques, and their management

Procedure Challenge Management
Intracranial pressure Placement (ventriculostomy) Pre-procedure CT, stepwise insertion

Over-/underdrainage 
(ventriculostomy)

Recalibration every time the device/patient is moved

Infection (ventriculostomy/
intraparenchymal catheter)

Aseptic techniques during catheter placement, short duration of monitoring, longer 
tunneling below scalp, use of antibiotic-impregnated catheters, removal of catheter 
on the earliest sign of infection,

Hemorrhage (ventriculostomy/
intraparenchymal catheter)

Conservative for small bleed, surgery for big bleeds

Jugular venous 
oxygenation 
saturation

False reading Placement of catheter in dominant side vein, frequent calibration
Carotid puncture and damage to 
nerves, pleura/lungs

Insertion of catheter lateral to carotid pulsation; apply local pressure for 10 min to 
stop bleeding. Ultrasound guidance helps protect nearby structures

Infection Sterile technique
Brain tissue pO2 Infection Sterile technique

Hemorrhage Conservative management, unless bleed is large enough for surgery
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5% cases. Drifts are more common in strain gauge catheters 
than fiber-optic ones.

Infection is a prominent complication and may occur in up 
to 20% of the patients. Intraventricular or subarachnoid hem-
orrhage, open skull fracture, craniotomy, systemic  infections, 
catheter manipulation, leak and frequent irrigation, and sam-
pling predispose the patient to infection. Duration of catheter-
ization correlates with an increasing risk of CSF infections 
which does not seem to be reduced by prophylactic catheter 
exchange or antibiotic use. Infection rates increase after 
5  days of EVD placement. Modern-day antibiotic- 
impregnated ventriculostomy catheters have been shown to 
reduce the risk of CSF infection to around 1%. In addition, 
longer tunneling below the scalp before exteriorization of the 
catheter has been found to lower the infection rates. All 
patients need to be closely monitored for any signs of infec-
tion, including but not limited to fever, headache, neck rigid-
ity, and deteriorating mental sensorium. CSF samples should 
be sent for culture and biochemical analysis for early diagno-
sis of infection. Appropriate antibiotics and removal of the 
catheter help in management of the infection.

Although not as frequent as ventriculitis, hemorrhage is 
an important complication of ICP monitoring. The incidence 
is higher with EVD as compared to parenchymal catheters 
and in children when compared with that in adults. Evidence 
suggests that INR ≤ 1.6 has a very low risk of hemorrhage, 
if a parenchymal catheter is placed. Most hemorrhages are 
small in size and may be managed conservatively, but large 
volume hematomas warrant urgent surgical evacuation.

 Jugular Venous Oxygen Saturation 
Monitoring (SjvO2)

 Background

SjvO2 is a measure of the saturation of oxygen in blood 
taken from a fiber-optic catheter placed in the jugular vein, 
with its tip in the jugular bulb. In an adequately perfused 
healthy brain, the SjvO2 remains between 55% and 75%. It 
reflects the residual oxygen after oxygen has been extracted 
from the blood in the brain. Lower values imply that cere-
bral blood flow has been inadequate, leading to increased 
extraction of oxygen from the blood and hence the lower 
SjvO2. Similarly, higher values indicate that the brain is not 
able to sufficiently extract the oxygen, leaving higher resid-
ual oxygen in the venous blood and hence the higher SjvO2. 
Lower values indicate cerebral hypoperfusion, whereas 
higher values indicate compromised brain function and 
possible brain injury, although small regional abnormalities 
may be missed.

 Challenges and Management

Owing to incomplete mixing of cerebral venous blood prior 
to where the sagittal sinus divides into right and left trans-
verse sinuses, SjvO2 values may significantly differ in inter-
nal jugular bulb of either side, and it is important to decide 
which bulb to cannulate. The dominant internal jugular vein 
is preferably catheterized and may be determined by the use 
of Doppler ultrasound or by comparing the ICP increase 
caused by temporary compression of either internal jugular 
vein. The side with the dominant flow will have greater ICP 
rise during compression. Frequent calibration is important to 
avoid fallacious readings.

Potential complications of SjvO2 monitoring can be 
divided into those associated with insertion of the catheter, 
including carotid artery puncture, injury to nerves in the neck 
and pneumothorax, and those associated with the catheter 
remaining in the jugular vein, including infection, an increase 
in ICP, and venous thrombosis.

Carotid puncture is the most common complication 
associated with internal jugular vein catheterization. 
However, it rarely has serious consequences, and the risk 
can be minimized by making certain that the puncture is 
lateral to the carotid pulsation and through the use of ultra-
sound to guide insertion. Most arterial punctures can be 
managed conservatively by applying local pressure for 
10 min. Other insertion complications, such as pneumotho-
rax, are relatively rarer when inserting jugular bulb cathe-
ters but might pose serious risk.

Key Points About ICP Monitoring
• Ventriculostomy catheters are preferred because 

they have diagnostic as well as therapeutic value 
(by draining CSF).

• The rate of ventriculitis can be up to 10% with ICP 
monitoring.

• Factors that reduce the risk of developing ventricu-
litis include meticulous aseptic technique in placing 
the catheter, use of antibiotic-impregnated cathe-
ters, and minimizing the duration of monitoring.

• Practices that do not reduce the risk of developing 
ventriculitis include prophylactic antibiotics and 
prophylactic changing of the catheter.

• Treatment of catheter-induced ventriculitis is 
appropriate antibiotics and removal of the catheter.

• The risk of intracranial hemorrhage from ICP moni-
tor placement is low (1–2%) but may require surgi-
cal evacuation if the hematoma is large.

• Normal resting value: <10 mmHg
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Line sepsis is a complication that is commonly associated 
with all types of indwelling catheters. Most studies have 
reported an overall rate of 0–5 episodes of infection per 100 
catheters. Proper sterile technique in the placement and 
maintenance of the jugular bulb catheter should be observed 
to minimize this risk.

ICP can be increased by maneuvers that obstruct venous 
return from the brain, and concerns that a catheter in the 
jugular vein might raise ICP have been addressed. The 4F 
or 5F catheter used for SjvO2 monitoring is quite small 
relative to the lumen of the internal jugular vein, especially 
when the dominant vein is cannulated and does not signifi-
cantly raise ICP.

Non-obstructive, subclinical thrombus in the internal jug-
ular vein has been observed in up to 40% of patients under-
going bulb catheterization. Symptomatic thrombosis of the 
internal jugular vein is very uncommon with jugular bulb 
catheters but could have serious consequences. Depending 
on the normal flow to the thrombosed internal jugular vein, 
the obstruction could impair venous return from the head and 
elevate ICP.

 Brain Tissue pO2 Monitoring

 Background

Monitoring of partial pressure of brain tissue oxygen (PbtO2) 
is now increasingly being used for early recognition and pre-
vention of hypoxic cerebral events. An intraparenchymal 
Clark-type pO2 sensitive electrode attached to a microcathe-
ter measures pO2 over an area of 13 mm2 and gives an esti-
mate of the average tissue pO2 in the vicinity of the electrode. 
In the normal brain tissue, continuous or intermittent PbtO2 
values represent global brain oxygenation. In the injured 
brain, however, the PbtO2 values may only represent the 

 tissue pO2 in the area of the brain surrounding the catheter, so 
it is important to understand the nature of the tissue where 
the catheter is placed. Normal PbtO2 is said to be between 23 
and 35 mmHg. Values less than 20 mmHg represent a com-
promised brain, and PbtO2 values of <15 mm Hg often pre-
dict poor outcome. Preliminary evidence suggests that PbtO2 
may be used to guide therapy and gives accurate data for up 
to 10 days with measured response to interventions.

 Challenges and Management

The most important factor while monitoring PbtO2 is decid-
ing where to position the catheter. In the normal brain, min-
ute changes in the hypoxic area may be missed, while PbtO2 
values from a catheter placed in the injured brain will not be 
representative of the whole brain oxygenation. Temperature 
probe placed along with the PbtO2 catheter helps in estimat-
ing the temperature-corrected values of PbtO2.

Risks associated with PbtO2 monitoring are those integral 
to any intracranial catheter placement, i.e., infection and 
hemorrhage; however, owing to their smaller diameter 
(<0.5 mm), PbtO2 catheters pose lower risk of hemorrhage 
than do EVDs. Shorter duration of catheter placement and 
use of aseptic measures while catheter placement decrease 
the risk of infection.
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Key Points About SjvO2 Monitoring
• SjvO2 monitoring provides a continuous measure of 

the adequacy of cerebral perfusion relative to cere-
bral metabolic requirements.

• The dominant internal jugular vein should be can-
nulated for SjvO2 monitoring.

• Insertion complications, such as carotid puncture 
and pneumothorax, can be minimized by the use of 
ultrasound guidance.

• Nonocclusive thrombosis of the internal jugular 
vein occurs in up to 40% with jugular bulb catheters 
but is rarely symptomatic.

• Normal value: 55–75%

Key Points About PbtO2 Monitoring
• PbtO2 catheters give a local measure of tissue pO2 

in the brain around the tip of the catheter.
• When the PbtO2 catheter is in relatively normal 

brain, the pO2 values reflect global cerebral 
oxygenation.

• In the injured brain, the pO2 values reflect the local 
tissue oxygenation near the tip of the catheter.

• Complications of PbtO2 catheters are similar to ICP 
catheters, but the risk of hemorrhage is probably 
lower because of the smaller diameter of the 
catheter.

• Normal value: 23–35 mmHg
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Unintended Wake-Up During 
Neurosurgery

Chris C. Lee, Tian-Long Wang, and Susan Ironstone

 Overview

Neurosurgical patients are at increased risk for the occur-
rence of light anesthesia for several reasons. Many proce-
dures wax between minimal and intense stimulation, given 
that the scalp, dura, and cranial nerves carry pain fibers, 
while the brain itself is insensate. Due to the desire for a 
prompt awakening, longer-acting agents and high dosages 
of anesthetic/analgesics are often avoided. However, these 
patients may also be at increased risk due to tolerance (from 
chronic benzodiazepine or opioid use) and/or enzymatic 
induction of the P450 system, such as caused by antiepilep-
tic medications. Therefore, effect and duration of action 
of  muscle relaxants, opioids, and other agents may be 
decreased.

The anesthesia provider must pay close attention to anes-
thetic depth, administration of analgesics, and level of stimu-
lation in order to avoid unintended patient arousal. Prevention 
is key; however, early recognition and treatment of light 
anesthesia are important to minimize complications.

 Prevention

Attention to anesthetic depth is critical. The provider must 
ensure that the patient is adequately anesthetized and has 
appropriate analgesia for the procedure being performed. 
Intraoperative hypertension and/or tachycardia should 
prompt an immediate reassessment of the patient with con-
sideration toward light anesthesia.

Stimulating events must be anticipated. Examples include:

• Laryngoscopy and intubation
• Pinning
• Surgical incision, manipulation of scalp wound
• Surgical manipulation of dura
• Manipulation of cranial nerves
• Request from surgeon for Valsalva maneuver.

Special care should be taken to confirm that the patient 
has adequate anesthesia and analgesia prior to these events. 
It is prudent to deepen the anesthetic and/or give a bolus of 
opioid (e.g., IV fentanyl 50–100 mcg or alfentanil 10 mcg/
kg) prior to events such as pinning and start of surgery. Nerve 
blocks of the cutaneous nerves of the scalp administered pre-
operatively, or local anesthetic infiltration of pin sites may 
also be helpful in attenuating hemodynamic response.

Uses of proprietary EEG-based systems such as the BIS 
monitor have been studied extensively as devices to pre-
vent intraoperative awareness. Although it appears that 
these monitors may not be as effective as adhering to end 
tidal anesthetic concentration monitoring protocols, they 
are still recommended when the patient is receiving a total 
intravenous anesthetic (TIVA), as the incidence of aware-
ness is likely to be higher among patients undergoing this 
type of anesthesia. Because there is a 20–30 seconds lag 
time in conversion of EEG data to BIS index, these moni-
tors should still not be relied upon exclusively to monitor 
anesthetic depth or to predict patient response to a noci-
ceptive stimulus but may be useful for following trends. As 
movement by anesthetized patients in response to surgical 
stimulus is primarily mediated via the spinal cord, cortical 
EEG-based monitors are unable to effectively predict 
patient movement.

Adequate analgesia is essential for the prevention of 
hemodynamic responses, coughing/straining, and other 
movement. Short-acting opioids (remifentanil, alfentanil, 
and fentanyl) may be preferable for allowing a rapid 
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 emergence at the conclusion of surgery or a planned intraop-
erative wake-up. Continuous infusion of remifentanil has 
been demonstrated to decrease movement in non-paralyzed 
patients during craniotomy in a dose-dependent manner. 
Dexmedetomidine  (0.2–0.7 mcg/kg/h) can also be a useful 
anesthesia adjunct for its sedative, sympatholytic, and opioid 
sparing properties. Dexmedetomidine has been demon-
strated to improve perioperative hemodynamic stability in 
patients undergoing craniotomy.

Pharmacologic paralysis with non-depolarizing muscle 
relaxants is preferred for patients when pinned, especially 
for intracranial surgery, unless precluded by neuromonitor-
ing techniques such as transcranial motor evoked potentials, 
EMG, or planned intraoperative wake-up. Due to the risk to 
the patient from coughing and movement in pins, paralytic 
drugs can provide an additional margin of safety. When para-
lytics must be avoided, adequate analgesia is imperative as is 
strict attention to detail. For non-paralyzed patients, espe-
cially while pinned, an intravenous anesthetic (such as a 
syringe of propofol) should be immediately available to 
deepen the depth of anesthesia.

Conclusion of surgery and emergence from anesthesia 
require special attention to timing to prevent an early wake-
 up. This is of particular importance when the patient is in 
pins, positioned other than supine, and/or the anesthesia pro-
vider has limited access to the patient’s airway. Premature 
discontinuation of anesthetics and/or administration of neu-
romuscular reversal, especially before pins are removed, can 
place patients at risk.

 Crisis Management

 Pathophysiology and Clinical Presentation

Neurosurgical patients are at increased risk for complica-
tions secondary to unintended wake-ups due to multiple 
reasons:

• Positioning – Movement while in pins can result in cervi-
cal spine injury or dislocation of pins. Change in position 
can also interfere with neuroimaging/navigation systems 
such as STEALTH or intraoperative MRI. As the anesthe-
sia provider often has limited access to the patient after 
surgery start, patient movement can risk loss of airway, 
lines, or monitors.

• Increased ICP – Coughing and straining result in increased 
ICP by the transmission of increased venous pressures. 
Increased ICP may lead to herniation syndromes within 
the closed skull or produce a bulging brain or frank her-
niation through a craniotomy.

• Bleeding – Perioperative hypertension has been shown to 
be associated with intracranial hemorrhage following cra-
niotomy. Bulging or herniation through a craniotomy may 
also result in a hemorrhagic brain. Coughing/straining 
and hypertension can all increase the danger of aneurys-
mal rupture in at-risk patients.

• Cerebral hyperemia – Hypertension and tachycardia con-
tribute to cerebral hyperemia which may worsen cerebral 
edema and contribute to bleeding risk.

• Direct tissue injury by in situ surgical instruments during 
unexpected movement.

• Cardiovascular complications.
• Intraoperative awareness.

 Patient Assessment

Light anesthesia typically presents as hypertension, tachy-
cardia, and possibly movement in patients without signifi-
cant pharmacologic paralysis. The occurrence of any of the 
above should prompt an immediate reassessment of the 
patient and should be directed toward rapid differentiation of 
light anesthesia from other potential causes. As many patients 
receive beta-blockers and other antihypertensives, these 
early signs of light anesthesia may not be present in some 
patients, making it very difficult to predict when a patient 
may move. Other patients have exaggerated hemodynamic 
responses to anesthesia and may not maintain a reasonable 
blood pressure at target values of either intravenous or 
inhaled agents.

 Differential Diagnoses

• Light anesthesia/pain
• Increased ICP (hypertension)
• Cerebral ischemia
• Drug effect
• Volume depletion/blood loss and anemia (tachycardia)
• Essential – hypertension
• VAE (tachycardia)
• Seizure
• Electrical stimulation of motor cortex.

Clinical suspicion of light anesthesia should trigger an 
assessment of the current anesthetic regimen/dosage, opioids 
administered, and level of stimulation.

• Check the vital signs. Hypertension and tachycardia gen-
erally accompany light anesthesia but should be limited 
due to risk of complications.
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• Check that the patient is receiving the planned anesthetic 
regimen: vaporizer full and appropriate ET agent concen-
tration for current setting, IV lines running, and intrave-
nous anesthetics being received.

• Check progress of surgical procedure with attention 
toward recent changes in the level of stimulation and like-
lihood of intracranial hypertension and/or ischemia.

• Check train-of-four ratio or other assessment of neuro-
muscular blockade.

 Intervention/Treatment

• Ask for temporary cessation of surgical stimulation and 
removal of surgical instruments (if possible).

• Intermittent mandatory ventilation can exacerbate cough-
ing in a light patient. Consider changing to a synchronous 
breathing mode, or briefly discontinue the ventilator and 
open the pop-off valve.

• Deepen the anesthesia. This can be most rapidly accom-
plished with a bolus of an intravenous agent (e.g., propo-
fol 50 mg).

• Ensure adequate analgesia. Consider additional fast- acting 
opioid administration, (e.g., fentanyl 100–200 mcg).

• Control hemodynamic response. Intravenous esmolol is 
well suited to this purpose as it is short acting and does 
not increase cerebral blood flow. Exercise caution with 
co-administration of antihypertensives and anesthetic 
bolus to avoid hypotension.

• After the patient is re-anesthetized, consider re-dosing of 
non-depolarizing muscle relaxant.

• In procedures where neuromuscular blocking agents 
would be contraindicated, the anesthesia provider may 
need to administer an infusion of a vasopressor (e.g., 
phenylephrine) so that a deeper depth of anesthesia may 
be achieved, in patients who become hypotensive from 
subanesthetic concentrations of inhaled or intravenous 
agents. Target MAP ranges should be discussed with the 
surgical team prior to the initiation of the procedure.

• Recheck patient positioning with specific attention to 
pressure points, airway, monitors, and IV access.

• Evaluate and treat for potential neurologic sequelae.
• Assess the patient postoperatively for recall. Intraoperative 

awareness has the potential to cause prolonged psycho-

logical and emotional distress. When intraoperative recall 
is deemed likely, it is important to provide explanation 
and reassurance. Follow-up and consider referral to a 
psychologist.
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Key Points
• Prevention is key. Maintain an adequate depth of 

anesthesia, and anticipate stimulating events
• Anticipate higher anesthetic requirements in at-risk 

patients
• Ensure adequate analgesia for the procedure being 

performed
• Pharmacologic paralysis is preferred for cranioto-

mies and patients in pins
• Rapid intervention in cases of light anesthesia can 

limit complications from movement, coughing, and 
hypertension

• Support hemodynamics pharmacologically when 
patient’s blood pressure will not tolerate target con-
centrations of inhaled or intravenous anesthetic 
agents.
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Cardiac Arrest/Code

Jürgen Knapp, Michael Bernhard, and Bernd W. Böttiger

 Introduction

It is not known how many patients suffer cardiac arrest and 
need to be resuscitated while in the hospital. However, fewer 
than 20% of patients who suffer from cardiocirculatory arrest 
in the hospital survive. In-hospital cardiac arrest is prevent-
able in most cases. Often patients suffer from hypoxia or 
hypotension that is not recognized and treated in time and 
leads to cardiac arrest. During and around surgery, 2 out of 
1000 patients develop myocardial infarction  – one of the 
most important causes of cardiac arrest (Table  49.1). 
Successful cardiopulmonary resuscitation (CPR) requires 
intensive practical instruction and training and good team-
work as well.

 Prevention

There is no sure means of preventing cardiocirculatory arrest. 
Thus, it is all the more important to preoperatively identify 
those patients who are at risk (e.g., coronary artery disease, 
diabetes associated with renal insufficiency) or who present 
with risk factors (e.g., perioperative myocardial infarction, 
electrolytic disturbance, Table  49.1) and to monitor these 
individuals intensively and give appropriate treatment. 

Furthermore, establishment of rapid response teams 
(RRTs) – including physicians and nurses – is recommended. 
These teams should be alerted by hospital staff at the bedside 
on the normal ward as soon as vital signs or the global clini-
cal impression of a patient deteriorates. This early interven-
tion reduces the incidence of in-hospital cardiocirculatory 
arrest.

 Crisis Management

Patients undergoing surgery and intensive care patients 
who are intubated and ventilated comprise special circum-
stances. In the following we present procedures for stan-
dard situations, particularly in the operating room and in 
the intensive care unit; however, patients are often being 
monitored continuously so that cardiocirculatory arrest is 
detected sooner and the appropriate treatment can be 
implemented earlier. In Europe CPR measures are carried 
out according to the Guidelines of the European 
Resuscitation Council (ERC) (Fig.  49.1). In North 
America, CPR measures are carried out according to the 
Basic and Advanced Cardiovascular Life Support, 
American Heart Guidelines.
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Table 49.1 Causes of cardiocirculatory arrest

Etiology Cause
Cardiac: 70–90% Myocardial infarction

Cardiac arrhythmia
Pericardial tamponade
Pulmonary embolism

Noncardiac: 10–30% Bleeding
Intoxication
Metabolic lapse/electrolytic disturbance
Suffocation
Central respiratory depression
Tension pneumothorax
Severe hypovolemia
Anaphylaxis
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Unresponsive?
Not breathing or only occasional gasps

Call
Resuscitation Team

CPR 30:2
Attach defibrillator/monitor

Minimise interruptions

Assess
rhythm

Non-shockable
(PEA/Asystole)

Return of
spontaneous

circulation

Shockable
(VF/Pulseless VT)

1 Shock

Immediately resume:
CPR for 2 min

Minimise interruptions

DURING CPR REVERSIBLE CAUSES

Immediately resume:
CPR for 2 min

Minimise interruptions

IMMEDIATE POST CARDIAC
ARREST TREATMENT

Use ABCDE approach

Controlled oxygenation and
ventilation

12-lead ECG

Treat precipitating cause
Temperature control /
therapeutic hypothermia

Ensure high-quality CPR: rate, depth, recoil Hypoxia
Hypovolaemia

Hypo-/hyperkalaemia/metabolic
Hypothermia

Plan actions before interrupting CPR

Give oxygen
Consider advanced airway and capnography
Continuous chest compressions when advanced airway in place
Vascular access (intravenous, intraosseous)

Give adrenaline every 3-5 min
Correct reversible causes

Thrombosis
Tamponade - cardiac
Toxins
Tension pneumothorax

Fig. 49.1 CRP Algorithm of the Guideline of the European Resuscitation Council
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 Clinical Presentation of Cardiac Arrest

• After 10–15 s patient is unconscious (collapse).
• After 15–45 s cerebral convulsions may develop. Cerebral 

convulsion is quite common after the occurrence of car-
diac arrest.

• After 30–120  s pupils are dilated, and the skin color is 
pale to cyanotic.

• Patient may show symptoms of the underlying disease 
(Table 49.1).

 Patient Assessment

Checking State of Consciousness, If the Patient Is Not 
Intubated
• Speak loudly and clearly to the patient (if the patient is 

not sedated or anesthetized).
• Use tactile stimulation (e.g., shake, pain stimulus).
• Call additional personnel for help.

Check Breathing
• Check breathing for no longer than 10 s.
• Do not mistake gasping for adequate breathing. Gasping 

is a typical sign of cardiac arrest.
• When in doubt, assume that breathing is inadequate and 

start resuscitation.
• If the patient is intubated: check the ventilation, airway 

patency, and the ventilator.

Checking for “Signs of Life”
• Look for “signs of life” (e.g., coughing, pressing, and 

spontaneous movement).
• Providers trained in advanced cardiac life support may 

manually palpate the carotid artery (total time for check-
ing the pulse, max. 10 s). Never palpate the two carotid 
vessels at the same time.

• If the patient shows no “signs of life” and/or no pulse can 
be felt: immediately start chest compression and face 
mask ventilation (compression–ventilation ratio: 30:2).

• If a pulse can be felt: secure airway and measure blood 
pressure.

• If the patient has invasive arterial blood pressure monitor-
ing: check monitor and arterial access.

 Medical History from Third Party

• Without delaying resuscitation measures, obtain the 
patient’s medical history from a third party in order to 
gain additional information that may reveal potentially 
reversible conditions [electrolytic disorder, intoxication 
(Table 49.2)].

• Use ultrasonography (especially echocardiography) to 
detect potentially reversible causes.

• Review the ICU documentation; check for recently per-
formed interventions (e.g., central venous catheter 
placement).

 Treatment

• Call for additional help (optimize manpower).
• Immediately start chest compressions.
• Treat potentially reversible causes.

 ECG Diagnosis

As soon as an ECG/defibrillator is available, the heart 
rhythm should be analyzed. When circulatory collapse 
occurs in the operating room or intensive care unit, monitor-
ing is already established and the check can be performed 
immediately. Four different forms of cardiocirculatory 
arrest are considered:

• Ventricular fibrillation (VF) is marked on the ECG by 
chaotic electrical activity and not clearly identifi-
able  QRS complexes of alternating amplitude and 
frequency.

Table 49.2 Potentially reversible causes and specific treatment 
options during CPR

Cause Treatment option
Hypoxia Intubation and ventilation with 100% oxygen, 

check position of the tube and exclude 
malpositioning

Hypovolemia Blood volume support and possibly surgical 
repair of the cause of bleeding

Hyperkalemia Administration of glucose and insulin (while 
monitoring serum glucose concentration and 
electrolytes), administration of calcium (while 
monitoring electrolytes)

Hypokalemia Administration of potassium (while 
monitoring electrolytes)

Hypocalcemia Administration of calcium (while monitoring 
electrolytes)

Acidosis Administer sodium bicarbonate buffer (while 
monitoring electrolytes and blood gases)

Severe hypothermia CPR and immediate extracorporeal circulation
Tension 
pneumothorax

Relieve, thoracic drainage

Pericardial 
tamponade

Pericardiocentesis (ultrasonographically 
guided)

Pulmonary 
embolism and 
myocardial 
infarction

Thrombolysis and/or PTCA, if necessary

Intoxication Administration of antidote, gastric lavage, 
hemodialysis, etc.
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• Pulseless ventricular tachycardia (pulseless VT) is 
marked by tachycardia with wide QRS complexes but 
no palpable pulse because there is no cardiac 
ejection.

• Asystole is marked by the complete lack of QRS com-
plexes on the ECG.  Artifacts may be mistaken for 
VF.  Lead defects must be excluded by changing leads, 
controlling amplitude, and controlling the cables and 
electrodes.

• Pulseless electrical activity (PEA) is characterized by 
presence of QRS complexes on the ECG and absence of 
palpable pulses (cardiac ejections).

In in-hospital emergencies asystole and pulseless electri-
cal activity represent 80% of the cases of cardiocirculatory 
arrest.

 Airway and Ventilation

• Open the airway by tilting the patient’s head back and 
using the Esmarch maneuver (head tilt, chin lift 
maneuver).

• Remove any foreign bodies and regurgitated fluid from 
the mouth and throat.

• Perform synchronized face mask ventilation: after com-
pressing the chest 30 times ventilate twice.

• Providers trained in endotracheal intubation should intu-
bate the patient as soon as reasonable to secure the airway 
and prevent aspiration. The time for endotracheal intuba-
tion should not be any longer than 30 s; if the procedure 
exceeds 30 s, it should be aborted, and face mask ventila-
tion should resume. Endotracheal intubation can be 
attempted again at the earliest after another 2 min CPR 
cycle. If the second attempt is also unsuccessful, alterna-
tive methods to secure the airways should be chosen, e.g., 
laryngeal mask.

• The basic parameters for ventilation can be found in 
Table 49.3.

• Immediately after endotracheal tube placement chest 
compression should be resumed, and the position of the 
tube must be verified by auscultation and obligatory by 
capnometry/capnography. Secure the endotracheal tube 
properly.

 Circulation

 Chest Compression

Only if chest compressions are continuously performed, ade-
quate cerebral and myocardial perfusion is achieved 
(Table 49.4). Depth of compression must be 5 cm, maximal 
6 cm.

Because chest compression is a physically very strenuous 
activity, helpers should switch with one another every 2 min.

 Defibrillation

Defibrillation represents the only effective treatment if the 
electrocardiogram indicates VF or pulseless VT.  While a 
defibrillator is retrieved, applied, and charged, CPR must be 
performed. Defibrillation should be commenced as soon as 
the defibrillator is available. Self-adhesive electrodes (so- 
called patches) should be preferred.

It is important that the mechanical CPR is resumed 
immediately after defibrillation and that the heart rhythm 
is not analyzed until after a subsequent 2  min cycle of 
CPR has been performed. The defibrillator should be 
charged at the end of the 2  min cycle of CPR, so that 
delivery of another shock would be possible with only a 
very brief interruption of chest compressions (<5 s) if VF/
pulseless VT persist. In the case of witnessed, monitored 
VF or pulseless VT give up to three quick successive 
(stacked) shocks. During defibrillation, the person who is 
defibrillating must ensure that no one touches the patient 
(“clear – all clear”).

 Administering Medications

When emergency medications are injected intravenously, 
each dose of drug should be followed by a bolus injection of 
20 ml of a 0.9% saline solution (“flush”).

Table 49.3 Ventilation for resuscitation

Ventilation parameters
Tidal volume Goal: “visible chest 

movement”
Duration of inspiration 1.0 s
Ventilation frequency 10/min
Concentration of inspired oxygen (FiO2) 1.0

Table 49.4 Chest compression

Compression parameters
Compression frequency 100–120/min
Pressure point Center of the chest
Depth of chest compression 5–6 cm
Compression–decompression ratio 1:1
Compression–ventilation ratio for 
face mask ventilation

30:2 
synchronized  =  interrupted for 
ventilation

Compression–ventilation ratio after 
intubation of the trachea or securing 
the airways using an alternative 
method (LT, CT, LM)

30:2 nonsynchronized

J. Knapp et al.



321

 Drug Administration During Resuscitation

For CPR a venous access should be established. In intensive 
care patients or in patients undergoing an intervention, a cen-
tral venous access has often already been placed before car-
diac arrest ensued, and this access should be preferred during 
CPR.  If a central venous access is not available, a secure 
peripheral vascular access is sufficient.

If only an intraosseous access is available, administra-
tion of CPR medications follows the same guidelines that 
are established for the intravenous route. An intraosseous 
access (medial proximal tibia or distal tibia) is preferred 
particularly in infants and young children if an intrave-
nous access cannot be established. The rate of success-
fully placing this access in pediatric patients is very 
high, and in rare cases an intraosseous access may be the 
only viable option in an adult patient. The endotracheal 
application of drugs is not recommended. Subcutaneous 
or intramuscular administration of drugs is obsolete dur-

ing CPR secondary to the profoundly reduced regional 
blood flow.

 Medications

Oxygen is the most important medication. An overview of 
the most common emergency drugs for CPR is presented in 
Table 49.5.

In general, blood volume substitution or fluid resuscita-
tion is not indicated, except for hemorrhagic or anaphylactic 
shock, diabetic coma, or in patients with burns.

In case of cardiovascular collapse or cardiac arrest second-
ary to an intoxication with local anesthetics, an initial intrave-
nous bolus of 1.5 ml/kg 20% lipid emulsion is recommended 
in addition to standard advanced life support. The bolus dose 
can be repeated up to three times at 5 min  intervals and can be 
followed by an infusion of 15 ml/kg/h until ROSC is achieved, 
or the patient has received the maximum of 12 ml/kg.

Table 49.5 Emergency mediations for resuscitation

Medication Effect Dosage Special features
Epinephrine Sympathomimetic, α- and 

β-receptors, increases coronary 
and cerebral perfusion pressure

1 mg i.v. after the third unsuccessful 
defibrillation attempt

Can be administered for all forms of 
cardiocirculatory arrest

1 mg i.v. as quickly as possible in 
cases of asystole or pulseless electrical 
activity repeated every 3–5 min

Amiodarone Class III antiarrhythmic 300 mg once i.v. after the third 
unsuccessful defibrillation attempt. 
Possibly repeated at 150 mg i.v. and 
subsequent chronic infusion at 
900 mg/24 h

First-line antiarrhythmic drug for VF and 
pulseless VT

Lidocaine Class Ib antiarrhythmic 1–1.5 mg/kg body weight i.v. after the 
third unsuccessful defibrillation 
attempt

Max. dosage 3 mg/kg body weight. Higher 
doses decrease possibility to defibrillate
Second line, only when amiodarone is not 
available. Do not use when amiodarone was 
given to start with

Magnesium Membrane stabilization 8 mmol  =  2 g 50% magnesium sulfate 
solution i.v.

Administration for hypomagnesemia (e.g., 
diuretic treatment and torsade-de-pointes 
tachycardia)

Sodium bicarbonate Chemical alkalization and 
buffer for acidic valence

50 mval (=50 ml sodium bicarbonate 
8.4%) i.v.

Consider for hyperkalaemia and tricyclic 
overdose in case of prolonged resuscitation 
use only based on blood gas analysis
Catecholamine flakes with concomitant 
administration via an infusion system and is 
inactivated. Thus a separate venous access is 
needed

Calcium Calcium replacement 2–4 mg/kg body weight i.v. Generally, administration of calcium is not 
recommended for CPR and only suitable in 
special circumstances
Administration for hypocalcemia, 
hyperkalemia, and intoxication with calcium 
antagonists

Thrombolytics (e.g., 
urokinase, rt-PA, 
tenecteplase)

Lysis for a thromboembolic 
event

Depending on the thrombolytic drug Administer to treat pulmonary embolism and 
other thromboembolic events on a case-by- 
case basis. For thrombolytic treatment under 
CPR, continue CPR for 60–90 min

49 Cardiac Arrest/Code
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 Resuscitation Protocol for Asystole and PEA

Asystole and PEA represent the two ECG manifestations of 
cardiocirculatory arrest without an indication for electrical 
defibrillation.

Proceed as follows for both asystole and PEA 
(Fig. 49.2):

• Perform chest compression and ventilation (30:2).
• Establish i.v. access, and administer 1 mg epinephrine as 

quickly as possible.
• Secure the airway.
• Check the ECG rhythm after performing a 2  min CPR 

cycle.
• If asystole/PEA persists, continue CPR.
• Administer 1 mg epinephrine.
• Every 3–5 min.

If an ECG rhythm is detected that could be associated 
with cardiac ejection, check for a pulse, but no longer than 
10 s. If no pulse can be detected, perform another 2 min CPR 
cycle followed by another check of the ECG and, if indi-
cated, of the pulse. If a pulse is detected without doubt, the 
patient’s blood pressure is measured and the cardiovascular 
system stabilized; furthermore, electrolytes and blood pH 
should be optimized. If the rhythm changes to a VF/pulseless 
VT, proceed accordingly.

If there is doubt from the ECG as to whether asystole or 
a subtle VF is present, assume asystole and do not 
defibrillate.

Fig. 49.2 CPR measures for 
asystole and PEA

Key Points
During cardiocirculatory arrest we distinguish funda-
mentally between ECG rhythms with a defibrillation 
indication (VF/pulseless VT) and without a defibrillation 
indication (asystole/PEA). The former requires defibril-
lation and administration of antiarrhythmic drugs to rees-
tablish a survivable heart rhythm. Otherwise, the two 
groups are managed in the same way.

• First importance:
 – Perform high-quality and uninterrupted chest 

compressions.
 – Electrical defibrillation attempt as soon as possible.
 – Minimize the delay before and after delivery of a 

shock, ventilation, and rhythm assessment. 
Maximum of 5–10 s.

 – Push hard and fast: 5–6 cm of compression depth 
and 100–120 chest compressions per minute, 
only interrupted for ventilation (if no advanced 
airway is in place).

 – Search for reversible causes for cardiac arrest.
• Second importance:

 – Secure the airway.
 – Establish venous access.
 – Administer epinephrine.

For patients in whom pulmonary embolism is the sus-
pected cause of cardiac arrest, thrombolysis can be indi-
cated if the intra- or postoperative situation permits this.

J. Knapp et al.
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 Resuscitation Protocol for Ventricular 
Fibrillation and Pulseless Ventricular 
Tachycardia

For ventricular fibrillation (VF) and pulseless ventricular 
tachycardia (pulseless VT), defibrillation represents the key 
therapeutic measure in addition to chest compression and 
ventilation (30:2). CPR measures for VF and pulseless VT 
should be carried out in the following order (Fig. 49.3):

• Primary check.
• Call for assistance and, if not readily available, a 

defibrillator.
• Perform chest compression and ventilation (30:2).
• Analyze heart rhythm as soon as a defibrillator is 

available.
• Perform single biphasic defibrillation at 150–200 J, alter-

natively single monophasic defibrillation at 360 J.

Fig. 49.3 CPR measures for 
VT and pulseless VT
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 – Position the defibrillator patches on the left above the 
cardiac apex and on the right above the second inter-
costal space along the medioclavicular line.

 – If defibrillator paddles are used: Contact pressure for 
the paddle on the chest should be about 12 kg, and con-
tact gel must be used.

• After defibrillation, chest compression and ventila-
tion should be initiated again immediately and per-
formed for 2 min; then the heart rhythm is analyzed 
again.

• If VF/pulseless VT persist, a second single biphasic defi-
brillation at 200 J, alternatively single monophasic defi-
brillation at 360 J is performed.

• After defibrillation chest compressions and ventilation 
should be initiated again immediately and performed for 
2 min, and then the heart rhythm is analyzed again.

• If VF/pulseless VT continue to persist: perform a third 
single defibrillation at 200 or 360 J.

• After chest compressions have restarted, administer 1 mg 
epinephrine after the third unsuccessful defibrillation 
attempt.

• If ROSC is suspected on the basis of a significant increase 
of end-tidal CO2 in waveform capnography, withhold epi-
nephrine. Give epinephrine if cardiac arrest is confirmed 
at the next rhythm analysis.

• Three hundred milligrams amiodarone is also given after 
the third unsuccessful shock.

• After each defibrillation, chest compression and ventila-
tion should be initiated again immediately and performed 
for 2 min, and then the heart rhythm is analyzed again.

If VF/pulseless VT still continue to persist, administer 
1  mg epinephrine every 3–5  min, i.e., immediately after 
every other additional defibrillation attempt. If a rhythm 
potentially indicating perfusion develops during the heart 
rhythm analysis, check the pulse. If a pulse cannot be felt, 
perform another 2  min CPR cycle followed by another 
rhythm analysis and, if necessary, pulse check. When a pulse 
clearly can be identified, the patient’s blood pressure is mea-
sured and the cardiovascular system stabilized; furthermore, 
electrolytes and blood pH should be optimized. If the rhythm 
changes to asystole/PEA, manage this accordingly.

 Post-resuscitation Care

After ROSC post-resuscitation care on the basis of standard-
ized protocols is essential:

• Use ABCDE approach.
• Inspiratory oxygen fraction should be reduced aiming an 

arterial oxygen saturation of 94–98%.
• Aim for normocapnia.
• Perform a 12-lead ECG.
• If a cardiac cause of cardiac arrest is suspected: perform 

coronary catheter intervention.
• If a noncardiac cause is suspected: treat precipitating 

cause accordingly.
• All comatose patients should be treated with therapeutic 

hypothermia (constant temperature at 32–34 °C or 36 °C 
core body temperature) for at least 24 h aimed at improv-
ing the neurological outcome.

• Fever should be prevented for at least 72 h.

 Prognostication

Prognostication should not be performed earlier than 72 h after 
ROSC. If the patient remains unconscious 72 h after ROSC:

• Exclude confounders: residual sedation or neuromuscular 
blockade, hypothermia, hypotension, hypoglycemia, etc.

• If pupillary and corneal reflexes or somatosensory evoked 
potentials are bilaterally absent, poor outcome is very 
likely (false positive rate <5%).

• If not, wait for at least another 24 h before a multimodal 
prognostication approach should be performed (EEG, 
MRI/CT).

• Under no circumstances only a single marker (e.g., serum 
levels of neuron-specific enolase) should be used.
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Arousal from Anesthesia: Failure 
to Emerge

W. Scott Jellish

 Overview: Surgical Area and Size of Tumor

The effect of the surgical excision, brain retraction, frontal 
pathology, and abnormal elastance has been blamed for 
delayed emergence after intracranial surgery. Frontal brain 
resection and posterior fossa tumors produce a higher inci-
dence of delayed emergence compared to supratentorial 
tumors. The ability to predict which patients will awaken 
slowly after intracranial surgery is advantageous for clinical 
management. Decisions concerning the need for postopera-
tive tracheal intubation and intensive care observation can be 
facilitated.

Mass effect of intracerebral lesions will also affect emer-
gence. Tumor size >30 mm or a midline shift of >3 mm with 
cerebral edema is a good predictor for delayed emergence 
after surgery. Subtle brain shifts may occur, particularly 
when a large amount of tissue is surgically removed. Brain 
edema associated with large masses may lead to slower 
washout of anesthetic agents. In addition, single structure 
lesions such as an infarction or tumor, if especially close to 
the ascending reticular activating system, will cause leth-
argy preoperatively and result in delayed emergence from 
anesthesia.

Cerebral edema and increased brain size may increase the 
amount of retraction needed to resect the lesion. This could 
produce ischemia to the retracted structure and diminish per-
fusion with increased local acidosis. If temporary occlusion 
of cerebral arteries is required to affect surgical repair, the 
patient could develop ischemic/reperfusion cerebral injury 
after restoration of blood flow. Depending on the type of 
tumor resected and its vascularity, postoperative intracere-
bral bleeding could occur after closure of the dura. A large 
surface area and vascular bed from which the tumor was 

resected could predispose the patient to bleeding after the 
surgery. A cerebral hematoma exceeding 2–3 cm in diameter 
or large lobar hematomas often will produce coma and 
require surgical evacuation.

 Prevention

Little can be done to prevent the effects of tumor size or the 
area of resection on emergence from anesthesia after the 
surgical procedure. However, meticulous control of fluids 
and blood pressure are important to avoid cerebral edema 
and possible postoperative subdural bleeding. Control of 
emergence hypertension is complex but key to reducing the 
possibility of postoperative cerebral edema, bleeding, or 
increased ICP. The size of the lesion is important in produc-
ing emergence hypertension with a shift in midline structure 
of more than 5 mm on cerebral imaging, an independent risk 
factor for hypertension at the end of the procedure. 
Coughing, bucking, or straining on the endotracheal tube 
may also cause increased ICP and postoperative bleeding. 
Thus, an anesthetic technique should be used with antitus-
sive effects to reduce the incidence of this occurrence. After 
intracranial surgery, there is an increase in oxygen con-
sumption, catecholamine blood concentrations, blood pres-
sure, and heart rate. These systemic metabolic changes 
induce alterations in cerebral perfusions or cerebral meta-
bolic rate which could produce cerebral hyperemia with an 
increased risk of intracranial hemorrhage. Hypercapnia or 
return to normocapnia after hyperventilation may increase 
blood flow in the middle cerebral artery. With termination of 
hyperventilation, CBF increases above levels measured 
before hyperventilation begins. Studies have shown that 
middle cerebral artery blood flow changes from 2.5% to 4% 
per mmHg change in PaCO2. A PaCO2 increase from 33 to 
40 mmHg could produce a 21% increase in cerebral blood 
flow. In addition, during neurosurgical recovery an increase 
in blood catecholamine concentration has been noted. 
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On emergence from anesthesia, catecholamine activation in 
the vasomotor center could, coupled with normocapnia, 
increase cerebral blood flow and metabolism. This postop-
erative cerebral hyperemia may promote vasogenic edema 
and intracranial hypertension and the risk of intracranial 
hemorrhage. Hemodynamic control during emergence from 
anesthesia is imperative for optimal outcome after neurosur-
gical procedures.

Other causes of delayed emergence with major brain 
resection must also be anticipated and prevented. Possible 
cerebral thromboembolism and related neurological dys-
function is highest with vascular procedures involving the 
carotid or cerebral vasculature. Entrainment of air, especially 
in neurological procedures where the surgical field is higher 
than the heart, could migrate into the cerebral circulation and 
cause profound disruption of CNS function. Monitoring with 
a precordial Doppler to detect air entrainment along with 
placement of a multi-orifice catheter will help to extract air 
from the central circulation should it be suspected or docu-
mented during the surgical resection.

Finally, maintenance of cerebral perfusion and elevation 
of blood pressure should always be considered in cases 
where temporary disruption of blood flow occurs during 
resection of vascular tumors, aneurysms, or ablation of arte-
riovenous malformations.

 Crisis Management

If delayed emergence is suspected and believed to be second-
ary to postsurgical cerebral edema or hemorrhage, hemody-
namic perturbations must be limited and meticulous control 
of blood pressure maintained. Many anesthetics have been 
used during intracranial surgery, but it is impossible to judge 
which agent or combination is preferable. Anesthetic regi-
men with isoflurane-fentanyl and, more recently, sevoflurane- 
fentanyl has been the most frequently used for neurosurgical 
procedures since it allows for rapid recovery and prompt 
neurologic assessment. A total intravenous technique with 
propofol and remifentanil is a useful technique, effectively 
preserving autoregulation and controlling responses to tra-
cheal stimulation while allowing for rapid emergence. The 
difference between an inhalational technique and TIVA with 
propofol/fentanyl is observed in hemodynamics. Several 
studies reported a large percentage of patients receiving 
propofol- remifentanil needed antihypertensive therapy in the 
postoperative period.

Hemodynamic control of hypertension with the use of 
short-acting beta-blockers such as esmolol, administered 

by bolus or infusion, has been utilized with success. 
Labetalol or calcium channel blockers such as nicardipine 
may be important in controlling blood pressure and avoid-
ing bleeding. This is especially important in surgical 
resections of large vascular tumors during the latter stages 
of the procedure, when anesthetic levels are reduced. If 
the patient is hypotensive from a large loss of blood, 
hemodynamic support should be initiated with fluids (col-
loid or crystalloid) and vasopressors, such as ephedrine or 
Neo-Synephrine. Hypotension, due to an arrhythmia, 
should be corrected with the use of beta-blockers or ade-
nosine, especially if the patient is in supraventricular or 
paroxysmal atrial tachycardia. If postsurgical cerebral 
ischemia is suspected secondary to vasospasm, nicardip-
ine treatment has been shown to reduce neurologic impair-
ment if started in less than 6  h after onset. Cerebral 
perfusion can also be improved by reducing blood viscos-
ity with hemodilution. Hypervolemic hemodilution with 
dextran produces a small but significant improvement in 
cerebral blood flow. If blood pressure is also artificially 
elevated, increased cerebral perfusion can be maintained 
and improved.

On an emergent basis, intracranial hypertension is 
quickly treated by reducing cerebral blood volume by 
acute hyperventilation. However, attention must be paid 
to not hyperventilate to an extreme because of the possi-
ble risk of cerebral ischemia. If hyperventilation is needed 
to reduce ICP, F1O2 should be increased to 100%. Mannitol 
and other osmotic diuretics are also used to reduce brain 
volume by osmotically removing water from the unin-
jured brain. Dosages of 1–1.5 gm/kg are used which usu-
ally are effective for 3–4  h. Furosemide may also be 
added to reduce brain volume and also inhibit the forma-
tion of CSF.

In addition to hypertension, a very high rate of blood gas 
abnormalities is also noted in the early postoperative period 
for craniotomy, regardless of anesthetic technique used. 
Respiratory impairment after craniotomy has been noted to 
be as high as 28%. PaO2 <90 mmHg and a PaCO2 >45 mmHg 
are considered as thresholds for hypoxia and hypoventila-
tion. Coupled with hypoxia and hyperventilation is the over-
all incidence of pain medication administration. The 
administration of opioids to control pain could further add to 
hypoventilation, increased ICP, and delayed emergence. 
Some centers prefer not to use any opioids postoperatively 
and instead administer ketorolac 30 mg IV. In several stud-
ies, ketorolac provided adequate pain relief in a majority of 
patients. Neurologic examination did not deteriorate during 
the following 48 h.
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 Overview: Anesthetic Effects

Rapid emergence from anesthesia with control of blood 
pressure is paramount when devising a neuroanesthetic 
plan. Patients with larger intracranial lesions may have pro-
cedures that last for prolonged periods of time. This could 
result in prolonged administration of opioids or inhalational 
agents that could delay emergence, depending on the agent 
or opioid used. Hyperventilation during the procedure to 
reduce brain size and improve surgical resection may also 
result in prolonged emergence from anesthesia. An increase 
in pH may result in a higher total volume of distribution and 
longer elimination half-life for sufentanil. Similarly, fen-
tanyl brain concentrations may also be prolonged in hyper-
ventilated individuals presumably because of reduced brain 
washout from a change in the drug lipid/plasma distribution. 
In addition, intraoperative hypocapnia has also been linked 
to postoperative impairment in reaction time and short-term 
memory.

Opioids are frequently implicated in producing a pro-
longed state of unconsciousness with the degree and dura-
tion of postoperative sedation related to the timing, route, 
and total dosage of the drug administered. Prolonged 
depression is especially common after intraoperative admin-
istration of long-acting opioids such as morphine, meperi-
dine, or hydromorphone. Shorter-acting opioids, such as 
fentanyl or sufentanil, may also exhibit a prolonged sedative 
effect when given in high doses or infusions for prolonged 
periods of time. Remifentanil, with its metabolism linked to 
plasma cholinesterase, has the shortest half-life and is the 

least likely contributor to postoperative unconsciousness. 
Some opioids like meperidine are metabolized to active 
metabolites, which prolong and add to central neural depres-
sion. In addition, these drugs will also decrease spontaneous 
minute ventilation slowing the washout of residual inhala-
tional anesthetics prolonging sedation. The intense analge-
sic component of opioids also minimizes the arousal 
generated by postoperative pain.

The administration of sedative premedications to 
achieve anxiolysis or amnesia may also contribute to pro-
longed unconsciousness, particularly if long-acting seda-
tives (hydroxyzine, promethazine, or lorazepam) were 
administered. The administration of certain antiemetics or 
anticonvulsants, as part of an anesthetic regimen, may 
have a profound effect on depression of consciousness in 
the PACU, especially if they are given toward the end of 
surgery. Antiemetics such as droperidol, prochlorpera-
zine, or scopolamine have sedative side effects that can 
augment sedation from anesthesia. Other parenteral medi-
cations such as propofol, short-acting barbiturates, or 
etomidate, especially if used as a continuous infusion dur-
ing the surgery, could result in redistribution of high con-
centrations of drug into the tissue and accentuate delayed 
awakening.

Both the length of exposure to the volatile agent and the 
solubility of the agent must be considered to prevent buildup 
of agent in tissues that have lower perfusion, which would 
lead to a prolonged washout of anesthetic after discontinua-
tion. Obese patients may be particularly prone to prolonged 
emergence after extensive intracranial procedures because of 
their relatively high proportion of body fat. Lower solubility 
agents such as sevoflurane or desflurane are unlikely to cause 
prolonged emergence after anesthesia because they are elim-
inated rapidly after discontinuation. However, if these agents 
are combined with other longer-acting parenteral medica-
tions, sedation may be prolonged. Overall, TIVA is similar to 
volatile anesthetics with regard to emergence times, early 
cognitive function, and adverse events. In several prospec-
tive randomized studies, evidence suggests that ICP is 
decreased and MAP is increased in patients receiving TIVA 
relative to those receiving volatile anesthetics in elective cra-
niotomy procedures.

The patient could have residual paralysis from an infusion 
of neuromuscular blocking agents and be unable to move or 
respond to commands. The use of atropine intraoperatively, 
for treatment of bradycardia, could produce a central anti-
cholinergic syndrome causing somnolence and unconscious-
ness, especially in older individuals.

Key Points #1
• Frontal brain resection and posterior fossa proce-

dures have a higher incidence of delayed 
emergence.

• A tumor >30  mm in size with a midline shift of 
>3  mm with cerebral edema preoperatively is a 
good predictor of delayed emergence.

• The size of the cerebral lesion is important in pro-
ducing emergence hypertension with a midline shift 
>5 mm an independent risk factor for hypertension. 
Blood pressure control is key during emergence 
from anesthesia. Several studies have noted that the 
addition of a fentanyl infusion is the most effective 
technique to assure early awakening after craniot-
omy with prevention of emergence hypertension.
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 Prevention

To prevent the possibility of delayed emergence after intra-
cranial procedures related to anesthetic agents or medica-
tions, the practitioner should review the drugs that were 
administered perioperatively over the last 24 h period. Non- 
anesthetic drugs such as reserpine, methyldopa, clonidine, 
lidocaine, antihistamines, certain antiemetics, and anticon-
vulsants have sedative properties that may prolong emer-
gence. Antiemetics such as droperidol, prochlorperazine, 
and scopolamine should not be part of the anesthetic regimen 
for intracranial procedures. If hyperventilation to reduce 
brain size is needed, care should be taken not to overventilate 
the patient which could change the pharmacokinetics of opi-
oids, producing higher brain opioid concentrations. If the 
patient is hyperventilated, the patient should be as normocar-
bic as possible after dural closure.

A procedure estimated to last for a prolonged period of 
time should utilize a less soluble inhalation anesthetic. In 
addition, combination inhalational and opioid-based anes-
thetics reduce the overall concentration of inhalational anes-
thetics used and produce an early emergence. A fentanyl 
infusion in the presence of low-dose isoflurane has been 
noted to produce a more rapid emergence with much less 
hypertension when compared to a propofol total intravenous 
anesthetic. Desflurane, with similar effects as isoflurane on 
cerebral vasculature, can be used for prolonged intracranial 
procedures with minimal cumulative effect.

If opioids are administered, longer-acting ones should be 
avoided. In addition, IM administration, which leads to 
slower uptake and prolonged action, should be also be 
avoided. Remifentanil may be used for many neurosurgical 
procedures to avoid a delay in emergence, but postoperative 
management of pain and emergence hypertension are key 
factors that must be considered with its use. Opioid premedi-
cation should also be avoided to prevent preoperative 
hypoventilation, especially in patients with large intracranial 
masses where increased ICP could be a factor.

If propofol infusions are added to an opioid/inhalational 
anesthetic to improve neurophysiologic monitoring, discon-
tinuation of the infusion should occur as soon as possible to 
avoid the accumulative effect of propofol on emergence from 
anesthesia. If antiemetics are to be used as part of the anes-
thetic regimen, dexamethasone and serotonin-blocking agents 
(i.e., ondansetron, dolasetron), which do not have sedative 
effects, should be administered. In many instances neuromus-
cular-blocking agents are not needed for intracranial proce-
dures and in some instances (facial nerve or other cranial 
nerve monitoring) should be avoided altogether. If muscle 
relaxants are used, appropriate titration of intermediate neu-
romuscular-blocking agents will avoid the prolonged paraly-
sis that may occur with multiple boluses or infusions of 
long-acting agents such as pancuronium. Finally, if bradycar-
dia occurs during the intracranial procedure, glycopyrrolate 

can be substituted for atropine to increase heart rate. This 
drug does not cross the blood-brain barrier and will not pro-
duce a central anticholinergic syndrome.

 Crisis Management

When determining the reason for prolonged unresponsive-
ness after intracranial surgery, the initiation of analgesia and 
sedation regimens should be delayed until the source of the 
unconsciousness is identified. Generally, a patient demon-
strating signs of pain will also exhibit some degree of con-
sciousness. To determine whether prolonged unconsciousness 
is related to residual opioids, small incremental doses of nal-
oxone 40 mcg IV can be administered. Careful titration can 
reverse both ventilatory depression and sedation without pre-
cipitating excessive sympathetic activity, which may result 
from rapid reversal of narcosis. If benzodiazepines are sus-
pected, flumazenil can be given in titrated incremental doses 
of 0.1 mg IV q 2 min to reverse the sedative effect. Its dura-
tion of action is short, however, and repeated doses may be 
needed to maintain consciousness.

There is no specific reversal for barbiturates, propofol, phe-
nothiazines, or butyrophenones. However, the administration 
of physostigmine 1.25 mg generates a degree of arousal that 
may counter, but not reverse depression from sedatives, anti-
emetics, and other CNS depressants. Physostigmine can also 
be used to reverse the central nervous system effects associ-
ated with central anticholinergic syndrome.

Finally, unconsciousness or prolonged sedation after anes-
thesia could be simulated by a paralyzed patient. If the patient 
is totally unresponsive after the neurosurgical procedure and 
muscle relaxants were utilized, the patient’s neuromuscular 
integrity should be assessed with the use of a neurostimulator. 
If no twitches are observed or if a minimal train of four is 
realized, the patient should be supported and reversal agents 
(neostigmine with glycopyrrolate) administered.

Key Points #2
• Hyperventilation and extreme hypocapnia could alter 

opioid pharmacokinetics and reduce brain washout of 
the drug, prolonging emergence from anesthesia.

• Long-acting sedatives should not be administered 
preoperatively for anxiolysis as they could prolong 
postoperative emergence.

• The administration of certain antiemetics and anticon-
vulsants, as part of an anesthetic regimen, may have a 
profound depressant effect at the end of surgery.

• Residual paralysis from neuromuscular-blocking 
agents as well as central anticholinergic syndrome, 
if atropine is used, should be considered in neuro-
logical procedures with delayed emergence.
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 Overview: Patient Factors

Individual patient factors, not related to the anesthetic or sur-
gical procedure, could also affect emergence from anesthesia 
after an intracranial procedure. Physiologic abnormalities 
could exist in patients that would cause a prolonged return to 
consciousness. Patients with large intracranial masses may be 
on large doses of steroids especially dexamethasone. These 
patients may be hyperglycemic which could interfere with 
consciousness by increasing serum osmolarity. Acutely high 
glucose levels can produce a hyperglycemic hyperosmolar 
coma. Concomitant ketoacidosis and metabolic acidemia can 
compound the effect of hyperosmolarity on reduced con-
sciousness. Patients may also be hypoglycemic if overtreated 
with bolus or insulin infusion. Severe hypoglycemia will also 
produce unconsciousness because of the loss of essential sub-
strates necessary for neuronal function.

The level of consciousness can also be impacted by an 
acute hypo-osmolar state. A rapid drop in osmolarity of 
serum could occur after a neurosurgical procedure because 
of a sudden increase in antidiuretic hormone secretion, which 
has been noted to occur with certain tumor cell lines, after 
subarachnoid hemorrhage, and with postsurgical trauma, 
especially in the pituitary/hypothalamic regions. Serum 
sodium levels below 125 meq/L are especially troublesome 
and could lead to seizures or prolonged postoperative 
unconsciousness.

Hypernatremia produces a hyperosmolar state similar to 
that caused by hyperglycemia. Hypernatremia could occur 
after either marked dehydration from aggressive diuresis 
with either mannitol or furosemide or from postsurgical 
trauma to the neurohypophysis producing diabetes insipidus. 
This is characterized by insufficient secretion of antidiuretic 
hormone and loss of free water. Unconsciousness due to 
hypernatremia is rare but could occur if urine output and 
intake are not carefully monitored during the intraoperative 
period.

A reduction in core body temperature will decrease the 
level of arousal and increase the effect of anesthetics and 
muscle relaxants. Body temperatures below 34  °C impair 
consciousness, and extremely low body temperatures will 
produce fixed pupils and areflexia. Hypothermia is rarely the 
primary cause of postoperative unconsciousness. However, a 
moderately decreased body temperature will certainly aug-
ment the depression of unconsciousness or impair the clear-
ance of anesthetic agents and muscle relaxants.

Delayed awakening may be caused by an array of benign 
or life-threatening conditions. However, because of its poten-
tially severe consequences, brain injury should be at the top 
of the differential after neurosurgical procedures. In most 
instances, delayed awakening after general anesthesia may 
be attributed to the lingering effect of anesthetic drugs. 
Several etiologic mechanisms can be associated with delayed 

awakening. Residual neuromuscular blockade should be 
ruled out, along with anesthetic overdose. Hypothermia, 
hypercarbia, electrolyte disturbances, glucose, and arterial 
blood gas extreme abnormalities are other factors which 
could delay emergence. Various psychoactive substances, 
including alcohol, could also prolong emergence. Injection 
of local anesthetics in close proximity of nerve structures has 
been described as the cause of isolated postoperative neuro-
logic deficits. In some instances, intra-arterial injections of 
local anesthetic during certain blocks could produce hemipa-
resis and loss of consciousness. Infusion of a large volume 
local anesthetics along suture lines, especially close to the 
brainstem, could cause diffusion of local anesthetics into the 
subarachnoid space causing paralysis and loss of 
consciousness.

Pre-existing patient conditions should also be ascertained 
since some could contribute to a prolonged emergence after 
anesthesia. Patients with porphyria will exhibit a prolonged 
state of unconsciousness with the use of barbiturates, propo-
fol, and other medications. Hunter’s syndrome and other 
mucopolysaccharide disease states may also produce pro-
longed unconsciousness. Patients who are hypothyroid, 
especially if not properly medicated, may be especially slow 
to emerge from anesthesia. In addition, patients with obstruc-
tive sleep apnea (OSA) will be particularly sensitive to the 
effects of opioids and inhalational agents. If the OSA is 
severe, the buildup of CO2 could be particularly detrimental, 
especially after a recent craniotomy where control of cere-
bral edema is an important postoperative consideration.

Finally, the post craniotomy patient could be postictal, 
having had an unrecognized seizure under anesthesia or dur-
ing emergence. It is a common practice to give anticonvul-
sant therapy to patients undergoing a supratentorial 
craniotomy. Seizures, in the early postoperative period, are 
not common if the patient has been administered the correct 
level of anticonvulsants. However, seizures have been noted 
to occur on emergence from anesthesia and may go 
undetected.

Ideally, recovery from neuroanesthesia should be smooth 
and progressive with no major hemodynamic fluctuations 
and should not have any thermogenic effects. It should not 
produce seizure activity and should facilitate rapid awaken-
ing for early neurologic assessment and follow-up.

 Crisis Management

Alterations in patient physiologic parameters that could 
alter emergence from anesthesia after an intracranial proce-
dure must be recognized quickly and treated appropriately 
to avoid neurologic injury. Cerebral blood flow of 
<20 ml/100 gm/min or a partial pressure of O2 at <40 mmHg 
leads to reduced consciousness. Brief periods of ischemia 
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from decreased cardiac output or decreased vascular resis-
tance cause syncope. Four types of events could occur to 
produce delayed awakening and neurologic injury. The first 
is delayed hypoperfusion or no reflow phenomenon. This is 
reduced CBF associated with marked cerebrovascular resis-
tance. This usually follows an anoxic ischemia event. The 
second is the production of cytotoxic metabolites of arachi-
donic acid. Another is production of oxygen-free radicals, 
and the final is neuronal influx of CA++ ions. Hypoxic isch-
emic injury also occurs in conditions of increased vascular 
resistance such as with hypertensive encephalopathy, dis-
seminated intravascular coagulation, meningitis, and cere-
bral edema. If unconsciousness is suspected from 
hypoglycemia, an empiric trial of intravenous 50% dextrose 
solution should be initiated. Lethargy, confusion, agitation, 
or coma could all be signs of hypoglycemia occasionally 
complicated by seizures, focal neurologic signs, and hypo-
thermia. It is inappropriate to delay the administration of 
dextrose until serum glucose is corroborated. If acute hyper-
glycemia is demonstrated with hyperglycemic hyperosmo-
lar coma, hydration should be immediately initiated with 
saline and titration of IV regular insulin either in small 
incremental doses or by an infusion. This allows for adjust-
ment of blood glucose without the delay to peak effect or 
uptake problems that occur with  subcutaneous, longer-act-
ing insulins. Potassium replacement and serial blood glu-
cose measurements are essential.

Acute hypo-osmolar states can occur (<260 mmOSm/2) 
by a sudden increase in antidiuretic hormone secretion, espe-
cially in cases involving the pituitary or hypothalamus. If 
severe hyponatremia is recognized, care should be taken to 
restore the serum sodium gradually. Replacement of fluids 
with normal saline and IV administration of furosemide, to 
promote renal wasting of free water in excess of sodium, 
should be initiated. Infusions of hypertonic saline may be 
necessary, but care should be taken to avoid rapid overcor-
rection of electrolyte levels, which could predispose to the 
development of central pontine myelinolysis. 
Unconsciousness due to a hypernatremic, hyperosmolar 
state is rare in postoperative patients. If diminished antidi-
uretic hormone is secreted due to neurosurgical injury, the 
patient will develop hypernatremia with high output dilute 
urine. The treatment of diabetes insipidus consists of the 
administration of an isotonic crystalloid solution and infu-
sion of aqueous ADH (100–200 milliunits/h). Serum sodium 
and plasma osmolarity are measured on a regular basis, and 
therapeutic changes are made accordingly.

Patients who do not awaken after neurosurgical proce-
dures with a history of alcoholism, malnutrition, bariatric 
surgery, dialysis, or hyperemesis could have delayed emer-
gence from thiamine deficiency. The syndrome, Wernicke’s 

encephalopathy, would include impaired consciousness, dis-
turbed memory, nystagmus, paralysis of lateral gaze, and 
impaired vestibular response. Though the complete syn-
drome may only be present in a few cases, thiamine defi-
ciency should always be considered when delayed emergence 
from anesthesia is coupled with the other histories.

Hypothermic patients should be treated by rewarming 
with warm ambient air and the use of heated IV fluids. 
Covering the patient’s head will also help retain heat. Surface 
or radiant warmers and humidification of inspired gases will 
also reduce heat loss. Patients with a temperature below 
35  °C should be rewarmed using radiant lighting, heating 
blankets, warmed forced air, reflective coverings, and heated 
nebulized air. As the temperatures rise, patients should be 
carefully monitored for hypotension related to increasing 
venous capacitance. Resolution of metabolic acidemia usu-
ally accompanies rewarming.

Electrolyte and other osmolality abnormalities may be 
present after craniotomy, especially with the use of mannitol 
or brain tumors with possible SIADH. This syndrome may 
also be present with the use of thiazides, carbamazepine, and 
tricyclic antidepressants. The rate of change of sodium con-
centration is probably a more significant contributor to brain 
swelling. Decreased levels of conscious may occur when 
sodium levels reach 115–120  mEq/l. Rapid recorrection 
could cause control pontine myelinolysis which can lead to 
further deterioration of consciousness. Hypomagnesemia 
can occasionally present with delirium, nystagmus, and sei-
zures. Hypophosphatemia with levels below 1  mg/dl may 
occur with hyperalimentation, vomiting, gastric suctioning, 
sepsis, or treatment of ketoacidosis. All of these can depress 
consciousness and mimic neurologic injury after neurosur-
gery. A complete electrolyte panel is warranted in someone 
who fails to emerge from anesthesia from an intracranial 
neurosurgical procedure.

Key Points #3
• Physiologic abnormalities could occur during intra-

cranial neurosurgical procedures, which could lead 
to extremes in glucose concentrations, sodium lev-
els, and serum osmolarity, all of which could affect 
emergence from anesthesia.

• Body temperature, especially hypothermia, could 
lead to prolonged anesthetic effects with delayed 
emergence from anesthesia.

• Always consider the possibility that the post-crani-
otomy patient may have had an intraoperative sei-
zure and are in a postictal state, which could delay 
wakening after an intracranial procedure.
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Communication Challenges During 
the Perioperative Period

David J. Murray

 Overview

 Risk, Incidence, and Epidemiology

Communication failure is ubiquitous in human relation-
ships, so the finding that miscommunication occurs in the 
perioperative period should not be surprising. 
Communication is required for health-care teams to pro-
vide safe patient care, so when communication fails, there 
is a potential for an adverse patient outcome. In the operat-
ing room environment, experts must possess task work 
skills and coordinate the delivery of these skills and activi-
ties with other team members. Each team member has a 
specific set of expert skills and a defined set of roles, tasks, 
and responsibilities. The majority of tasks are interdepen-
dent, where tasks performed by one member are dependent 
on tasks performed by other team members. The quality of 
the teamwork (and patient outcome) is often the result of 
how effectively the team manages the interdependent tasks 
and coordinates care. This coordination of care requires 
effective communication and a shared understanding of 
team goals. When a patient condition does not follow the 
typical trajectory and deviates from the routine due to an 
acute, uncommon, or infrequent event, the quality of team-
work becomes a key factor in patient outcome. Not surpris-
ingly, in the specialized, high-acuity operating room and 
ICU environments where critical events are frequent, effec-
tive team function and communication is most likely to 
have a measurable impact on patient outcome.

 Etiology of Communication Failure

Communication, whether explicit or implicit, is how teams 
exchange information. When a communication failure occurs, 
the cause is often difficult to attribute to a single missed, com-
munication opportunity. For example, communication failure 
is cited as the main factor causing the death of a 50-year-old 
man. His lethal myocardial infarction occurred less than 48 h 
following an uneventful outpatient procedure to replace a 
lead for his spinal nerve stimulator. Coronary stent thrombo-
sis less than 48 h following the procedure was attributed to his 
failure to restart his antiplatelet therapy that he had been 
instructed to stop prior to the procedure. The communication 
failures that contributed to the lethal event included an inad-
equate history about the antiplatelet therapy, insufficient 
knowledge about the risks of stopping antiplatelet therapy, 
incomplete information transfer during multiple hand-offs of 
care, and failure to take responsibility for post-procedure 
instructions. While standardized protocols for medication 
reconciliation, hand-offs of care, and discharge instructions 
might have prevented this adverse patient outcome, the team’s 
inadequate knowledge about the risks of stopping therapy 
would not be altered by this approach.

Many authors have defined teamwork as including five 
associated components. These team functions or components 
include leadership, mutual performance monitoring, backup 
behavior, adaptability, and orientation. In a health-care pro-
fessional team composed of multiple experts, the expectation 
is that leadership may shift among the team members at vari-
ous times in order to achieve the goal. Team members must 
coordinate activities and often manage tasks in a sequential 
and interdependent manner. In the perioperative routine, lim-
ited communication may be observed or required, as team 
members are cognizant of the team goal as well as engaged 
in specialized activities demanding their full attention.

In the operating room, task density (number of tasks X 
task difficulty) is often extremely high, and multiple pro-
fessionals coordinate their expert skills with other team 
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members. Such task interdependence, where tasks per-
formed by one member are dependent on tasks performed 
by other members, is characteristic of the perioperative 
environment. A shared mental model and effective commu-
nication is key to accomplishing all of the tasks that lead to 
achieving an ideal perioperative outcome. In high function-
ing teams, progress toward the desired goal may be “on 
track” even in the absence of explicit communication. The 
team is monitoring mutual performance with multiple shifts 
in leadership among team members in order to achieve the 
goal. During a routine operation, explicit communication 
may not be necessary, however, when a deviation from a 
normal trajectory occurs then communication becomes 
imperative. In the majority of operating rooms, teamwork 
and many of the described teamwork behaviors to avert or 
manage a crisis are often readily observed. For example, an 
air embolus occurs during a craniotomy; the anesthesiolo-
gist recognizes the signs and adjusts anesthetic care but 
more importantly alerts the operating room team and leads 
the team to actions that counter the potential source of the 
embolus. The scrub nurse and neurosurgeon understand the 
likely cause and flood the operative field with saline. 
Similarly, if an intraventricular catheter inserted during a 
ventricular peritoneal shunt placement leads to brisk bleed-
ing, the neurosurgeon leads the team and indicates the need 
for immediate craniotomy. The team members (anesthesi-
ologist and OR nurses) would be expected to adapt to the 
changing circumstances and assume leadership for various 
activities that are needed to convert the operative procedure 
from ventricular catheter placement to craniotomy. In these 
examples, the team recognizes the “abnormal” and responds 
to correct the crisis either averting or mitigating an unfa-
vorable outcome. An awareness of the roles and responsi-
bilities of various team members, mutual performance 
monitoring, an ability to assume backup behaviors, and 
adapting to a changing clinical situation by team members 
are all essential teamwork activities to resolve a crisis.

 Communication Assessment and Teamwork 
Complications

Communication and teamwork are widely recognized as 
important factors in patient safety. Effective teamwork, how-
ever, is not automatic. The most serious communication and 
teamwork failures are most often an error that results from 
the absence of a shared understanding or shared responsibil-
ity for the operative procedure.

Some of the most striking examples of morbidity attrib-
uted to communication failure are operative procedures con-
ducted on the patient’s wrong side. Despite the relatively low 
frequency of this obviously preventable and egregious error, 
“pre-briefs” and “time-out” procedures prior to surgery are 

expected to eliminate this type of error. The expectation is 
that this team communication will encourage teamwork 
rather than a “silo” approach to care and lead to a shared 
responsibility for all aspects of the procedure. Unfortunately, 
this regulatory approach will likely not reduce errors unless 
the team adopts the behaviors that the time-out is expected to 
encourage.

This shared responsibility is expected to reduce the types 
of egregious errors such as:

• Operations on the wrong side/level
• Operation guided by wrong MRI
• Error in preparing operative site (none, toxic solution for 

preparation)
• Contaminated OR equipment (sterilization failure)
• Positioning morbidity (position or equipment to 

position)
• Solutions on the surgical field

 – Concentration of epinephrine
 – Neurotoxicity from irrigation (formalin, chlorhexi-

dine, alcohol, antibiotic irrigation instead of saline)
 – Flammable substances on the field (collodion/alcohol)

• Prophylactic antibiotic administration errors
 – Allergic, dosage, timing, and susceptibility

• Blood transfusion errors
• Pathologic specimen discarded/mislabeled

 Clinical Presentation

The causes of communication breakdown are often multifac-
eted primarily because expert teams require both expertise 
and teamwork to accomplish goals.

Some of the potential causes of team failure include

• Team members do not understand roles and responsibili-
ties both by profession and discipline (nursing, physician) 
and specialty (surgeon, anesthesiologist, internist).

• Few contingency plans are in place when a critical event 
occurs during the perioperative period.

• Team members unable or unwilling to support or cross-
over to help other team members when a work overload 
exists.

• Team members fail to recognize crisis or adapt to a chang-
ing situation.

• Changing expectations about performance exist among 
team members, and many of the actions are not clearly 
designated to individual members of the team (e.g., 
assuring donated blood is readily available for 
administration).

Many teamwork failures attributed to communication 
are  due to expertise factors associated such as insufficient 
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experience, inadequate team knowledge, poor judgments, or 
issues of professional interactions such as accountability, 
behavior, and integrity.

 Intervention/Prevention

An understanding of the causes of these types of adverse out-
comes would suggest that no one method would likely cor-
rect communication failure. Checklists have been adopted as 
a novel solution to the numerous causes of communication 
failure. In anesthetic practice, checklists were long ago rec-
ognized as a necessary method to prepare and plan anesthe-
sia equipment and supplies. Similarly, an operating room 
nurse would rarely, if ever, be unprepared for a planned oper-
ation. The checklist assures that often simple and repetitive 
items are not overlooked and readily available. Not surpris-
ingly, checklists are likely to be lifesaving in settings that 
were previously associated with limited emphasis on advance 
planning and team coordination. This may explain why 
adopting checklists have proven to be most beneficial in set-
tings where the availability of necessary supplies and 
resources are likely to vary daily.

The majority of strategies to decrease the frequency of 
communication failure are directed to improving teamwork 
function, yet most education continues to place more empha-
sis on developing the specialty expertise necessary to partici-
pate as a member of an expert team. This specialty training, 
whether during residency or advanced training in nursing, 
most commonly occurs with limited, if any, interaction with 
future team members. This training results in experts who 
have the knowledge and skills to accomplish the cognitive and 
technical skills expected but may not understand the need for 
teamwork. A combination of knowledge, skills, and attitudes 
is necessary for successful patient care. While considerable 
attention is directed to evaluating and remediating physicians 
with inadequate knowledge and skills, the evaluation and 
remediation of attitudes and behaviors that lead to teamwork 
failures have received less consideration. Disruptive behaviors 
that prevent effective teamwork are increasingly recognized as 
contributing factors to adverse patient outcomes.

There are a variety of strategies that are used to improve 
concepts of team function in health-care settings. These strat-
egies are believed useful to improve attitudes and behaviors 
that contribute to communication failure. One of the global 
strategies applied by hospitals is through the use of surveys of 
the safety culture of the health-care professional team. The 
responses by the health-care professional team correlate with 
measures of patient safety. In hospitals that are perceived by 
health-care professionals as “safer” in terms of the environ-
ment and commitment to patient care, the measures of patient 
safety in terms of outcome are improved. In hospitals with a 
safety climate that is not favorable to safe patient care, the 

strategy to improve the environment is not clearly defined, but 
the majority of research suggests some form of team training. 
The nature of the team-training curriculum may not be as 
important as the involvement and engagement of the entire 
health-care professional team. These training paradigms rec-
ognize skill and expertise in safe care but also a climate and 
culture that encourages safe care.

A variety of team-training curriculum and strategies are 
available that potentially improve teamwork. The adapta-
tions from the military and aviation industry (frequently 
referred to as “Crew Resource Management” strategies) 
are relatively directive in terms of the conduct of training 
and team member expectations. One example, the Team 
Strategies and Tools to Enhance Performance and Patient 
Safety (TeamSTEPPS) program includes an interactive 
curriculum for teaching teamwork concepts. The program 
is divided into four modules: communication, situation 
monitoring, mutual support, and leadership. In terms of 
communication between team members, the participants 
are instructed to use defined communication skills and 
structured opportunities for information exchange. The 
use of a variety of mnemonic such as Situation, Background, 
Assessment, and Recommendation (SBAR), “Check 
Back,” and “Call Out” to convey communication about rel-
evant patient information are ideal approaches that assure 
effective information exchange in crisis situations.

Overview of Communication in Teamwork (TeamSTEPPS) 
Curriculum

• SBAR eponym for communication of relevant patient 
information (Situation, Background, Assessment, 
Recommendation).

• DESC eponym indicates describe the behavior, express 
concerns, specify a course of action, and assure 
consensus.

• Two-Challenge (the action of verbalizing a safety concern 
twice if no action is taken).

• Check Back (closed-loop communication between the 
sender to ensure that the receiver has heard and under-
stands the message correctly).

• Call Out (calling out loud to staff important decision for 
anticipating next steps).

Benefits of Improvements in Teamwork and Communication

• Enhanced coordination of care
• Better initial as well as more comprehensive patient care 

plans
• Fewer adverse patient outcomes
• Increased patient satisfaction
• A reduction in frequency of medicolegal cases and 

decreased magnitude of claim settlements

51 Communication Challenges During the Perioperative Period



336

Suggested Reading

Anthes E. The trouble with checklists. Nature. 2015;523:516–8.
Burke CS, Salas E, Wilson-Donnelly K, Priest H.  How to turn a 

team of experts into an expert medical team: guidance from 
the aviation and military communities. Qual Saf Health Care. 
2004;13(Suppl):i96–104.

Cohran A, et al. A model of disruptive surgeon behavior in the periop-
erative. Environ J Am C Surg. 2014;219:390–8.

Haynes AB, Weiser TG, Berry WR, et  al. Safe Surgery Saves Lives 
Study Group: a surgical safety checklist to reduce morbidity 
and mortality in a global population. N Engl J Med. 2009;360: 
491–9.

Murray D, Enarson C. Communication and teamwork: essential to learn 
but difficult to measure. Anesthesiology. 2007;106:895–6.

Phitayakorn R, Minehart RD, Hemingway MW, Pian-Smith MCM, 
Petrusa E.  The relationship between intraoperative teamwork 
and management skills in patient care. Surgery. 2015;158: 
1434–40.

Rosenstein AH, O’Daniel M.  A survey of the impact of disruptive 
behaviors and communication defects on patient safety. Jt Comm J 
Qual Patient Saf. 2008;34:464–47.

Russ S, Rout S, Sevdalis N, Moorthy K, Darzi A. Do safety checklists 
improve teamwork and communication in the operating room? A 
Syst Rev Ann Surg. 2013;258:856–71.

Schmutz J, Manser T.  Do team processes really have an effect 
on clinical performance? A systematic literature review. BJA. 
2013;110:529–44.

Urbach DR, Govindarajan A, Saskin R, Wilton AS, Baxter 
NN. Introduction of surgical safety checklists in Ontario, Canada. N 
Engl J Med. 2014;370:1029–38.

Weiser TG, Berry WR. Review article: perioperative checklist method-
ologies. Can J Anaest. 2013;60:136–41.

Weldon SM, Korkiakangas T, Bezemer J, Kneebone R. Communication 
in the operating theatre. BJS. 2013;100:1677–88.

Key Points
• Communication failure and miscommunication 

among health-care professional teams are serious, pre-
ventable causes of patient morbidity and mortality.

• The cumulative expertise of the health-care profes-
sional team does not necessarily translate into expert 
patient management. While the medical team requires 
individuals to possess the knowledge, skills, experi-
ences, and attitudes to perform essential tasks, team-
work is also essential. Teamwork is not automatic.

• Checklists and other standardized protocols provide 
a method to transmit and receive information that can 
reduce the frequency of communication errors; how-
ever, the main benefit of checklists and protocols is to 
encourage teamwork and provide a framework for a 
shared mental model for the care of the patient.
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Anatomy and Physiology of the Central 
Nervous System in Children

Benjamin B. Bruins and Todd J. Kilbaugh

 Overview

The perioperative care of the pediatric patient presenting for 
neurosurgical procedure presents a set of unique challenges 
to the neuroanesthesiologist and neurointensivist. The devel-
oping central nervous system anatomy and rapid physiologic 
changes require the practitioner to have a working knowl-
edge of expected differences throughout the growth and mat-
uration of the pediatric patient.

• The head of an infant is proportionately larger than the 
adult head, exacerbating heat loss and challenges with 
laryngoscopy.

• The boney growth of the calvarium occurs at fibrous 
suture lines, and premature closure of these sutures can 
lead to an abnormal shape: craniosynostosis.

• The junction of multiple suture lines creates the fontanels, 
a unique “window” into the developing child’s intracra-
nial vault.

• The pediatric cranial vault is much softer and more pli-
able than the adult due to the higher content of cartilage.

• The scalp and bone of the cranial vault have a rich vas-
cular supply, especially in the youngest of pediatric 
patients.

 The Fontanels

Infants at birth have two major fontanels, and understanding 
their natural course is critical to recognizing possible chal-
lenges for the practitioner.

• The anterior fontanel is diamond shaped, typically clos-
ing before 2 years of age.

• The posterior fontanel is smaller and triangular, typically 
closing by 2 months of age.

• The fontanel should be examined with the patient in the 
upright position and on palpation should feel slightly con-
cave, and a pulse may be palpable.

• A slightly full fontanel can occur during vagal maneuvers 
such as crying, coughing, or emesis, but a persistently full 
fontanel is concerning for elevated intracranial pressure 
(Table 52.1).

• Infants with severe dehydration are at risk for sinus 
thrombosis which may lead to increased intracranial pres-
sure. In this specific case, a full fontanel may be observed 
in the presence of severe dehydration.

• Delayed or early closure of sutures and the fontanels 
can be signs of systemic disease or genetic syndromes, 
such as trisomy 21, rickets, hypothyroidism, and 
craniosynostosis.

 Intracranial Compartments

The intracranial compartments of the pediatric brain are sim-
ilar to the adult, with volume accounted for as follows:

• Brain and interstitial fluid 80%
• Cerebrospinal fluid (CSF) 10%
• Blood 10%
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Table 52.1 Differential diagnosis of abnormal fontanel examination

Sunken fontanel Persistently full or bulging fontanel
Over drainage of CSF 
(cerebrospinal fluid)

Increased CSF volume 
(hydrocephalus, shunt failure)

Dehydration Cerebral edema (trauma, metabolic, 
infection)
Intracranial bleed
Mass lesion
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The presence of unfused sutures and an open fontanel 
alters the Monro-Kellie doctrine as it is applied to children 
(Fig.  52.1). The increased compliance of the cranial vault 
decreases the slope of the curve, allowing for larger increases 
in intracranial volume before rapid increases in intracranial 
pressure are observed. It is important to note that unfused 
sutures and open fontanels do not preclude the pediatric 
patient from herniation during rapid increases in intracranial 
volume and pressure.

 Cerebrospinal Fluid

CSF occupies similar percentage of the intracranial volume 
in adults and children. Although actual CSF volume is 
smaller in the children, absolute CSF daily production 
approaches adult values. CSF is produced by the choroids 
plexus located in the ventricular system (lateral, third, and 
fourth ventricles). It then circulates and is absorbed by the 
arachnoid villi into the venous system. Hydrocephalus can 
be the result of three different conditions related to CSF 
regulation.

• Increased CSF production (choroid plexus papillomas)
• Obstruction to circulation through the ventricular system 

(aqueductal stenosis)
• Impaired absorption by the arachnoid villi (intracranial 

blood)

 Cerebral Blood Flow and Autoregulation

Cerebral blood flow (CBF) has been observed to be age- 
dependent. Infants have been found to have CBF rates  similar 

to adults (50  mL/100  g of brain tissue). Normal CBF 
increases with age and peaks around 70 mL/100 g of brain 
tissue between 3 and 8 years. It then decreases to adult levels 
by mid to late adolescence. Although CBF rates are similar 
in infants and adults, it should be noted that a much higher 
percentage of cardiac output is directed to the brain in the 
child (25%) compared with the adult (15%).

The maintenance of CBF to meet the metabolic needs of 
the brain is called autoregulation. There are several aspects 
to autoregulation.

• Pressure autoregulation refers to the maintenance of cere-
bral perfusion over a range of mean arterial pressures 
(MAP). The exact upper and lower limits are not well estab-
lished in the developing human brain yet are known to exist 
within an age continuum. Preterm infants likely have such a 
narrow autoregulation zone that their CBF is passively 
dependent on MAP. This increases the propensity for isch-
emic injury with mild hypotension and increases the chances 
of vasogenic cerebral edema and intraventricular hemor-
rhage with hypertension. This must be taken into account 
when utilizing cerebral perfusion pressure-directed therapy 
in the pediatric patient with severe brain injury.

• Carbon dioxide (CO2) vasoreactivity describes the impli-
cation of CO2 changes upon CBF. A respiratory acidosis 
and resulting increased serum CO2 will decrease cerebral 
interstitial pH which results in cerebral vessel dilation and 
increases in CBF and cerebral blood volume. In general, 
otherwise healthy children will tolerate the systemic 
effects of hypercarbia better than adults. The cerebral vas-
cular effects in children, however, follow the same prin-
ciples as in adults.

• CBF does not change in response to changes in differ-
ences in arterial oxygen until it reaches levels less than 
50 Torr, below which, cerebral vessel dilation occurs.

• Flow-metabolism coupling describes the matching of 
neuronal metabolic demand with CBF.  Clinical condi-
tions such as hypothermia may decrease CBF and metab-
olism, while clinical seizures and hyperthermia may 
precipitate the opposite. Interestingly, some anesthetics 
are known to decouple the flow-metabolism relationship, 
most notably potent inhalation agents and ketamine. 
Other intravenous agents decrease neuronal metabolism 
and CBF in a similar magnitude, maintaining the coupled 
relationship. Opioids have very little effect on cerebral 
metabolism by themselves but are believed to maintain 
autoregulation of CBF.

 Spinal Cord

The spinal cord anatomy also changes during childhood 
development. The conus medullaris (terminal end of the 
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 spinal cord) is lower in infants (L3) and does not reach the 
adult stage (L1) until 1 year of life. In children, the sacrum 
is narrower and flatter allowing a much more direct 
approach to the subarachnoid space. A sacral dimple may 
be a sign of underlying spinal cord abnormalities requiring 
furthering diagnostic testing (ultrasound and magnetic res-
onance imaging). Children are also more prone to neck and 
cervical spinal cord injuries due to their weaker neck 
musculature.

 Implications for the Neurosurgical Patient

In the pediatric patient, the mass ratio of head to body is 
much higher than adults. This, in combination with the 
weaker neck musculature, places the child at greater risk 
for head injuries than the adult. Due to the incomplete 
myelination of axons and the smaller astrocyte and oligo-
dendrocyte populations, the pediatric brain also has a 
higher water content and different viscoelastic properties 
compared with the adult brain. These properties along with 
the more elastic skull and rich vascular supply of the sub-
arachnoid space lead to predominance of diffuse axonal 
injury and subarachnoid hemorrhage in the younger pediat-
ric population following traumatic brain injury. As the cen-
tral nervous system matures, mass lesions such as epidural, 
subdural, and intraparenchymal hematomas become more 
prevalent following traumatic brain injury. Special consid-
eration must be taken for the prematurely born infant, 
where the blood-brain barrier has not completely matured, 
and its fragility places the premature neonate at higher risk 
for intraventricular hemorrhage.

Besides increased head-to-body mass ratio, pediatric 
patients also have higher body surface area to mass ratios. 
This has important implications in the operating room, where 
pediatric patients are at higher risk for hypothermia, and care 
must be taken to regulate temperature carefully. Cooled 
cleaning solutions such as iodine and chlorhexidine can pro-
duce significant drops in body temperature in the pediatric 
patient compared with the adult.

 Concerns and Risks

The increased vascularity of the cranial vault provides unique 
challenges to care of the pediatric patient. Large blood 
replacement requirements may be observed during cranial 
vault reconstructions. When the dura is breached and the 
blood-brain barrier is compromised, a disseminated intravas-
cular coagulation cascade can be initiated intraoperatively 

and postoperatively requiring resuscitation with fresh frozen 
plasma, cryoprecipitate, and other component therapies. 
Cephalohematomas, which are subperiosteal hemorrhages, 
are common in infancy but when associated with linear skull 
fractures and/or coagulopathy may cause life-threatening 
hemorrhage.

Inflicted or non-accidental pediatric TBI (shaken-baby or 
shaken-impact syndrome) is a common cause of morbidity 
and mortality, especially in infants and young children. The 
practitioner must be familiar with the typical features of non- 
accidental head trauma and have a low threshold for further 
investigation.

• Non-accidental head trauma is most common in children 
under the age of 3 with the majority being less than 
1 year.

• Typically the history is vague or varies over time and con-
sists of a minor blunt impact of the head with a mecha-
nism of injury that is not consistent.

• Presenting symptoms in the infant can also be vague. 
Lethargy, irritability, or poor feeding may be the initial 
complaint for seeking medical attention. Infants may also 
present with seizures, hyper- or hypotonia, or a full 
fontanel.

• Extracranial findings are not always present but may 
include bruising, burn marks, or fractures.

• Retinal hemorrhages are found in a majority of patients 
and may be unilateral or bilateral but are not specific for 
the diagnosis. For instance, vaginally delivered infants 
may have retinal hemorrhages up to 1  month after 
delivery.

Nontraumatic causes of retinal hemorrhages include sep-
sis, coagulopathy, galactosemia, osteogenesis imperfecta, 
and malignant hypertension which can be difficult to dif-
ferentiate without considering the entire clinical picture. 
Intracranial bleeding should prompt a coagulation workup 
including fibrinogen, PT, INR, platelet count, and 
PTT. Isolated cardiopulmonary resuscitation without coagu-
lopathy is thought not to be associated with retinal hemor-
rhages; however, this lacks definitive study. If non-accidental 
TBI is suspected, a skeletal survey should also be performed 
since extracranial abnormalities are detected in a large per-
centage of cases. Likewise, there are conditions such as 
osteogenesis imperfecta that can mimic non-accidental frac-
tures. In addition, other occult injuries, such as blunt 
abdominal trauma, should be investigated with laboratory 
data and/or a CT and surgical consultation. Once there is a 
concern for possible non-accidental trauma, social services 
should be consulted.
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Key Points
• Central nervous system anatomy and physiology of 

the pediatric patient are not static and vary with age.
• Open fontanel and unfused sutures do not preclude 

the pediatric patient to herniation.
• Cerebral blood flow rates change with age and peak 

in school-age children.
• The limits of pressure autoregulation vary with age, 

and infants have lower pressure thresholds com-
pared with adults.

• Children have a rich vascular supply to the subarach-
noid space and more compliant skull predisposing 
them to subarachnoid hemorrhage and diffuse axonal 
injury following traumatic brain injury.

• Control of the cerebral circulation changes with age 
and critical illness.

• Inflicted head trauma must always be considered in 
the pediatric patient where there is no clear history 
or mechanism of accidental trauma.
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Pediatric Anesthetic Care Requirements

Mali Hetmaniuk and Gregory J. Latham

 Overview

From the previously healthy child who receives the unfortunate 
diagnosis of a brain tumor to the medically complex child who 
arrives for better seizure control, the pediatric neurosurgical 
patient can present numerous challenges for the anesthesiolo-
gist. Providing age-appropriate, neuro- anesthetic care for chil-
dren requires an understanding of both the neurologic and 
general developmental changes, the neurosurgical procedure, 
the existing neurologic deficits, the underlying comorbidities, 
and the effects of anesthesia on all of these factors.

The risk of perioperative morbidity and mortality 
increases as age decreases, with the neonatal group at the 
highest risk. As with adults, the American Society of 
Anesthesiology (ASA) physical status predicts the risk of 
anesthesia for children. Children who are less than 2 years of 
age or critically ill generally receive anesthetic care by pro-
viders with special training in pediatric anesthesiology. 
Similar to the way a cardiac anesthesiologist uses pre-load, 
contractility, and afterload as a framework for approaching 
the patient’s pathology, the neuro-anesthesiologist views 
clinical scenarios based on intracranial perfusion, intraoper-
ative injury, and postoperative function. One of the biggest 
challenges of neuro-anesthesia is how the operating condi-
tions rendered possible by an anesthetic can immediately 
become a hindrance once the surgery is complete and an 
accurate neurological exam becomes desirable. As with any 
procedure, advanced communications with the surgical team 
is imperative. The following chapter reviews the general and 
neurosurgical-specific preoperative, intraoperative, and post-
operative considerations of the pediatric patient.

 General Preoperative Assessment of Children

While the relatively healthy child may be evaluated immedi-
ately before surgery, most medically complex patients (and 
this comprises the majority of neurosurgical patients) benefit 
from a pre-anesthetic evaluation well prior to surgery. If the 
anesthesia team can participate in surgical planning confer-
ence, then care can be further optimized. The pediatric preop-
erative assessment should include diagnosis, history, physical 
examination, and NPO status. A list of highlights for the typi-
cal pediatric preoperative assessment is included in Table 53.1. 
A list of highlights for the preoperative assessment for the 
pediatric neurosurgical patient is included in Table 53.3.

Patients with intracardiac connections may be at risk for 
embolic events, subacute bacterial endocarditis (SBE), car-
diovascular instability, hypoxia, or arrhythmias. Significant 
cardiac disease may warrant consultation with a pediatric 
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Table 53.1 General pediatric preoperative assessment

General Developmental level, congenital abnormalities or 
syndromes, previous anesthetic problems, family 
history of malignant hyperthermia (MH)

Birth Prematurity, anoxic injury, admission to intensive 
care unit, surfactant administration

Cardiac Congenital heart disease, murmur, high output heart 
failure

Pulmonary History of prolonged intubation, use of monitoring 
or oxygen at home, chronic lung disease (BPD), 
subglottic stenosis, reactive airway disease, 
obstructive sleep apnea (tonsillar hypertrophy), 
aspiration pneumonia

Neurologic Seizures, myopathies, paralysis, gross motor 
deficits, visual defects, hydrocephalus, central 
apnea

Infectious Recent upper respiratory infection (URI)
GI Gastroesophageal reflux, dysphagia, prior 

abdominal surgery, bowel incontinence, liver 
dysfunction

GU Kidney disease, bladder incontinence
Hematologic Sickle cell disease, coagulopathy, anemia
Other Endocrine imbalance, functional status
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cardiac anesthesiologist. Children with upper respiratory 
infection (URI) or reactive airway disease may be at 
increased risk of laryngospasm or bronchospasm. Children 
with myopathies or a positive family history may be at 
increased risk of malignant hyperthermia (MH). Children 
without any significant history or medications usually do not 
require any preoperative lab studies.

 General Preoperative Sedation for Children

Parental separation and entrance into the operating room can 
provoke anxiety in a child, particularly toddlers. While many 
regimens exist for preoperative sedation, oral midazolam 
(0.25–1 mg/kg, maximum of 20 mg) is commonly used. If vas-
cular access is in place, intravenous midazolam may be titrated 
to effect (approximately 0.05–0.1 mg/kg). Preoperative anxiety 
can be particularly severe in patients who have had multiple 
procedures. In these cases, parents may be helpful in identify-
ing tactics that have been helpful in the past. Parental presence 
during induction can be a helpful substitute for sedatives if par-
ents act appropriately and operating room staff are prepared for 
such an arrangement. Another approach to preoperative anx-
iolysis is to take advantage of a child’s natural curiosity and 
love for play; allowing the child to examine or play with their 
facemask preoperatively (e.g., decorate with stickers) can be 
very effective. Lastly, utilization of a child life specialist may 
be beneficial prior to the day of surgery or during the preopera-
tive period. These specialists are trained to provide age-appro-
priate preparation, distraction, and coping skills.

 General Preparation of the Pediatric  
Operating Room

Much of the preparation for intraoperative anesthetic care is 
dictated by the specific procedure to be performed. Pediatric- 
specific preparations for all anesthetics have been suggested 
and endorsed by the American Society of Anesthesiologists 
(ASA) and American Academy of Pediatrics (AAP). 
Anesthetic personnel need to be trained to administer anes-
thetics and medications in appropriate doses and volumes 
appropriate for pediatrics and have experience in the airway 
management and ventilation of infants and children. 
Equipment necessary for the pediatric environment is listed 
in Table 53.2. Discussion of specific monitoring for pediatric 
neurosurgical procedures can be found in Chap. 47.

 General Anesthesia for Children

The lack of patient cooperation is a fundamental character-
istic of pediatric anesthesia. While an adult patient can 

often be convinced to hold still for multiple IV attempts, it 
is rare to meet such a child. However, the choice between 
an inhalational and intravenous induction is still dictated by 
safety, with the added caveat that there are risks to attempt-
ing to place an IV in a combative child for both the patient 
and the provider. The majority of children coming from 
home to the operating room may receive an inhalation 
induction; those with full stomachs, loss of airway reflexes, 
vomiting, decreased level of consciousness, or severe ill-
ness are best induced with aspiration precautions and intra-
venous medications.

Inhalation inductions in children are usually performed 
with sevoflurane with or without nitrous oxide. Sevoflurane 
is the least noxious and best tolerated potent inhalational 
agent for pediatric induction. Nitrous oxide is generally con-
sidered odorless and for the elective case may precede the 
application of sevoflurane to speed induction and minimize 
the initial impact of the more noxious smell. Children then 
can be maintained on sevoflurane or switched to isoflurane or 
desflurane after induction.

Classically, premedication with atropine IV (to prevent 
or treat bradycardia) is recommended for children less 
than 2 years, for children less than 6 years and receiving 
succinylcholine, or if bradycardia is present. However, 
given that the incidence of bradycardia and arrhythmia is 

Table 53.2 General pediatric anesthetic preparation, equipment, and 
drugs

Airway equipment – in 
pediatric sizes

Masks
Laryngeal mask airways (LMA)
Endotracheal tubes
Nasal and oral airways
Laryngoscopes and blades

Pediatric positive pressure ventilator and circuit
Temperature control Patient warmers

Fluid warmers
Fluid administration Volumetric devices

Pediatric size catheters
Intraosseous needles

Monitors Pulse oximetry probes – in pediatric sizes
Blood pressure cuffs – in pediatric sizes
ECG pads
Temperature
Capnography

Difficult airway 
equipment

Equipment for video laryngoscopy, 
fiber-optic intubation, and cricothyrotomy

Portable equipment for 
transport to ICU

To provide oxygenation and ventilation
Portable monitoring

Resuscitation cart Defibrillator with pediatric paddles or 
pads
Vasoactive medications in dilutions 
appropriate for weight-based 
administration
Dantrolene
Pediatric dosing template
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actually quite low, it may be appropriate to simply have 
atropine available (20  mcg/kg) in case bradycardia or 
arrhythmia occurs during induction. Repeat dosing of suc-
cinylcholine carries a significantly higher risk of causing 
bradycardia.

The US Food and Drug Administration (FDA) has 
issued a “boxed” warning about the use of succinylcholine 
in children. In summary, the use of succinylcholine for 
routine use in children has been abandoned except in cases 
of “emergent intubation or instances where immediate 
securing of the airway is necessary.” High-dose rocuronium, 
1.2 mg/kg, is an alternative for rapid sequence intubations. 
If succinylcholine is required (e.g., laryngospasm, sus-
pected difficult airway, full stomach, no IV access, or con-
cern that inadequate paralysis during laryngoscopy will 
cause a spike in ICP), then atropine 0.02  mg/kg IV/IM 
should precede succinylcholine.

Maintenance, emergence from anesthesia, and appro-
priate postoperative care of the general pediatric patient 
are dependent on the particular procedure and the patient’s 
condition. With a higher risk for pressure-related injuries, 
it is beneficial to enlist the help of operating room nursing 
staff and surgical team in assessing the patient’s position. 
If possible, intermittent and gentle repositioning of the 
head and limbs can help to decrease pressure during par-
ticularly long surgeries. Maintaining normothermia is 
also more challenging in the pediatric patient for a variety 
of reasons. The different anatomic and physiologic rea-
sons behind this are discussed in detail in Chap. 47. 
Briefly, children have a larger body surface area to mass 
ratio and a relatively large head, and the head is usually 
fully exposed and wet during neurosurgical procedures. 
The exposed and anesthetized child is particularly vulner-
able to hypothermia; thus, consideration should be given 
to raise ambient temperature, to use heating lamps and 
forced air warmers, and to minimize positioning and site 
prep time in order to drape the patient in a timely 
manner.

Emergence from anesthesia is a high-risk period for any 
patient, but the pediatric patient in particular must be 
watched for residual neuromuscular blockade, apnea, bron-
chospasm, and laryngospasm. It is worthwhile remember-
ing that respiratory events are directly or indirectly 
responsible for the bulk of perioperative complications in 
children. Appropriate postoperative care of the general 
pediatric patient will depend on what procedure was per-
formed, institutional practices, and patient-specific con-
cerns. The specifics are beyond the scope of this chapter, 
but any receiving unit will need to be comfortable with 
assessing the airway, evaluating pain, recognizing delirium, 
and responding to the needs of recovery by administering 
medications, enlisting help of parents, or calling for the 
assistance of a qualified provider.

 Implications for the Neurosurgical Patient

 Preoperative Assessment of the Pediatric 
Neurosurgical Patient

In addition to the general pediatric preoperative evalua-
tion, there should be particular emphasis on intracranial 
perfusion and pre-existing neurologic deficits in the pedi-
atric neurosurgical patient. Documentation of the preexist-
ing neurologic deficits and the child’s developmental level 
will help with postoperative assessment. Patients with 
intracranial hypertension can have decreased levels of con-
sciousness and carry a higher risk of complications from 
preoperative sedation, aspiration during induction, and 
delayed emergence. Lastly, the hydration status should be 
assessed prior to administering anesthetic agents that can 
cause hypotension and decrease cerebral blood flow (CBF) 
(Tables 53.3 and 53.5).

No specific laboratory tests are required for pediatric neu-
rosurgical patients. However, measuring preoperative elec-
trolytes may be important in children with a history of 
vomiting or the use of osmotic diuretics. Platelet number or 
coagulation studies may be affected by the use of some anti- 
epileptic medications or a ketogenic diet. In general, risk for 
blood loss should be discussed preoperatively, and type and 
cross-matched blood should be available for high-risk cases 
such as open craniosynostosis repair.

Children with a history of chronic steroid treatment or 
replacement (hypopituitarism) may benefit from intraopera-
tive replacement of stress dose steroid (1–2 mg/kg of hydro-
cortisone [Solu-Cortef] IM/IV or an equivalent dose of 
dexamethasone IV [0.05–0.1 mg/kg]). More than 3 weeks of 
exogenous corticosteroid therapy (>20 mg/day prednisone or 
equivalent) can produce measurable suppression and inabil-
ity to mount a stress response for up to a year.

Table 53.3 Preoperative assessment of the pediatric neurosurgical 
patient

Assessment Rationale
Presence of 
neurologic deficits

Determine a change in postoperative period

Developmental level Appropriate induction techiques, anticipate 
recovery needs

Presence of elevated 
ICP

Cerebral perfusion, vomiting

Congenital 
abnormalities

Airway difficulty, SBE risk, embolism risk

Hydration status Risk of hypotension, reduction of CPP
Use of diuretics or 
osmotic agents

Effect on volume status or electrolytes

Use of antiepileptic 
medications

Effect on platelets or coagulation factors, 
effect of large blood loss on blood levels, 
need for immediate postoperative 
continuation

CPP cerebral perfusion pressure, ICP intracranial pressure, SBE sub-
acute bacterial endocarditis
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 Preoperative Pediatric Neurosurgical Sedation

Oversedation can lead to respiratory depression, hypercarbia, 
hypoxia, and resultant increases in ICP. Sedative premedica-
tions should never be given to children with symptomatic 
intracranial hypertension or central nervous system depres-
sion, unless directly monitored by the anesthesiologist. Calm 
reassurance or parental presence through the time of induc-
tion may be the better approach for such children.

 Preparation of the Pediatric Neurosurgical 
Operating Room

If warranted for the specific patient and procedure, equip-
ment for ICP monitoring, for detection of venous air embo-
lism (VAE), and for evoked potentials may be needed. 
Mannitol and hypertonic solutions may be needed. Blood 
products may need to be in the room if large or sudden blood 
loss is likely.

 Induction of Pediatric Neurosurgical 
Anesthesia

In children with intracranial hypertension, the goals of induc-
tion are protection of the airway, hemodynamic stability, and 
maintenance of cerebral perfusion. Maintaining hemody-
namic stability during induction will entail frequent measure-
ment of blood pressure, calculation of cerebral perfusion 
pressure (CPP) if ICP monitoring is available, careful titra-
tion of anesthetic agents, and the availability of appropriately 
diluted vasoactive drugs to tightly control blood pressure. 
Typical medications for intravenous induction are listed in 
Table 53.4.

A rapid-sequence induction should be performed for 
patients with a decreased level of consciousness or other risk 
factors for aspiration. When the rapid-sequence induction 
technique is used, increases in ICP will occur if hypoventila-
tion is prolonged and hypercarbia develops. Lidocaine IV, 

1  mg/kg, is an additional adjunct to laryngoscopy that is 
 tolerated well in children to prevent ICP increases during 
laryngoscopy or suctioning of the trachea. Lidocaine works 
best if given 2–3 min before laryngoscopy.

If an inhalational induction is chosen when there may be 
a risk of elevated ICP, then slight hyperventilation can be 
used to help counter the cerebral vasodilatory properties of 
sevoflurane.

The use of intramuscular ketamine for induction of unco-
operative children should be avoided when intracranial 
hypertension is a concern because it may increase cerebral 
metabolism, CBF, and ICP. These concerns are based on case 
reports and small studies, where ventilation may not have 
been controlled. There is emerging evidence in patients with 
traumatic brain injury that ketamine (as a component of 
sedation) does not negatively impact ICP and may in fact 
have neuroprotective properties. These benefits may come in 
part from ketamine’s hemodynamic stability (assuming the 
patient is not catecholamine depleted) and subsequent pro-
tective effects on areas of the brain at risk for ischemic injury. 
It is important to know that there have been no high-quality 
studies on children to investigate the effects of ketamine for 
anesthetic induction on ICP.

 Maintenance of Pediatric Neurosurgical 
Anesthesia

No single anesthetic technique has been shown to be supe-
rior for maintenance of anesthesia for children undergoing 
neurosurgery. The most important factor in choosing an 
anesthetic technique is to understand the pharmacokinetics 
of the agents, the effects of the agents on ICP and CBF 
(Table 53.5), and the needs of the surgical procedure.

Factors considered in the choice of anesthetics for the 
maintenance of anesthesia include impact on neuromonitor-
ing, ability to titrate to rapid emergence, requirements of the 
specific surgical procedure, and cost. The volatile anesthetics 
isoflurane and sevoflurane vary in their use for induction, 
cost, rapidity of emergence, cerebral vasodilation, and auto-

Table 53.4 Pediatric induction drug dosages

Type of induction agent Drug IV dosage Notes
Sedative/hypnotic Propofol 2–4 mg/kg Titrate to avoid systemic and cerebral hypotension
Blunt hyperdynamic response Fentanyl 1–5 mcg/kg Support ventilation and BP

Lidocaine 1 mg/kg 2–3 min prior to laryngoscopy
Paralysis Vecuronium 0.1 mg/kg
Paralysis for rapid-sequence induction Rocuronium 1.2 mg/kg

Succinylcholine 1–2 mg/kg Consider contraindications
Vasoactive drugs to treat changes in CPP Phenylephrine 3–10 mcg/kg Titrate to effect

Sevoflurane 1–2%
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regulation effect. Recent literature suggests that sevoflurane 
may lead to better preservation of CBF and autoregulation 
than isoflurane and, especially, desflurane. Nitrous oxide is 
an adjunct that may help speed induction and emergence. 
The use of nitrous oxide varies upon the user’s experience 
with its effect on evoked potentials and upon the risk for 
expanding pneumocephaly or VAE.

Propofol can help preserve evoked potentials but may 
need to be titrated as the length of the case progresses 
because accumulation can lead to loss of signals. Because of 
concerns for propofol infusion syndrome, a continuous infu-
sion should be limited to less than 6  h in children. 
Furthermore, the clinical duration of propofol after infusion 
is difficult to gauge if a wake-up test or rapid emergence is 
planned.

The short-acting opioids fentanyl and remifentanil are 
commonly employed during pediatric neurosurgery. The 
rapid metabolism of remifentanil aids rapid emergence, 
but experience is helpful in knowing when and how to add 
longer- acting opioids for postoperative pain relief. The 
greater cost of remifentanil is also a consideration.

Paralytics are often used to eliminate motion during sur-
gery, prevent injury to patients in head pins, and allow low- 
dose anesthetic administration when critical for monitoring. 
Avoidance of paralytics may be needed if motor-evoked 
potentials are being used.

Antiemetics may be administered intraoperatively to 
reduce the risk of postoperative nausea and vomiting, which 
may exacerbate any elevated ICP. Ondansetron is an effective 
antiemetic with minimal side effects in children and can be 
given as 0.15  mg/kg IV, 30  min before emergence. 
Dexamethasone is also used in children for antiemetic effects 
and may also be requested by the neurosurgeons to minimize 
vasogenic edema from operative manipulation. Dexamethasone 

has been found to have antiemetic properties in doses of 
0.0625–1.0 mg/kg IV, with some studies showing low doses as 
effective as high.

Specific pediatric neurosurgical procedures may have 
specific intraoperative needs and are discussed in Sect. 4.2.

 Pain Management for Pediatric Neurosurgical 
Procedures

Scalp incisions, even for minimally invasive neurosurgical 
procedures, cause postoperative pain. Commonly, paren-
teral opiates are used intraoperatively and postoperatively. 
However, acetaminophen and NSAIDs have fewer effects 
on neurologic examination, less respiratory depression, and 
may be useful alone or as adjunct to opiates. The potential 
for bleeding or short-term renal dysfunction in children 
with renal insufficiency should be considered with 
NSAIDS.  Typical postoperative analgesia pediatric dos-
ages are listed in Table 53.6.

Scalp blocks may be used for supplemental analgesia of 
excisions of the scalp. These blocks usually need to be per-
formed while children are anesthetized, and total dosages of 
local anesthetic need to be monitored to avoid neurologic or 
cardiovascular toxicity. Maximum recommended doses of 
commonly used local anesthetics include 7 mg/kg of lido-

Table 53.5 Cerebral effects of anesthetic agents

Drug CBF CMRO2 ICP Autoregulation
Propofol ↓↓ ↓↓ ↓↓ Preserved
Opioids ↔ ↔ ↔ Preserved
Thiopental ↓↓ ↓↓ ↓↓ Preserved
Dexmedetomidine ↓ ↓ ↓/↔ Preserved
Benzodiazepines ↓ ↓↓ ↓ Preserved
Ketamine ↑↑ ↔ ↑↑ Unknown
N2O ↑ ↔ or ↑ ↑ Preserved
Sevoflurane ↑ ↓↓ ↑ Abolisheda

Isoflurane ↑ ↓↓ ↑ Abolisheda

Desflurane ↑ ↓↓ ↑ Abolisheda

Halothane ↑↑ ↓ ↑ Abolished

↑, increase; ↑↑, significant increase; ↔, no change; ↓, decrease; ↓↓, 
significant decrease; CBF cerebral blood flow, CMRO2 cerebral meta-
bolic rate, ICP intracranial pressure, N2O nitrous oxide
aAbolished in a dose-dependent fashion

Table 53.6 Pediatric analgesic dosages

Analgesic Dosage Notes
Acetaminophen 
(oral/IV)

10–15 mg/kg Q4-6h Max: 75 mg/kg/24 h.; 
60 mg/kg/24 h. in 
neonates; consult 
pharmacy for premature 
neonates

Acetaminophen 
(rectal)

30–40 mg/kg PR 
loading dose, then 
20 mg/kg PR every 
6 h

Max: 75 mg/kg/24 h.; 
60 mg/kg/24 h. in 
neonates; neonates should 
receive Q12h dosing

Morphine 0.025–0.1 mg/kg 
increments IV in 
children >2 months 
of age

Half-life 2  ±  1.8 h after 
∼2 months of age

Hydromorphone 15–30 mcg/kg IV q 
3 h
30–80 mcg/kg PO/
PR q 3 h

Fentanyl 0.5–1 mcg/kg IV
Oxycodone 0.05–0.15 mg/kg PO
Hydrocodone 0.05–0.15 mg/kg PO
Morphine PCA 10–20 mcg/kg/dose, lock out 8–15 min, basal 

0–30 mcg/kg/h, 250–400 mcg/kg 4 h limit
Hydromorphone 
PCA

2–4 mcg/kg/dose, lock out 8–15 min, basal 
0–5 mcg/kg/h, 50–80 mcg/kg 4 h limit

Fentanyl PCA 0.5 mcg/kg/dose, lock out 6–10 min, basal 
0–0.5 mcg/kg/h, 7–10 mcg/kg 4 h limit
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caine with epinephrine, 2.5 mg/kg of bupivacaine, and 3 mg/
kg of ropivacaine; maximum doses should be decreased by 
30% in infants younger than 6 months. Epinephrine is often 
included as a vascular marker because of the toxicity risk 
associated with inadvertent intravascular administration.

Supraorbital and supratrochlear nerve blocks provide 
analgesia of the anterior forehead and scalp, from the bridge 
of the nose to the apex of the head. Occipital nerve blocks 
provide analgesia to the occipital and temporal regions of the 
scalp, from the nuchal line to the apex of the head. Both 
blocks are easy to perform. The reader is directed to a text-
book of pediatric regional anesthesia for further discussion 
of the technique of these blocks.

 Postoperative Pediatric Neurosurgical 
Management

The recovery rooms or intensive care units responsible for 
children recovering from a neurosurgical procedure should 
have the same pediatric capabilities mentioned in Table 53.2. 
In addition to being familiar with pediatric respiratory and 
hemodynamic physiology, the staff needs to be familiar with 
the pediatric neurologic examination. Units taking care of 
children should be familiar with weight-based dosing for 
patients less than 40 kg and with pediatric advanced life sup-
port for patients less than 12 years (intraosseous access tech-
nique, appropriate defibrillator paddles, etc.).

Because of the sensitivity of children to pain medications, 
titration of medications is recommended to avoid hypoten-
sion and hypoventilation. The same basic goals of avoiding 
hypotension, hypoxia, hypoventilation, hyper- or hypoglyce-
mia, and hypo- or hyperthermia apply. The staff needs to be 
aware that even without neurologic problems, neonates are at 
risk for periodic breathing and hypoventilation/hypoxia in 
the postanesthetic period. Children with adenotonsillar 
hypertrophy or congenital airway anomalies are at risk for 
postoperative obstructive apnea.

It is especially important for the postanesthetic staff to 
know the preoperative neurologic findings and the develop-
mental level of the patient because postoperative neurologic 
changes may require immediate investigation and interven-
tion. Depending on the procedure, the postoperative patient 
may also need to be closely monitored for sequelae of cranial 
nerve injury, especially injury to cranial nerves IX, X, and 
XII, as these can impair a patient’s ability to protect his/her 
airway. Some abnormalities may be age appropriate such as 
Babinski reflexes, Moro reflexes, asymmetric tonic neck 
reflexes, and clonus in very young children. Additionally, a 
description of typical seizure patterns can be helpful to the 
postanesthetic care staff for recognition and appropriate 

response to postprocedure seizures. The postoperative neu-
rologic examination in an ICU setting needs to be recorded 
serially and at regular intervals with age-appropriate mea-
sures so that subsequent examiners can review for changes in 
examination.

In addition to close neurologic monitoring, the postopera-
tive staff should watch for related complications (such as 
fluid and electrolyte disturbances) and act proactively to pre-
vent subsequent problems. Children need to have weight-
based fluid administration and depending on age and health 
may need to have glucose added. The same postoperative 
disturbances in volume and sodium status that occur in adults 
can occur in children, such as syndrome of inappropriate 
antidiuretic hormone (SIADH), diabetes insipidus, or cere-
bral salt wasting. A common pediatric postoperative compli-
cation is hyponatremic seizures in a child who is NPO, 
having continuous CSF drained by ventriculostomy, and 
whose maintenance fluid only contains one-quarter normal 
saline.

 Concerns and Risks

 Preoperative Management

The hydration status should be assessed prior to administer-
ing anesthetic agents that can cause hypotension and decrease 
CBF. NPO guidelines must be followed (Table 53.7). If sig-
nificant dehydration is a concern, preoperative intravenous 
hydration may be necessary.

 Pediatric Intraoperative Cerebral Resuscitation

The same general guidelines for cerebral resuscitation apply 
to children and adults. Hypotension and hypoxemia have 
been shown to have a negative effect on the outcome of chil-
dren with neurologic injury. Other general factors may have 
an impact on outcome and should be considered in the intra-
operative management: avoid hyperthermia, seizures, and 
hypo- or hyperglycemia. Specific responses to concerns 
about brain edema are included in Table 53.8. It should be 
noted that while ICP may fall when the dura is open, brain 
swelling may continue during this time.

Table 53.7 Pediatric NPO guidelines

Solids (including Infant formula) 6 h
Breast milk 4 h
Clear liquids 2 h
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Table 53.8 Methodologies to reduce or prevent cerebral edema

Promote venous drainage
  Head elevation
    Note: increased risk for VAE if burr holes or craniotomy 

underway
  Head midline
    Reduces venous outflow obstruction but may not be possible for 

surgical positioning
  Minimize intrathoracic pressure (i.e., avoid excessive PEEP, allow 

adequate exhalation time)
CPP maintenance – age appropriate
  No guidelines exist for a minimum CPP in children, either under 

anesthesia or not
  Note: One study in healthy infants found that the lower limit of 

autoregulation was at 38 mmHg or more than 20% deviation from 
baseline. Another study observed postoperative intracranial 
hypertension in children with severe traumatic brain injury (TBI) 
(with ICP monitors) when CPP fell below 40 mmHg

  Maintain adequate age-appropriate mean arterial pressure (MAP)
    Note: Ideal blood pressure goals for children with brain injury 

are unknown. Some investigations have examined the use of 
cerebral near-infrared spectroscopy (NIRS) or transcranial 
Doppler (TCD) in concert with blood pressure monitoring to 
aid in maintaining the patient within the range of autoregulation

  Minimize ICP
Hyperventilation
  Avoiding hypoventilation is prudent (PaCO2 35–40 mmHg)
  Mild hyperventilation with problematic ICP/edema management 

(PaCO2 30–35 mmHg)
  More aggressive hyperventilation (PaCO2 < 30 mmHg) has risks, 

and if needed for a prolonged period, monitoring of SjO2, PbO2, or 
CBF is suggested

Osmolar therapy
  Mannitol
   0.25–1 g/kg raises serum osmolarity by 10–20 mOsm/L
  Furosemide
   1 mg/kg
  Hypertonic saline
   12 cc/kg of 3% NaCl should raise serum Na 10 mEq/L and 

serum osmolarity by 20 mOsm/L
  Urine output measurement.
   Urinary catheter helps monitor diuresis caused by diuretic 

agents, and CVP helps monitor volume status, while increasing 
osmolarity may decrease edema, hypotension may decrease CBF 
and reduce CPP, volume shifts in children may be more dramatic 
than in adults

Barbiturate
  Useful to reduce ICP/edema by cerebral vasoconstriction and 

reduction in CMRO2

  May impair neurologic examination and emergence from 
anesthesia

Dexamethasone
  Useful for peri-tumor or peri-abscess vasogenic edema
  Unclear if useful for vasogenic edema secondary to surgical 

manipulation
  Not useful for traumatic edema
  Complications include hyperglycemia and hypertension
Hypothermia
  May reduce ICP/edema by reducing CMRO2

  Unclear if improves outcome from traumatic injuries
CSF drainage
  May be useful when shunt or ventricular drain is available

Key Points
• Sedative premedications increase risk when given 

to children with symptomatic intracranial hyperten-
sion or central nervous system depression.

• Succinylcholine should be avoided in children, except 
in situations of emergent airway management.

• The choice of inhalation versus intravenous induc-
tion depends on several factors. Most importantly, 
patients with full stomachs, loss of airway reflexes, 
vomiting, intracranial hypertension, decreased 
level of consciousness, or severe illness are best 
induced with a balanced technique of intravenous 
drugs.

• No single anesthetic technique has been shown to 
be superior for maintenance of anesthesia for 
children undergoing neurosurgery. The most 
important factor in choosing an anesthetic tech-
nique is to understand the effects of the agents on 
ICP and CBF, intraoperative monitoring, rapidity 
of emergence, and the needs of the surgical 
procedure.

• It is imperative that the anesthesiologist is aware 
of the methodologies to reduce or prevent cere-
bral edema preoperatively, intraoperatively, and 
postoperatively.
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The Pediatric Airway in Neurosurgery

Debra Elayne Morrison and Zeev N. Kain

 Overview

 Characteristics of the Pediatric Airway

The pediatric airway is characterized by smaller size and 
developmental anatomical differences.

 1. Smaller size implies increased likelihood of soft tissue 
obstruction and resistance to airflow, especially if edema 
is present, as well as less technology available for airway 
management. Smaller size also necessitates a more subtle 
technique and predicates more immediate and disastrous 
consequences for failure to manage the airway:
• Rapid desaturation with bradycardia
• Laryngospasm
• Distention of the stomach with mask ventilation, mak-

ing it difficult to expand the lungs
 2. Developmental differences include:

• Relatively large occiput, which influences positioning
• More pliable and collapsible tissue
• Likely presence of relatively larger tongue and larger 

tonsils and adenoids, which contribute to airway 
obstruction

• A more cephalad larynx, which usually makes a 
straight laryngoscope blade more practical

• A shorter, narrower, and angled epiglottis, which can 
often be difficult to lift with a laryngoscope blade

• The possibility of transitioning dentistry (unantici-
pated loose teeth)

The airway examination is mostly external, including the 
entire head and neck, and historical (previous anesthetic 
records, if existing) and is either normal or probably abnor-
mal, based on suspected or known syndrome or diagnosis. 

Some pediatric patients who appear to be normal can be dif-
ficult to intubate.

 Ventilation

The most effective technique for pediatric mask ventilation:

 1. Gently place the mask below the lips over the open 
mouth and at the bridge of the nose with the thumb and 
forefinger using just enough pressure to create a seal.

 2. The fourth and/or fifth fingers should grasp the angle of 
the mandible and gently pull the jaw upward into the 
mask (if fourth finger is on the mandible, spare fifth fin-
ger can also be used to manipulate the cricoid cartilage).

 3. The middle finger should be free or touching only the 
bony portion of the mandible to avoid compression of 
midline soft tissue.

 4. Care should be exercised to keep the middle finger away 
from the midline soft tissue and to avoid pressure on the 
mandible that forces the mouth to close.

 5. A small roll may be placed under the shoulders to com-
pensate for the large occiput, which may be stabilized by 
a small gel donut, or the entire body excluding the head 
may be elevated on a pad.

 6. Gentle continuous positive airway pressure (CPAP) can 
be used to distend the pharynx and larynx during spon-
taneous or assisted ventilation while maintaining low 
peak inspiratory pressures (at no more than 15 cm H2O) 
to avoid gastric distension.

 7. Use of CPAP is preferable instead of an oral airway, 
since an oral airway, especially one of the wrong size, 
can compress or distort the anatomy and cause obstruc-
tion, trauma, or laryngospasm.

 8. A lubricated nasal trumpet (if not contraindicated by 
choanal atresia, coagulopathy, neutropenia, or basilar 
skull fracture) approximately the diameter of the nasal 
opening can also be used to relieve airway obstruction 
during mask ventilation.
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 9. If mask ventilation is at all difficult despite simple maneu-
vers, it is best to move on rather than to waste time 
struggling.

 10. The patient with uncorrected meningomyelocele can be 
elevated above the table for induction and intubation 
with a donut around the “cele,” a large roll under the 
shoulders, and support for the head adequate to maintain 
normal alignment of head and neck.

 Alternative Methods of Ventilation  
if Difficult Mask

An appropriately sized, thermosoftened, lubricated endotra-
cheal tube (ETT) placed nasally (if not contraindicated) can 
be used in lieu of mask ventilation.

The adult nasal passage can be vasoconstricted to mini-
mize potential bleeding which could make fiber-optic intuba-
tion more problematic. It is hard to approximate a correct 
pediatric dose of nasal decongestant spray or to quickly 
dilute Neo-Synephrine; thus, it is imperative that nasal ETT 
be placed with minimal trauma.

 1. Use a suction catheter as an ETT stylet positioned just 
past the distal tip of the standard ETT to blunt the edges 
of the ETT and lubricate the distal tip with water-soluble 
gel before insertion. A 6 F suction catheter fits in a 2.5 
ETT, an 8 F fits in a 3.0 ETT, a 10 F fits in 3.5–4.5 ETT, 
and a 14 F catheter fits in larger ETTs.

 2. Introduce ETT nasally just past the nasal passage and 
then (after optional suctioning) remove the suction cath-
eter, leaving ETT in place.

 3. Other techniques have been described using an esopha-
geal stethoscope as stylet (works only in ETT sizes 4.5 
and larger) or a red rubber catheter placed over the ETT 
tip, but the esophageal stethoscope method is more elab-
orate, and the red rubber catheter is made of latex.

 4. A wire-reinforced ETT has a softer, symmetrical tip and 
may be less traumatic than a standard ETT, although 
thicker walls result in a smaller lumen for a given exter-
nal diameter. A wire-reinforced ETT may not require a 
suction catheter to minimize mucosal trauma.

 5. A Parker Flex-Tip™ tracheal tube, which comes in sizes 
2.5 and larger, can be placed with less trauma to the naris.

 6. Gently occlude both mouth and other naris, by laying a 
flattened hand over the mouth and using the forefinger to 
pinch the other naris, attach circuit, and ventilate.

 7. If using lidocaine 1% to blunt response to intubation, use 
maximum of 1–2 mg/kg.

 8. If considering use of phenylephrine 0.25%, use no more 
than 1–2 drops and maintain blood pressure at baseline 
with systemic vasodilation.

 9. Nasal ETT should be positioned to avoid pressure- 
induced ischemia of the nasal ala.

A lubricated (with water-soluble surgical gel, not local 
anesthetic) laryngeal mask airway (LMA), such as either Dr. 
Brain’s LMA Classic™ (best fit) or Dr. Cook’s Air-Q™ 
(wide barrel), can also be used in lieu of mask ventilation 
and can be removed and replaced repeatedly. New LMA 
models continue to be developed.

Both the nasal ETT and the LMA, with attached double 
swivel connector with port (DSC), can be used to introduce a 
small fiber-optic bronchoscope (FOB) without interruption 
of monitored oxygenation and ventilation.

Using either of these devices for ventilation and intubation 
allows easy ventilation even with the patient in a more upright 
position allowing compensation for increased intracranial 
pressure with the added benefit of allowing the epiglottis to 
fall forward away from the glottic opening to enhance expo-
sure of the vocal cords during fiber-optic intubation.

 Intubation

 1. The correct size of the ETT is traditionally estimated for 
patients over 1  year by Cole’s formula: internal tube 
diameter (mm) = (16 + age in years)/4, but age does not 
always correlate with size, so the correct-sized ETT is 
usually about the same diameter as the tip of the child’s 
fifth finger.

 2. A slightly smaller high-volume low-pressure low-cuffed 
ETT can be used, inflating the cuff just enough, if at all, 
to minimize the leak appropriately.

In the normal pediatric airway, the straight laryngoscope 
blade should be inserted midline, approximately perpendicu-
lar to the patient, into the vallecula or used directly to lift the 
epiglottis to expose the vocal cords. Although the straight 
blade is the traditional blade, the Mac 2 blade, used in the 
normal manner or used to lift the epiglottis in the same man-
ner as the straight blade, also works very well in many chil-
dren greater than 1 year.

Grasp the laryngoscope handle close to or even partially 
on the blade (across the connection between handle and 
blade) rather than in the middle or toward the end farthest 
from the blade for better control.

 1. If there is a good view of the vocal cords but the approach 
is difficult and the patient is large enough to accommo-
date a 3.0 or larger ETT, have an assistant discard the sty-
let and insert a Cook Frova® intubating introducer 
(bougie) several centimeters past the tip of the ETT.

 2. Pinching the ETT tight to the bougie to prevent slippage, 
introduce the bougie through the vocal cords, and then 
slide the ETT over it into the trachea, all in one motion.

 3. The bougie can alternatively be inserted without the ETT, 
even down the “barrel” of the blade, without obscuring 
the view of the vocal cords, but the bougie’s adaptor must 
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first be removed to allow the ETT to be placed over the 
proximal end of the bougie.

 4. Another method of introducing the ETT when the view of 
the vocal cords is acceptable but the approach is difficult 
is to have a second operator deliver the ETT via FOB of 
appropriate size (and there is even a size which will pass 
through a 2.5 ETT) to and through the vocal cords while 
the laryngoscopist is exposing the anatomy.

If the vocal cords cannot be seen with a conventional 
laryngoscope, there are some simple alternative strategies for 
which equipment is available.

 Light-Assisted Blind Intubation

The Trachlight™ stylet and tracheal lightwand come in two 
sizes, the smaller of which fits through ETT sizes 2.5–4.0 and 
the larger of which fits through ETT sizes 4.5 and above. The 
device, a malleable wire in a PVC sheath, attached to a reus-
able light handle, can aid in blind oral or nasal intubations.

Fiber-Optic Oral Approach Through LMA
 1. First, determine whether the appropriate-sized ETT can 

be inserted through an LMA that fits well and pulled all 
the way through the distal (cuff) end of the LMA. Cutting 
off the proximal tip of the ETT will make it pass more 
easily and will not prevent replacing the ETT connector.

 2. Insert LMA, inflate cuff, and demonstrate good ETCO2 
waveform.

 3. Attach DSC to the LMA and place patient on positive 
pressure ventilation with low peak inspiratory pressure, 
monitoring ETCO2 via the normal elbow left connected 
between the DSC and the circuit.

 4. Remove connector from an appropriate-sized ETT and 
slide the ETT to the top (proximal end) of an appropriate- 
sized FOB.

 5. Introduce the FOB through the open port of the DSC, 
down the LMA (through the center of the grid if there is a 
grid), and through the vocal cords to just above the carina.

 6. Disconnect the DSC from the LMA and slide it up over 
the ETT to the top of the FOB. (With the Air-Q™, the 
LMA connector can also be disconnected, but this must 
be done before the FOB is introduced, preventing the 
achievement of a seal between the DSC and the LMA.)

 7. Slide the ETT down over the FOB until its top is level 
with the top of the LMA, at which point the tip will be 
past the vocal cords.

 8. Leaving the FOB in place past the vocal cords, the LMA 
can now also be slid up over the ETT to the proximal end 
of the FOB, leaving the FOB and the ETT in place, 
unencumbered. Leaving the FOB is probably the safest 
approach, but it delays attaching the ETT connector and 
delivering a breath, especially if FOB fits snugly into the 

ETT.  This is my preferred approach if it can be done 
quickly.

 9. The ETT can now be positioned optimally and the FOB 
withdrawn.

 10. Alternatively, after the ETT top (proximal end) has been 
placed level with the top of the LMA, the FOB can be 
withdrawn. The ETT connector can be temporarily 
attached, and a breath can be delivered at this point.

 11. Grasp the ETT with small tipped long grasping forceps 
(from pediatric ENT tray or cart) and hold it in place 
while sliding the LMA up over the forceps, then open 
the forceps, and remove them with the LMA.

 12. If no small tipped long grasping forceps is available, a 
second ETT of equal size can be inserted into the first 
ETT after FOB is withdrawn to temporarily create a 
single long ETT over which the LMA can be with-
drawn. The second ETT is removed after the LMA is 
removed.

 13. Attach the ETT connector, attach to the circuit, and con-
firm that the ETT is appropriately placed in the trachea.

 14. Alternatively, the LMA could be left in place during sur-
gery if the risk of removing it (dislocation of ETT) out-
weighs the benefit.

 15. Practice this technique in advance on a manikin. It is 
helpful to have a second pair of hands.

Fiber-Optic Nasal Approach
 1. The nasal approach to the airway is often the more direct 

approach in a pediatric patient.
 2. Once an appropriate-sized ETT is placed nasally just past 

the nasopharynx, as described above, occlude the other 
naris and the mouth and attach a DSC to the ETT.

 3. Place patient on low positive pressure ventilation or allow 
patient to breathe spontaneously. Sedation or general 
anesthesia is possible with sevoflurane and/or intravenous 
propofol, with ETCO2 monitoring.

 4. Introduce the lightly lubricated FOB through the port of 
the DSC, down the ETT, and through the vocal cords to 
just above the carina.

 5. Slide the ETT down the FOB through the vocal cords, 
remove the FOB, and confirm that the ETT is appropri-
ately placed in the trachea.

“Fastrach™” Approximation (Blind, ETCO2 Guided)
 1. Insert LMA, inflate cuff, attach circuit to LMA, and dem-

onstrate excellent ETCO2 waveform, which suggests 
good position proximal to vocal cords.

 2. Attach circuit to ETT and watch ETCO2 waveform during 
either spontaneous ventilation or low positive pressure 
ventilation as ETT is advanced through LMA and then 
through vocal cords.

 3. If no muscle relaxant has been used, whether patient is 
breathing spontaneously or on low positive pressure ventila-
tion, and ETCO2 waveform disappears, retract ETT slightly.
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 4. If ETCO2 waveform does not return with retraction, con-
sider laryngospasm, treat, and advance with ETCO2 
waveform as it returns.

 5. If ETCO2 waveform does return with initial retraction of 
the ETT, the LMA is probably not directing the ETT 
toward the vocal cords. Reposition LMA and reattempt or 
change technique.

Video Laryngoscope and Pediatric GlideScope
 1. The Storz® video laryngoscope has a Miller 0 and a 

Miller 1 blade and can be used to intubate a smaller infant 
or child. The view in the fairly large screen is from the 
distal tip of the blade, not the proximal end.

 2. Storz has also introduced the C-MAC® which consists of 
a laryngoscope that attaches directly to a portable LCD 
screen via a single cable. Everything needed is built 
directly into these two components, and there are no frag-
ile fiber-optic bundles. It is cheaper and has two associ-
ated pediatric blades, but they are bulkier than their video 
laryngoscope blades.

 3. The Verathon® GlideScope’s curved disposable blade 
covers fit over a small pediatric wand which is part of a 
separate cable, comes in four neonatal/pediatric sizes, and 
can be used to intubate infants or children. The view in 
the screen is from the distal tip of the blade, not the proxi-
mal end. The GlideScope blade can be partially inserted 
in order to view the vocal cords of a patient who is smaller 
or has a more anterior larynx. Pediatric GlideScope han-
dles come in more than one style and can also be reusable 
(without disposable covers). The pediatric GlideScope 
stylet, unlike the adult stylet, is too flexible to reliable 
maintain its shape.

 4. All three devices enable the vocal cords to be visualized 
easily, but the blade must be manipulated to place the 
vocal cords in the center of the screen so that the ETT, 
bougie, or ETT-over-bougie (or lightwand) can approach 
the vocal cords.

 5. If the vocal cords appear high or to the left of the screen, 
the blade should be withdrawn slightly and lifted, drop-
ping the tip, not “cocking” the tip, and enabling the vocal 
cords to drop lower into view.

 6. The blade must be utilized such that the larynx is tilted 
with the arytenoids and interarytenoid fold more distal to 
the operator so that the ETT does not slip behind the fold 
into the esophagus.

Video Laryngoscope or Pediatric GlideScope with FOB
 1. If, despite manipulation of the blade, the tube cannot be 

made to approach the vocal cords, or the stylet shape 
cannot be maintained, a second operator can introduce 
the ETT over an FOB, while the first operator is expos-
ing the vocal cords with the video laryngoscope or 
GlideScope, as described above with the standard 
laryngoscope.

 Implications for the Neurosurgical Patient

When the pediatric patient is a neurosurgical patient, impli-
cations include:

 1. Urgency (intracranial hemorrhage)
 2. Need to avoid stimulation or hemodynamic change dur-

ing airway management (high ICP)
 3. Need to avoid hypoventilation or apnea during airway 

management (rapid desaturation, high ICP)
 4. Positioning issues such as known or possible spinal cord 

injury, meningomyelocele
 5. The presence of a C-collar in a spine at risk of 

instability.
 6. Specific requirement or contraindication for an oral vs. 

nasal vs. special ETT
 (a) Wire-reinforced tube might be necessary for an oper-

ation on the cervical spine when the position of the 
head may force the ETT to be compressed by the 
teeth or during a long operation where soft ETT may 
collapse (cranial synostosis) but would be contraindi-
cated if the patient were anticipated to require an 
MRI.

 (b) Nasal ETT is less likely to be kinked or compressed 
during a long operation, thus making a standard 
ETT less hazardous in a patient who will require 
an MRI.

 7. Possible full stomach and concerns regarding readiness 
for extubation.

 8. Need for postoperative intubation (unstable, requiring 
another operation, or need to maintain prone position 
(meningomyelocele, sacrococcygeal teratoma)

In a worst-case scenario, consider a toddler patient 
with micrognathia who has fallen from a bed just after a 
meal and has diminished level of consciousness because 
of an intracranial bleed. The patient is a trauma patient, 
presumed full stomach, wearing a cervical collar (neck 
cannot be cleared), and requires an immediate operation. 
After preoxygenation, perform mask induction (if no 
IV  – can place IV during spontaneous ventilation, 
although an IV is likely easily placed in a patient with 
diminished level of consciousness) or IV induction, 
briefly maintaining, if possible and appropriate, sponta-
neous ventilation. At this point, an orogastric tube can be 
placed, exiting at the corner of the mouth, and placed on 
suction; gentle cricoid pressure can, if desired, be uti-
lized, and ventilation, if necessary, can  proceed with 
mask, LMA, or nasal ETT.  Intubation can proceed with 
or without paralysis. Remember that an LMA can always 
be replaced and used in lieu of a mask for ventilation, 
with or without a gastric tube (LMA can be placed along-
side a gastric suction tube). The LMA ProSeal™ now 
comes in the full range of sizes, allowing a small gastric 
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suction device to be placed through the LMA. One of the 
techniques described above can enable establishment of a 
definitive airway. If a videolaryngoscope or GlideScope 
will be used to visualize the vocal cords, either can be 
introduced before the administration of muscle relaxant, 
to preserve spontaneous ventilation. Once a view of the 
vocal cords has been established, a small dose of succi-
nylcholine will be sufficient to open the vocal cords long 
enough to allow passage of the ETT.

Another worst-case scenario is the autistic 3-year-old 
(strong enough to struggle) who was involved in an auto-
mobile collision on the way home from a fast-food restau-
rant. The mechanism placed him at risk for spinal cord 
injury even if plain films have been without radiological 
abnormality (SCIWORA). Although an IV and C-collar 
were placed initially, he has removed them both and is calm 
only when seated on his father’s lap and not approached by 
medical professionals. He needs an MRI under anesthesia 
and arrives in the OR for induction prior to transport to 
MRI, again with a C-collar but still no IV, lying on top of 
his mother, who has a pelvic fracture and cannot be moved. 
Another (aluminum) gurney is obtained quickly. He is 
soothed by his mother while breathing nitrous oxide and 
oxygen, sufficient to allow IV placement and transfer to the 
other gurney, after which mother is wheeled out of the 
OR. He is then given a dose of propofol sufficient to stun 
him without at any time causing apnea. Low-dose sevoflu-
rane is started. A small dose of muscle relaxant is given, 
after which the ETCO2 waveform is observed closely. As 
the waveform begins to diminish, signaling the onset of 
paralysis, the patient is quickly intubated with a video 
laryngoscope or GlideScope, leaving the C-collar in place. 
No positive pressure ventilation was delivered until after 
intubation; thus risk of aspiration was minimized, no apnea 
or desaturation ensued, there was no risk of laryngospasm, 
and the spine was not placed at risk. The patient was then 
safely transferred to MRI.  He was kept sedated after the 
MRI until his neck was cleared, after which he was extu-
bated awake.

A third worst-case scenario involves an understandably 
recalcitrant 13-year-old who was burned at the age of 
3  years in another country and adopted by an American 
couple. She has undergone many, many operations and still 
refuses IV placement prior to induction. She has severe 
facial scarring, which limits her ability to open her mouth, 
and the distance between her upper and lower teeth is less 
than 1 cm. She is extremely difficult to mask, although it is 
possible to mask her with vigorous jaw lift and an oral air-
way. Her neck does not extend because of scarring. She was 
scheduled for z-plasties of her neck and grafting to relax 
the tight scars around her mouth. With the presence of her 
mother but without an anxiolytic (she refuses), an inhala-
tion induction was performed. She was just maskable with 
the oral airway, as in prior anesthetics. A peripheral IV was 

placed, and a lubricated size 3 LMA Classic was placed by 
digitally lifting the jaw from under the lower teeth and 
alveolar bone. She was started on a propofol infusion to 
maintain adequate depth of anesthesia while the airway was 
not a closed system during airway management. A double 
swivel connector with port (DSC) was connected to the 
LMA and the normal elbow with ETCO2 sample tube, and 
the port was opened completely. A 5.0 uncuffed endotra-
cheal tube was loaded onto a FOB, which was inserted 
through the open port and advanced to the carina. The 
endotracheal tube was advanced, leaving the upper portion 
above the open port of the DSC. The DSC was then pulled 
to the top of the FOB. The LMA was then also pulled to the 
top of the FOB.  The endotracheal tube was adjusted and 
temporarily secured. An 11  F Cook tube exchanger was 
then inserted into the 5.0 uncuffed endotracheal tube. The 
endotracheal tube was removed and replaced with a 5.5 
cuffed endotracheal tube. Position of endotracheal tube was 
then adjusted, confirmed, and secured. The patient was 
safely intubated, without apnea or desaturation, for a proce-
dure which lasted several hours (Figs.  54.1, 54.2, 54.3, 
54.4, 54.5, 54.6, and 54.7).

Fig. 54.1 LMA inserted, cuff inflated, DSC attached to LMA, FOB 
with uncuffed ETT (connector detached) advanced through LMA 
past VC
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Fig. 54.2 ETT passed down FOB through LMA with proximal end 
just above DSC

Fig. 54.3 DSC disconnected from the LMA and slid it up over the 
ETT to the top of the FOB

Fig. 54.4 LMA can now also be slid up over the ETT to the proximal 
end of the FOB, leaving the FOB and the ETT in place, unencumbered.

Fig. 54.5 FOB with LMA and DSC removed, leaving uncuffed LMA 
in place, attach connector and ventilate briefly
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 Concerns and Risks

 1. High oxygen flows may dilute ETCO2 during mask ventila-
tion, making it appear that ventilation is inadequate or that 
patient is being hyperventilated when this is not the case.

 2. Low ETCO2 waveform may also be caused by low car-
diac output rather than by hyperventilation.

 3. Positioning necessary for neurosurgical procedures can 
result in the ETT advancing to and stimulating the carina, 
advancing into the right main stem bronchus, withdraw-
ing from the glottis, or being compressed by the teeth or 
gums. ETT position and patency should always be recon-
firmed when the patient is in final position.

 4. Insufflating the stomach with mask ventilation can lead to 
difficulty in ventilation and/or risk of aspiration.

 5. An orogastric tube can be inserted and left in place during 
masking, before an LMA is placed, or through an LMA 
with a gastric vent.

 6. Positioning necessary for neurosurgical procedures can 
increase the risk of accidental extubation. Prone posi-
tion plus secretions can loosen tape. The weight of the 
ventilator tubing can pull out an ETT, especially when 
the head is resting on a frame instead of the bed (sus-
pend the airway tubing or tie it to the Mayfield frame 

with umbilical ties to relieve weight/minimize effect of 
gravity). An ETT secured to the bed instead of to the 
frame can lead to accidental extubation when the patient 
is moved.

 7. Regarding emergence and extubation, do not rely on a 
twitch monitor to determine whether or not a pediatric 
patient is reversible. Assume a patient’s muscle relaxant 
is reversible when the patient is making respiratory 
efforts. Lifting knees to chest can be considered the 
equivalent of head lift. Pediatric patients may be at high 
risk for postoperative apnea; thus a rush to extubate is not 
always appropriate.

Fig. 54.6 Cook tube exchanger (11 F) passed through uncuffed ETT 
(connector detached)

Fig. 54.7 Uncuffed ETT removed and replaced with cuffed ETT (con-
nector detached and replaced after Cook tube exchanger removed)

Key Points
• Preparation for neurosurgical anesthesia on a range 

of pediatric patients includes assembling and han-
dling an array of pediatric airway equipment and 
supplies (Table 54.1).

• Prepare for the challenging patient by thinking 
through scenarios while practicing strategies in 
advance on normal patients (Table 54.2).
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Table 54.2 Syndromes, diagnoses, and scenarios associated with neurosurgical procedures with airway issues

Condition Potential complications
Myelomeningocele, myelodysplasia, Chiari 
malformations, sacrococcygeal teratoma

Positioning
Hydrocephalus
Difficult intubation
Latex avoidance
Risk of postoperative apnea, need for prolonged prone positioning

Craniosynostosis Difficult intubation
Long operation/risk of ETT collapse or blockage by secretions
Airway edema
Head manipulation leading to right mainstem intubation or unintended extubation
Need for intermittent suctioning

Intracranial masses High ICP
Positioning including sitting with risk of ETT kinking or compression
Venous air embolism

Intracranial bleed High ICP
Emergency
Positioning

Spine surgery Positioning
Risk of venous air embolism
Difficult intubation
Risk of unintended extubation
Airway edema

Vascular anomalies Avoid stimulation
Risk of intracranial bleed

Seizure surgery Ease of emergence for neurological evaluation
Intraoperative EEG

Encephalocele Avoidance of nasal intubation
Difficult intubation
Positioning

Neuroradiologic procedures Avoid metal in ETT
Need to limit equipment or intubate outside MRI suite
Limited access to patient even during induction

Trauma Emergency
Full stomach
Many of above considerations

Table 54.1 Airway equipment

LMAs: LMA Classic or ProSeal or Air-Q Masks
Endotracheal tubes: Uncuffed, cuffed, and wire 
reinforced (know in advance which size tube 
fits through which LMA) – can make ETT 
smaller by cutting off proximal tip

Fiber-optic 
bronchoscopes
Nasal trumpets
Suction catheters 
and gastric tubes

Accordion connectors for patients with 
tracheostomy who must be positioned prone

Laryngoscopes and 
blades
Double swivel 
connector with 
port

Long grasping forceps (from pediatric ENT 
cart)

Cook Frova® 
intubating 
introducer

Video laryngoscope/pediatric GlideScope Surgical lubricant
Nasal vasoconstrictor 1% lidocaine/

MADD adaptor
Trachlight

D. E. Morrison and Z. N. Kain
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Specific Aspects of Positioning, Fluids, 
Glucose Control, and Temperature 
Management

Gerhard K. Wolf, Sulpicio G. Soriano, and John H. Arnold

 Overview

This chapter will discuss the optimal strategies regarding 
patient positioning as well as intraoperative fluid, glucose, 
and temperature management as they pertain to children who 
have to undergo neurosurgical procedures.

 Implications for the Neurosurgical Patient

 Positioning

Patient positioning requires careful preoperative planning to 
allow adequate access to the patient for both the neurosur-
geon and the anesthesiologist. Table 55.1 describes common 
surgical positions applied for pediatric neurosurgery and 
their physiologic sequelae. These issues should be consid-
ered because the duration of most neurosurgical procedures 
can lead to significant physiologic impairment or injury if 
positioning problems are left undetected. All pressure points 
should be padded and peripheral pulses checked to prevent 
compression or pressure injury. In addition to compression 
and stretch injuries, the prone position can compromise the 
respiratory and cardiovascular system. It is important to min-
imize pressure on the abdomen, because increased intra- 
abdominal pressure can impair ventilation, cause venocaval 

compression, and increase epidural venous pressure and 
bleeding during surgical intervention. Soft rolls are used to 
suspend the chest and abdomen in order to minimize any 
increase in abdominal and thoracic pressure. During prone 
procedures the airway positioning is often in a dependent 
position, which may lead to significant airway edema. This 
can lead to postextubation airway obstruction or croup.

Neurosurgical procedures are performed with the head 
slightly elevated to facilitate venous and cerebrospinal fluid 
drainage from the surgical site. However, superior sagittal 
sinus venous pressure decreases with greater head elevation, 
and this increases the likelihood of venous air embolism. 
Extreme head flexion can cause brainstem compression in 
patients with pathologic conditions of the posterior fossa, 
such as mass lesions or Arnold-Chiari malformations. It can 
also cause endotracheal tube obstruction from kinking or 
migration into the mainstem bronchus and head and tongue 
swelling due to impaired venous or lymphatic drainage. 
Extreme rotation of the head can hinder venous return 
through the jugular veins and lead to impaired cerebral per-
fusion, increased intracranial pressure, and cerebral venous 
bleeding.
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Table 55.1 Physiologic effects of patient positioning

Position Physiologic effect
Head elevated Enhanced cerebral venous drainage

Decreased cerebral blood flow
Increased venous pooling in lower extremities
Postural hypotension

Head down Increased cerebral venous and intracranial pressure
Decreased functional residual capacity (lung 
function)
Decreased lung compliance

Prone Venous congestion of the face, tongue, and neck
Decreased lung compliance
Increased abdominal pressure can lead to venocaval 
compression

Lateral 
decubitus

Decreased compliance of downside lung
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 Volume Status

Measurement of urine output as a surrogate for volume sta-
tus should be interpreted with great caution in neurosurgical 
patients, as urine output may be profoundly influenced by 
changes in antidiuretic hormone (ADH) levels rather than by 
intravascular volume status and renal perfusion alone. Any 
neurosurgical patient with oliguria could have a component 
of syndrome of inappropriate vasopressin secretion (SIADH) 
and be volume overloaded; rather than additional volume 
boluses, this patient would benefit from fluid restriction until 
the SIADH resolves. On the other hand, a patient with poly-
uria could have diabetes insipidus (DI) and be volume 
depleted after uncontrolled urine losses. This patient would 
benefit from careful fluid resuscitation and administration of 
vasopressin. Volume status should be assessed clinically, 
with emphasis on clinical exam and vital signs. Central 
venous pressures or echocardiography may provide useful 
additional information about left atrial pressures and left 
ventricular preload.

 Glucose Control

Normoglycemia should be achieved in all patients. There is 
sufficient evidence that hyperglycemia contributes to sec-
ondary brain injury and is associated with worse outcome in 
patients with traumatic brain injury. Hyperglycemia may 
also be associated with an increased risk of wound infec-
tion. On the other hand, intensive glycemic control has not 
been shown to improve mortality in critically ill patients in 
general and in critically ill patients in the neuro-intensive 
care setting. Intensive glycemic control may lead to hypo-
glycemic episodes, which can be detrimental in neurosurgi-
cal patients.

 Thermal Homeostasis, Fever, and Induced 
Hypothermia

Infants and children are especially susceptible to hypother-
mia during any surgical procedure because of their large sur-
face area to weight ratio. Active heating of the patient by 
increasing the ambient temperature and using radiant light 
warmers during induction of anesthesia, catheter insertion, 
and preparation and positioning of the patient are prophylac-
tic measures against hypothermia. Mattress warmers, forced 
hot air blankets, and humidification of inspired gases can 
also prevent intraoperative temperature loss and postopera-
tive shivering. Fever has a detrimental effect in patients with 
traumatic brain injury and stroke. Normothermia should be 
achieved by antipyretics and active cooling devices. Head 
cooling and mild hypothermia have been demonstrated to be 

protective and improve neurological outcome in asphyxiated 
neonates. Therapeutic hypothermia has been used most fre-
quently in adult patients resuscitated following cardiac 
arrest, but the benefit is unclear. Induced hypothermia has 
not been shown to improve outcome following traumatic 
brain injury or in the intraoperative management of ruptured 
cerebral aneurysms.

 Concerns and Risks

Intraoperative Diabetes Insipidus (DI)
The clinical diagnosis of perioperative DI in pediatric 
patients is straightforward and is – as in the adult – character-
ized by the presence of the following:

• Urine output of greater than 4 ml/kg/h.
• Serum Na >145 mEq/L.
• Serum osmolality >300 mosm/kg.
• Urine osmolality <300 mosm/kg.
• Polyuria persisting >30 min.
• Other causes of polyuria must be ruled out (e.g., adminis-

tration of mannitol, furosemide, osmotic contrast agents, 
presence of hyperglycemia).

The laboratory diagnosis of DI has been facilitated 
through the use of copeptin as a marker for ADH secretion. 
Copeptin (carboxy-terminal pro-arginine vasopressin) is a 
glycopeptide co-secreted with ADH from a common pre-
cursor. While ADH is 90% bound to platelets and ADH lev-
els may be falsely low or elevated, copeptin is not 
significantly bound to platelets. Copeptin levels of less than 
2.6 pmol/l have a 95% sensitivity for central DI, whereas 
copeptin levels of greater than 20 pmol/l have a 100% sen-
sitivity for renal DI.

Once the diagnosis of DI is established, a vasopressin infu-
sion is commenced at 1 milliunit/kg/h and is increased every 
5–10 min to a maximum of 10 milliunits/kg/h aimed at decreas-
ing the urine output to <2 ml/kg/h. Total maintenance fluids 
(intravenous and oral fluids) should not exceed the insensible 
losses plus the obligate urinary losses. It is convenient to calcu-
late the total intravenous fluids as 2/3 maintenance. The appro-
priate intravenous fluid for pediatric patients in the context of 
neurosurgery is 0–5% dextrose and 0.9% saline with 0–40 mEq 
of potassium chloride/L. Blood loss should be replaced with 
normal saline, lactated ringer’s solution, or 5% albumin or 
blood products as appropriate. The antidiuretic effect of vaso-
pressin is commonly viewed as an “all or none” phenomenon. 
Once the patient’s urine output is less than 2 ml/kg/h, the urine 
output is regarded as “captured.”

The following clinical scenarios may occur 
intraoperatively:

The patient is not responding at all and the urine output 
remains high:

G. K. Wolf et al.
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If the patient is not responding to the vasopressin infu-
sion, the intravenous catheter must be checked for patency, 
and the infusion preparation and rate should be checked.

The patient stops producing urine:
Even with a maximal dose of vasopressin, the kidneys will 

produce a minimal urine output if there is adequate intravas-
cular volume status. If a patient stops producing urine entirely, 
prerenal volume depletion secondary to hypovolemia may be 
present. In this scenario, patency of the urinary catheter 
should be confirmed, and a judicious (10–20  ml/kg) fluid 
bolus of normal saline should be given until urine output 
resumes. The diagnosis of hypovolemia has to be made using 
all clinical parameters (clinical exam, vital signs, central 
venous pressure) except the urine output, and some degree of 
dehydration is to be expected in most patients after a period 
of uncontrolled urine output prior to establishing the diagno-
sis of DI.  We do not recommend lowering the vasopressin 
infusion rate to produce diuresis in this setting. Reducing the 
vasopressin infusion rate to enhance urine output will result 
in unnecessary confusion about the patient’s volume status.

Post-procedure, the vasopressin infusion should be contin-
ued, and the child should be admitted to a pediatric intensive 
care unit. DI has been reported to occur in 8% of patients 
preoperatively and 70–90% of all patients presenting postop-
eratively from craniopharyngioma surgery. Of note, the onset 
of postoperative DI is usually 1–12 h after surgery. A triphasic 
response (DI-SIADH-DI) after craniopharyngioma resection 
has been described. The triphasic response is characterized by 
initial DI after resection of the pituitary gland, followed by a 
“honeymoon period” where ADH is thought to be released 
from necrotic cells in the pituitary stump. This phase of rela-
tive SIADH can last 3–6 days and is usually followed by a 
definitive deficiency in ADH, resulting in permanent DI.

Cerebral salt wasting (CSW) is a disorder of excessive 
natriuresis in the presence of an intracerebral lesion. The 
pathophysiology of CSW is poorly understood, and there is 
no convincing animal model that explains the mechanism by 
which cerebral disease might lead to renal salt wasting. CSW 
can easily be confused with SIADH, as hyponatremia, high 
urine osmolality, and high urine sodium are features of both 
disorders. It is important to differentiate both diseases as 
both may occur in brain injury: CSW is associated with vol-
ume depletion secondary to natriuresis; SIADH is a situation 
of volume overload secondary to free water overload. Some 
authors have speculated that CSW is an overdiagnosed 
entity; the same group of authors have also pointed out that 
in most cases where CSW is speculated, natriuresis is sec-
ondary to volume expansion and ADH levels are appropri-
ately elevated. It is important to note that it is impossible to 
make the diagnosis of CSW in the absence of an intracere-
bral lesion. The therapy of CSW is volume repletion with 
isotonic saline. In severely hyponatremic patients or in 
patients with ongoing sodium losses, sodium repletion with 

3% NaCl (513  mEq/L) may be required. Symptomatic 
patients (seizures) may require a 1  ml/kg 3% NaCl bolus 
over 30 min, which may be given more rapidly if the patient 
is actively seizing. As a rule of thumb, 1 ml/kg 3% NaCl will 
elevate the serum sodium by 1 mEq/L.

Hyponatremia is the most common electrolyte disorder in 
hospitalized patients. Iatrogenic-induced hyponatremia sug-
gests a surplus of water and a deficit of sodium in the extra-
cellular fluid compartment. It is a common but dangerous 
practice to use hypotonic fluids such as half-normal saline 
(77 mEq Na/L) or 0.2 normal saline (31 mEq Na/L) as main-
tenance fluids in children. Pediatric patients who have ele-
vated levels of ADH, such as in children with a diagnosis of 
pneumonia, sepsis, meningitis, and in postoperative patients, 
all are at risk for hyponatremia, as their ability to excrete 
excessive free water is impaired. Bohn and coworkers 
reported that hyponatremia occurred not uncommonly in the 
first 48 h of admission to the hospital. Catastrophic neuro-
logic sequelae and death resulting from iatrogenic-induced 
hyponatremia have been described. Hypotonic fluids must 
not be used in neurosurgical patients.

Key Points
• In pediatrics, patient positioning for surgery 

requires careful preoperative planning to allow ade-
quate access to the patient for both the neurosur-
geon and the anesthesiologist.

• Infants and children are especially susceptible to 
hypothermia because of their large surface area to 
weight ratio.

• Normothermia should be achieved in all pediatric 
patients, as both fever and hypothermia may pro-
duce a worse outcome.

• Neurosurgical patients are at particular risk for 
electrolyte derangements.

• Normoglycemia should be achieved, but intensive 
glucose control can lead to potentially detrimental 
episodes of hypoglycemia.

• Hypotonic fluids must be avoided by all means.
• Volume status should be assessed clinically, as 

urine output can be influenced by SIADH, DI, and 
CSW.

• SIADH is characterized by free water retention, and 
ADH levels are inappropriately elevated.

• Cerebral salt wasting is probably a less common 
cause of hyponatremia than SIADH in patients with 
cerebral injury.

• Intraoperative diabetes insipidus is characterized by 
urine output greater than 4 ml/kg/h, low urine, and 
high serum osmolality in the absence of other 
causes of polyuria.
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Challenges During Surgery 
for Hydrocephalus

Inger Aliason and Jeffrey L. Koh

 Overview

Hydrocephalus is caused by excessive ventricular cerebro-
spinal fluid (CSF), usually due to an obstruction (noncom-
municating hydrocephalus) or inadequate CSF reabsorption 
(communicating hydrocephalus). In rare cases, hydrocepha-
lus can result from a choroid plexus papilloma, which causes 
an overproduction of CSF.  The most common causes of 
pediatric hydrocephalus are myelomeningocele (obstruc-
tion) and posthemorrhagic hydrocephalus of prematurity 
(inadequate reabsorption at the arachnoid granulations).

The prevalence of hydrocephalus is reported to be 0.63–
1.2 cases per 1000 children (Garton et al. 2004), making it 
one of the most common neurosurgical problems encoun-
tered in both the adult and pediatric populations. Medical 
advances in the care of premature infants may be leading to 
an increased incidence of hydrocephalus due to the survival 
of infants with intraventricular hemorrhage (Table 56.1).

Symptoms that accompany pediatric hydrocephalus range 
from mild headache to life-threatening lethargy, bradycardia, 
and ultimately brain herniation. Key factors that determine 
how symptomatic the child will be include intracranial com-
pliance and the rate at which the hydrocephalus develops. 
Neonates have high intracranial compliance, due to open 
fontanelles and sutures. Therefore development of hydro-
cephalus is usually accommodated by increasing head cir-
cumference and maintenance of near normal intracranial 
pressure (ICP) (Table 56.2).

Hydrocephalus is usually treated with an intraventricular 
catheter or endoscopic ventriculostomy to relieve the 
obstruction to CSF flow. Intraventricular catheters shunt CSF 
to a variety of locations including the peritoneal cavity 
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Hydrocephalus etiologies

Congenital causes of hydrocephalus
Acquired causes of 
hydrocephalus

Myelomeningocele Prematurity 
(posthemorrhagic 
hydrocephalus)

Dandy–Walker malformation

Arnold–Chiari malformation Subarachnoid 
hemorrhage (trauma, 
aneurysm)

Aqueductal stenosis

Cysts (arachnoid, interhemispheric) Neoplasm
Neoplasms Meningitis
Encephalocele Encephalitis
Vascular malformations
Mucopolysaccharidoses
X-linked hydrocephalus
Maroteaux–Lamy syndrome
Congenital conditions affecting the skull 
(Crouzon, Pfeiffer, achondroplasia)

Hydrocephalus symptoms

Symptoms of slowly developing 
hydrocephalus in neonates

Signs and symptoms of acutely 
increased ICP in patients of all 
ages

Enlarged head circumference Headache
Full fontanelle Lethargy
Separating sutures Vomiting
Irritability Cranial nerve dysfunction
Vomiting Papilledema

Decorticate or decerebrate 
posturing
Hypertension
Bradycardia
ECG changes due to brainstem 
compression
Irregular respirations
Eventual brain herniation and 
death
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(most  common), pleural cavity, right atrium, or externally 
(temporary measure). Endoscopic ventriculostomy creates a 
path between the ventricular system (usually the third ven-
tricle) and another intracranial space.

The remainder of this chapter discusses the preoperative 
and intraoperative complications that can occur in shunt 
placement (ventriculoperitoneal (VP), ventriculoatrial (VA), 
ventriculopleural (V-Pleural)), as well as the complications 
associated with ventriculostomy (Table 56.3).

 Prevention of Preoperative Problems 
in Children with Increased Intracranial 
Pressure

The preoperative period can be especially challenging for 
patients who require surgery for hydrocephalus. Potential 
preoperative complications include:

• Further increase in ICP
• Problems with external ventricular drains (EVDs)

Premedication is usually avoided due to altered level of 
consciousness and the elevated risk for respiratory depres-
sion. Careful observation should occur during the preopera-
tive period to ensure that a symptomatic increase in ICP can 
be quickly identified and treated. It is important to secure or 
evaluate existing IV access as it may be needed for acute 
intervention or to facilitate a modified rapid sequence induc-
tion (RSI) (Table 56.4).

Some children will present to the operating room with 
EVDs. Prior to transport, it is important to close the EVD to 
avoid excess CSF drainage. The surgeon can determine how 
long the EVD can be safely closed; usually, 15 min is not a 
problem. If the EVD is open and the drainage bag is suddenly 
lowered, CSF can drain quickly from the patient and lead to 
collapse of ventricles and rupture of cortical bridging veins 
causing subdural hematoma (SDH) or even “upward herniation 
with potentially fatal consequences.” During patient transport, 
the EVD must also be carefully monitored to prevent the cath-
eter from being dislodged from the patient’s head (Table 56.5).

 Prevention of Intraoperative Problems 
in Children with Increased Intracranial 
Pressure

Although shunt placement (VP, VA, V-Pleural) and endo-
scopic ventriculostomy are common neurosurgical proce-
dures, anesthesia providers must always be vigilant for a few 
rare but life-threatening complications including aspiration 
risk, latex allergy, intrathoracic trauma, and venous air 
embolism (VAE).

 Aspiration Risk

Often, these patients either have a full stomach or have been 
vomiting and are, therefore, at risk for aspiration. A modified 
RSI should be considered for tracheal intubation. To avoid 
further increase in ICP, blunting the stimulus of laryngos-
copy and intubation will be necessary. Judicious use of opi-
oids, lidocaine, and/or intravenous anesthetics can be 
considered. However over-administration of these agents can 
cause a decrease in BP, leading to inadequate cerebral perfu-
sion pressure. Ketamine should be avoided since it can 
acutely increase ICP. Succinylcholine can slightly increase 
ICP; however, the ICP increase can usually be offset by an 
adequate dose of intravenous anesthetics combined with 
hyperventilation (Table 56.6).

Children with a history of myelomeningocele are at sig-
nificantly increased risk for latex allergy. Many children with 
myelomeningocele also have hydrocephalus. The literature 

Perioperative concerns

Preoperative Intraoperative Ventriculostomy
Further increased ICP Aspiration Arrhythmias, 

asystole
No IV access Latex allergy Hemorrhage
External ventricular drain 
(EVD) dislodgement or 
acute change in height

Surgical trauma Hypothalamus or 
cranial nerve injury  Subdural 

hematoma
  Intrathoracic 

trauma
Venous air 
embolism

Child without IV access and acute hydrocephalus

Crisis Management
No IV access in a young 
child with acute 
symptomatic 
hydrocephalus for urgent 
VP shunt placement

Attempt preoperative IV access
Consider intraosseous (IO) access if pt 
obtunded
If IV access cannot be obtained, 
consider an inhalation induction with 
cricoid pressure. Take over ventilation as 
soon as possible and hyperventilate 
(reduce excess CO2) while IV access is 
being established

EVD preoperative crises and management

Crisis Management
External ventricular drain (EVD) 
dislodgement during transport

Elevate patient head slightly
Evaluate patient for signs of 
increased ICP
Notify surgeon

External ventricular drain (EVD) 
system falls from IV pole to the 
floor

Close the EVD if it is not 
already closed. Return to the 
proper height
Evaluate patient’s neurologic 
status for signs of subdural 
hematoma
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reports that the prevalence of sensitization to latex may be as 
high as 64% in children with spina bifida (Rendeli et  al. 
2006). Allergy to latex is a type 1 IgE-mediated reaction 
clinically manifested as urticaria, angioedema, broncho-
spasm, and anaphylactic shock. The best way to prevent 
latex allergy is to prevent latex exposure (see Table 56.7 for 
therapeutic interventions).

 Surgical Trauma

The other intraoperative problems associated with hydro-
cephalus surgeries usually involve surgical trauma, either 
indirectly or directly. It is important to recognize the problem 
and be ready to manage it in the acute situation.

• Rapid surgical decompression of hydrocephalus can 
lead  to rupture of the cortical bridging veins and SDH 
or upward herniation of the brainstem causing bradycar-
dia, irregular respirations, or ECG changes (Fleisher 
2012) (Table 56.8).

• Intrathoracic trauma (heart, lung, and great vessels) can 
occur intraoperatively when the VP shunt passer sheath is 
tunneled across the chest wall and toward the abdomen.

• Due to the nature of the surgical procedure, VA and 
V-Pleural shunt placement may carry a somewhat higher 
risk of intrathoracic trauma such as bleeding (VA) and 
pneumothorax (V-Pleural) (Table 56.9)

 Venous Air Embolism

VAE can occur at any time, but especially during placement of 
a ventriculoatrial shunt. To help prevent VAE anesthesia, pro-
viders can (1) keep the surgical site lower than the level of the 
heart (if possible); (2) mechanically ventilate the patient, with 
careful addition of PEEP; (3) maintain high venous pressure; 
and (4) remove air from IV tubing and solutions (Table 56.10).

Aspiration

Causes of aspiration Patient assessment Treatment/intervention
Full stomach Gastric contents in the oropharynx or with 

tracheal suctioning
If aspiration is seen at time of intubation

Increased ICP  →  vomiting, altered level 
of consciousness Hypoxemia Suction trachea before positive pressure ventilation
Ineffective cricoid pressure Bronchospasm/increased PIPs

CXR can have infiltrates Ventilate with 100% FIO2 and use PEEP as needed
Supportive care
  ICU post-op prn
  Bronchodilators prn
  Steroids and antibiotics have not been proven 

beneficial in the acute situation

Latex allergy

Causes of allergic 
response Assessment Treatment/intervention
Exposure to latex Hypotension Remove all latex or other 

triggering agents  Latex gloves Tachycardia
  Tape Bronchospasm Inform the surgeons
  Medication 

vials
Flushing/
urticaria

Secure the airway, FIO2 100%

  Blood pressure 
cuffs

  Tourniquets Epinephrine as needed
  Other latex- 

containing 
products

Reduce or discontinue volatile 
or intravenous anesthetics as 
dictated by hemodynamics
IV fluid boluses to support 
blood pressure
Corticosteroids
Antihistamines

Subdural hematoma/upward herniation

Causes Patient assessment Treatment/intervention
Rapid surgical 
decompression

Evaluate vital signs for 
bradycardia and/or 
ECG changes 
(herniation)

Notify surgeon

Rapid lowering of 
open EVD

Evaluate neurologic 
status for signs/
symptoms of SDH

Evaluate neurologic 
status for signs/
symptoms of SDH
Hemodynamic support 
as clinical situation 
dictates

Intrathoracic trauma

Cause Patient assessment Treatment/intervention
Shunt passer 
sheath 
inadvertently 
tunneled into 
chest cavities

Evaluate patient for 
signs of 
hemodynamic 
instability

Depending on which organ 
has been damaged, the 
anesthesiologist must be 
prepared to treat 
hemorrhage, tamponade, 
and pneumothoraxBleeding due to 

vascular injury
Evaluate ability to 
oxygenate/ventilate 
patient
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 Complications Associated with Endoscopic 
Ventriculostomy

Ventriculostomy is performed to relieve noncommunicating 
hydrocephalus by perforating the septum pellucidum (to 
allow communication of the lateral ventricles) or the floor of 
the third ventricle with an endoscope. The benefit of ventricu-
lostomy is that no foreign materials are left in the patient (i.e., 
VPS). In addition, ventriculostomy is minimally invasive and 
can be performed via a burr hole. However, endoscopic ven-
triculostomies carry risks that are mainly related to damage of 
nearby structures. Endoscopic ventriculostomy can be acutely 
complicated by arrhythmias, asystole, hypertension, and 
hemorrhage. Bradycardia can occur in up to 40% of patients 
during endoscopic ventriculostomy (El-Dawlatly et al. 2000). 
The hemodynamic instability that often occurs during these 
procedures is likely due to the local effects on the third ven-
tricle floor (hypothalamus, pons, and medulla) (Baykan et al. 
2005). Due to the potential risks, careful consideration should 
be given to monitoring (arterial line placement) based on the 
clinical scenario (Table 56.11 and 56.12).

 Hemorrhage

Hemorrhage has been reported during third ventriculostomy 
(Drake 1993). Although it is impossible to predict which 
patients may suffer this complication, anesthesia providers 
must always be prepared to respond. Patients undergoing 
ventriculostomy should have adequate IV access, an arterial 
line, and blood products readily available in the event of 
hemorrhage and emergent craniotomy (Table 56.13).

• Other structures at risk for trauma during endoscopic ven-
triculostomy include:
 – Hypothalamus; an injury would postoperatively mani-

fest as:
 (a) SIADH or DI (assess sodium levels, fluid status)
 (b) Temperature regulation problems  – can be mis-

taken for malignant hyperthermia
 (c) Post-op “trance-like state” (differential post-op 

agitation/delirium)
 – Cranial nerves

 (a) Third and sixth nerve palsies have been reported.

Venous air embolism

Cause Patient assessment Treatment/intervention
Surgical site 
higher than 
heart

Abrupt decrease in 
end-tidal CO2

Notify surgeon who will flood 
field or pack wound/bone

Air in IV 
tubing

Hypotension
Bradycardia/
arrhythmias

FIO2 100%

Hypoxia Reduce or discontinue volatile 
or intravenous anesthetics as 
dictated by hemodynamics

“Mill wheel” 
murmur on 
auscultation
Precordial Doppler Aspirate air if central line is in 

situ
IVFs/vasopressors to maintain 
BP
Valsalva
Surgical site below the heart and 
LLD, if possible
CPR if cardiac arrest

Arrhythmias or bradycardia/asystole during ventriculostomy

Cause
Patient 
assessment Treatment/intervention

Stimulation of the 
floor of the third 
ventricle by the 
endoscope

Evaluate 
cardiac output 
(ETCO2, BP)

Notify surgeons, ask to stop 
stimulating floor of third 
ventricle and to stop 
irrigation fluidEvaluate for 

hypoxia and/or 
hypercarbia

High-speed 
irrigation fluid

If arrhythmia does not 
resolve after stimulation is 
stopped, then treat 
supportively according to 
rhythm disturbance

Rapidly increasing 
ICP
Vagal response to 
surgical or other 
manipulation (i.e., 
pressure on eye)

FIO2 100%

Venous air embolism Reduce or discontinue 
volatile or intravenous 
anesthetics as indicated by 
hemodynamics

Hypertension during ventriculostomy

Cause Patient assessment
Treatment/
intervention

Catecholamine 
release due to 
surgical 
stimulation

Evaluate for signs of 
light anesthesia 
(tachycardia, sweating, 
tearing, mydriasis)

Repeat BP 
measurement to 
verify accuracy

Local surgical 
effects on third 
ventricle floor

Evaluate for hypoxia 
and/or hypercarbia

Deepen anesthesia if 
needed

Increased ICP Notify surgeons, ask 
to stop stimulating 
floor of third ventricle 
and to stop irrigation 
fluid

Evaluate for distended 
bladder

Raised ICP may 
require mannitol, 
furosemide, and/or 
hyperventilation
Urinary catheter if 
bladder is distended
Judiciously consider 
antihypertensive 
medication therapies
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 Slit Ventricle Syndrome

Slit ventricle syndrome occurs when there is overdrainage of 
CSF and the lateral ventricles become very narrow and small, 
appearing collapsed on imaging. It is associated with 
decreased brain compliance and intermittently elevated 
ICP.  Symptoms include headache, nausea/vomiting, and 
lethargy. Slit ventricle syndrome occurs in 5–10% of chil-
dren with CSF shunts. The lack of CSF and decreased brain 
compliance makes patients unable to compensate for altera-
tions in the brain or intracranial blood volume. They are sus-
ceptible to cerebral edema if excessive and/or hypotonic 
intravenous fluids are administered (Eldredge et  al. 1997; 
Dasari et al. 2015; Agarwal et al. 2013). Surgical manage-
ment of slit ventricle syndrome may include removal of CSF 
shunt, shunt replacement with a programmable CSF shunt 
(flow regulated vs. conventionally pressure-regulated), or 
endoscopic ventriculostomy (Table 56.14).

 Programmable VP Shunts and MRI

Although not directly related to the surgical care of chil-
dren with hydrocephalus, MRI is increasingly being used 

as part of the evaluation of shunt malfunction (Boyle et al. 
2015). In certain circumstances, anesthesiologists may be 
asked to provide sedation for these patients during their 
MRI. Along with the anesthetic considerations noted ear-
lier in this chapter, patients with adjustable VP shunts are 
at risk that the electronic valve programming is acciden-
tally disrupted during the MRI, which could result in 
symptoms related to either high or low pressure. Risk 
depends on the type of valve and the strength of the mag-
netic field (Lavinio et al. 2008). The MRI tech and/or neu-
rosurgery should be consulted prior to the scan to identify 
risk, and interrogation/reprogramming of the pump should 
be planned post scan.
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Hemorrhage

Cause Patient assessment Management
Trauma to the 
basilar artery or 
its branches

Visualization of 
blood via 
endoscope

Communicate with surgeons

Hemodynamic 
instability

Call for help
FIO2 100%
Reduce or discontinue volatile 
or intravenous anesthetics as 
indicated by hemodynamics
IVFs and vasopressors as 
needed
Transfusion of blood products 
as needed
Manage elevated ICP until 
craniotomy

Slit ventricle syndrome

Cause Patient assessment Management
Overdrainage 
of CSF

Signs of decreased 
brain compliance

Avoid excessive and/or 
hypotonic intravenous fluid 
administration  Headache

  Nausea
  Lethargy
MRI/CT scan
  Narrow, collapsed, 

slit-like lateral 
ventricles

Key Points
• Carefully evaluate each patient to determine degree 

of increased ICP. This is important for making deci-
sions about premedication, type of induction, and 
urgency of interventions.

• IV access is needed for RSI or rapid intervention for 
critical increases in ICP.

• If present, close the EVD prior to patient transport.
• Take precautions regarding latex exposure in 

patients with myelomeningocele or other suscepti-
ble patient populations.

• Always be vigilant for surgical trauma and venous 
air embolus, especially during the tunneling phase 
of VPS placement.

• Patients undergoing endoscopic ventriculostomy 
should have adequate IV access and possibly an 
arterial line in the event of hemorrhage or 
arrhythmia.

• Avoid excessive and/or hypotonic intravenous fluid 
administration to patients with slit ventricle 
syndrome.
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Challenges During Surgery 
for Traumatic Brain Injury in Children 
and Adults

Giuliana Geng-Ramos and Dolores B. Njoku

 Overview

For persons under 45 years of age, TBI remains the leading 
cause of coma and the leading cause of death with a fre-
quency that is twice as high in men when compared to 
women. In addition to sex bias, the incidence of TBI is great-
est at the extremes of age where those most at risk for severe 
injury are children between the ages of 5 and 9 and adults 
over 80 years. However, individuals between the ages of 15 
and 24 have the greatest number of TBI. Hence, TBI is the 
leading cause of death in children greater than 1 year of age, 
and approximately 10–15% of children with TBI suffer from 
severe TBI.

Since 2008, the National Institute of Neurological 
Disorders and Stroke (NINDS) has defined TBI as brain 
damage induced by a sudden trauma, and pediatric TBI is 
defined as TBI occurring in those less than 18 years of age. 
TBI can result by one of two mechanisms: (1) closed-head 
injury (CHI) from a sudden and violent hit with an object or 
associated with acceleration/deceleration or (2) penetrating 
head injury when an object pierces the skull and enters 
brain tissue.

Despite the ability to define TBI, shocking statistics about 
this major condition remain. While TBI can occur in isola-
tion, 75–85% of all children with multiple traumas will have 
TBI.  This is not insignificant since 80% of all pediatric 
trauma deaths are associated with TBI. Motor vehicle and 
vehicle-pedestrian accidents remain the most common 
causes of TBI (40–50%) in pediatric patients. Falls, which 
are most common in the very young and the elderly, remain 
the second most common cause of TBI. In children <4 years 
old, 30–50% of TBI cases are attributed to falls and abuse. 
Hence, nonaccidental trauma (NAT) should always be a 

 consideration and is the main cause of death in infants. 
Assaults, including firearms, are third (5–10%), and recre-
ational accidents, i.e., sports-related injuries, are the fourth 
most common cause of TBI (10%).

 Clinical Implications/Anticipated Problems

The skull is a rigid structure containing tissue, blood, and 
CSF. An increase in any of these components increases intracra-
nial pressure. Cerebral swelling can develop within hours of 
TBI with resultant intracranial hypertension. Intracranial hyper-
tension can significantly decrease cerebral perfusion resulting in 
ischemia, swelling, possible herniation, and neurological 
impairment. Moreover, resultant neurological impairment dem-
onstrated by altered arousal, alertness, or responsiveness may 
impair protective airway reflexes and increase the patient’s risk 
for aspiration of oral secretions or gastric contents.

Young children possess certain anatomical characteristics 
that predispose them to TBI: (1) a large head-to-body ratio, 
which alters their center of gravity, (2) thinner cranial bones, 
and (3) decreased myelination of neural tissue. Some of these 
individual characteristics or in combination may increase 
their likelihood of diffuse axonal injury (DAI) and cerebral 
edema. Moreover, while in infants slow increases in ICP can 
be accommodated by expansion of cranial suture lines, rapid 
shifts are less well tolerated due to little time for adaptation.

 Prevention

Motor vehicle and vehicle-pedestrian accidents are the most 
common cause of TBI with alcohol, illicit drugs, and nonpre-
scribed use of prescription medications being the most com-
mon contributing factors. Therefore, primary prevention of 
TBI involves basic safe driving, appropriate utilization of 
child and infant car seats, in addition to clear legislation to 
support those practices.
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 Crisis Management

 Pathophysiology and Clinical Presentation

The pathophysiology of TBI includes both the primary and 
secondary events. However, there are few randomized con-
trolled trials regarding the pathophysiology of TBI in chil-
dren. Thus, a large amount of data in the pediatric population 
is obtained by extrapolation from adult studies:

• Primary injury – direct injury to brain parenchyma from 
tearing, compression, and stretching of tissues and blood 
vessels. Possible mechanisms include the following:

 – Compressive stress  – deformation of the brain 
structure

 – Tensile stress – stretching as a result of pulling the axis 
of the brain in opposite directions

 – Shear stress – pushing in opposite directions perpen-
dicular to the axis of the brain that can cause injury to 
the brain stem

 – Acceleration/deceleration  – rapid acceleration or 
deceleration which occurs when the force from the site 
of impact sends waves through the skull. Since the 
head-to-torso ratio is large in infants and younger chil-
dren, acceleration-deceleration injuries are more com-
mon in the pediatric population and can lead to diffuse 
brain and upper spine injuries

 – Coup and contrecoup – injury that occurs either in the 
portion of the brain under the site of impact (coup) or 
on the side opposite the impact (contrecoup)

• Secondary injury  – indirect injury to brain parenchyma 
from hypoxia, hypotension, or biochemical and metabolic 
events that may occur minutes to days following the ini-
tial trauma. Possible mechanisms of secondary injury 
include the following:
 – Hypoperfusion
 – Increased metabolic demand
 – Damage to the blood-brain barrier
 – Free radical formation
 – Mitochondrial dysfunction
 – Release of neurotransmitters including acetylcholine, 

glutamate, and aspartate

Pediatric patients with TBI may present with diffuse or 
focal injuries. Diffuse injury results from microscopic dam-
age throughout many areas of the brain. Types of diffuse 
injury to brain parenchyma include the following:

• DAI – characterized by shearing of large nerve fibers and 
stretching of blood vessels in the brain. The most com-
mon manifestation is impaired cognitive function with 
resultant impairment in memory, concentration, and orga-
nization. Within the pediatric population, DAI is often 

defined as a loss of consciousness for greater than 6 min 
without a specific focal lesion on imaging or exam. DAI 
is most common in the craniocervical junction in children 
as opposed to the frontotemporal lobes in adults.

• Hypoxic-ischemic injury  – a consequence of cerebral 
swelling and resultant restriction in blood flow which lim-
its delivery oxygen, glucose, and key nutrients to the brain. 
In infants this is the most common abnormality in NAT.

Focal injury is confined to specific areas of the brain. 
Types of focal injury include the following (Fig. 57.1):

• Contusions  – bruises to brain parenchyma that causes 
swelling, bleeding, and/or damage to brain tissue. These 
usually occur in frontal and temporal lobes which house 
the memory and behavior centers. Hence, symptoms of 
brain contusion may include abnormal sensations, coordi-
nation, memory, or behavior.

• Hemorrhage – blood escapes damaged blood vessels and 
enters brain tissue. The magnitude and symptoms depend 
on the location of the hemorrhage.

• Stroke  – local blood flow to tissues is compromised by 
injury to large cerebral arteries or even tissues. Cerebral 
edema further compromises delivery of oxygen and nutri-
ents. Strokes associated with TBI mostly affect the poste-
rior cerebral artery circulation; however, the symptoms 
depend upon the vascular distribution. Pediatric strokes 
typically occur in children with neck injuries.

• Subdural hematoma  – results from damage to bridging 
vessels on the surface of the brain. Patients may present 
with loss of consciousness, confusion, drowsiness, asym-
metric pupils, focal deficits, headache, and respiratory 
changes. In the pediatric population, subdural hematomas 
>5 mm are often treated with surgical intervention.

• Epidural hematoma – results from damage to the middle 
meningeal artery or epidural veins. Hence, intracranial 

Subdural
hematoma

Epidural
hematoma

Intracerebral
hematoma

Fig. 57.1 Types of brain injury
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pressure can increase within minutes and with symptoms 
similar to subdural hematoma. When promptly diagnosed 
and treated, children with epidural hematoma have an 
excellent prognosis.

• Subarachnoid hemorrahge  – results from bleeding 
within the subarachnoid space. Subsequent changes in 
pupil, neurological and respiratory exam may occur. 
This injury occurs in children primarily from accelera-
tion/deceleration injury; however, this injury may also 
occur following NAT. In the pediatric populaiton, SAH 
carries a high morbidity and mortality even when ade-
quately treated.

• Skull fracture – more common within the pediatric popu-
lation and often does not require surgical intervention 
except when depressed or open. Depressed, open skull 
fractures are often treated with immediate surgical 
debridement and fracture repair to lessen the risk of 
developing meningitis, CSF leak, and/or seizures. 
Remember, skull fractures can be associated with under-
lying brain injury.

The Glasgow Coma Scale (GCS) is often used to help to 
initially determine the severity of TBI:

• Mild (GCS score 13–15)
• Moderate (GCS score 9–12)
• Severe (GCS score <8)

Mild TBI often has few to no lasting consequences. Severe 
TBI can cause significant disability and possibly death. Most 
children with a GCS < 5 have a dismal prognosis.

 Patient Assessment/Diagnostic Tests

Children with severe TBI should be promptly recognized and 
stabilized to improve outcomes.

• Primary survey  – identify and treat potentially life- 
threatening conditions which include airway compromise 
and hemorrhagic shock. Always assume cervical spine 
injury and stabilize the cervical spine using an immobili-
zation collar. Approximately half of the patients with cer-
vical spine injury have concomitant TBI.

• Secondary survey – identify secondary life-threatening 
conditions and perform an in-depth neurological assess-
ment. Children with TBI often have concomitant blunt 
abdominal trauma and long bone fractures, such as 
femur fractures, which can serve as a major source of 
blood loss.

• Patient history – obtained from the patient, family mem-
bers, and/or witnesses should include the mechanism of 
injury, duration of loss of consciousness, changes in men-

tal status, headache, nausea, vomiting, and progression of 
symptoms. Past medical history should include birth his-
tory and documentation of any congenital abnormalities. 
Additionally, any history of prior injuries, seizures, learn-
ing disabilities, substance abuse, prior psychological or 
psychiatric problems, as well as medication or food aller-
gies should be ascertained.

• Physical examination of a pediatric patient with TBI 
includes the following:
 – Assessment of ABCs and prompt management of air-

way if indicated by exam or if GCS <8. Prompt treat-
ment of hypotension and hypoxia.

 – Vital signs: temperature, blood pressure, heart rate, 
pulse oximetry, and weight (actual or estimate).

 – Assessment for Cushing triad of hypertension, brady-
cardia, and irregular respirations may indicate impend-
ing herniation. This is a late sign.

 – Prompt neck immobilization and cervical spine 
examination.

 – Focused neurological examination including the 
following:
 (a) Level of consciousness
 (b) Pupil examination
 (c) Funduscopic examination
 (d) Brainstem reflexes
 (e) Deep tendon reflexes
 (f) Response to pain

 – Pay attention to indicators of increased ICP and 
impending herniation:
 (a) Cushing’s triad (LATE SIGN)
 (b) Signs of uncal herniation: third nerve palsy (at 

rest, the eye tends to look down and to the side; no 
upward, downward, or inward movement possible; 
in addition: drooping upper eyelid, i.e., ptosis) fol-
lowed by hemiplegia

 – GCS score (Table 57.1) – a 15-point scale that assesses 
the patient’s ability to follow directions, move extremi-
ties, and speak.

 Laboratory Studies

Obtain a hematocrit, electrolyte panel with blood glucose, 
type and screen, coagulation studies (PT/PTT, INR), and uri-
nalysis, with urine toxicology assessment.

Caveats:

• Hyperglycemia is a poor prognostic indicator for patients 
with severe TBI.

• Pediatric patients who sustain head injury are at increased 
risk of coagulopathy because of brain tissue thromboplas-
tin release; therefore, it is imperative to correct any 
coagulopathy.
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 Diagnostic Tests

• Computed tomography (CT) of the head – will detect 
most lesions requiring emergent surgery such as focal 
brain injuries and skull fractures. Repeat CT scans 
often show secondary injury as a result of cerebral 
edema.

• MRI of the head – may add information regarding long- 
term outcome. MRI may not be as useful in an emergency 
setting.

• Angiography – will allow assessment of blood vessels in 
the brain. CT/MRI angiography as a combined modality 
often may detect and define blood vessel pathology.

• Electroencephalography (EEG) – can be utilized to detect 
presence of seizure-like activity or absence of cerebral 
activity.

• ICP monitor  – can be used to measure intracranial 
pressure.

• Single-photon emission computed tomography (SPECT) 
or positron emission tomography (PET) – imaging tech-
niques that measure brain cell metabolism and detect 
changes or injury that cannot be detected by standard 
imagining modalities.

 Surgical Intervention

Management of TBI consists of a variety of medical and 
surgical modalities. In general, surgical intervention is 
indicated in any intracranial lesion causing significant or 
progressive neurological compromise, focal neurologic 
signs, and/or intracranial hypertension. Since rapid decom-
pression improves the overall outcome in patients with 
intracranial pathology with significant mass effect, surgi-
cal intervention as soon as possible is advisable 
(Table 57.2).

Table 57.1 Glasgow Coma Scale (GCS) score

Infant  <1 year Child 1–4 years 4 years–adult
Eyes
4 Open Open Open
3 To voice To voice To voice
2 To pain To pain To pain
1 No response No response No response
Verbal
5 Coos, babbles Oriented speech, 

interacts
Alert and oriented

4 Irritable but 
consolable

Confused speech, 
disoriented but 
consolable

Disoriented

3 Irritable but 
inconsolable

Confused speech, 
inconsolable

Confused speech

2 Moans to pain Incomprehensible, 
agitated

Moans, 
unintelligible 
speech

1 Nonverbal to pain Unresponsive Unresponsive
Motor
6 Normal 

spontaneous 
movements

Normal spontaneous 
movements

Follows 
commands

5 Withdraws to touch Localizes pain Localizes pain
4 Withdraws to pain Withdraws to pain Withdraws to pain
3 Decorticate 

posturing to pain 
(flexion)

Decorticate posturing 
to pain (flexion)

Decorticate 
posturing to pain 
(flexion)

2 Decerebrate 
posturing to pain 
(extension)

Decerebrate posturing 
to pain (extension)

Decerebrate 
posturing to pain 
(extension)

1 Unresponsive to 
pain

Unresponsive to pain Unresponsive to 
pain

Table 57.2 Surgical interventions

Injury Indications for surgery Surgical technique
Acute epidural 
hematoma

Volume>30 cc, regardless 
of GCS score

Craniotomy 
+/− duroplasty

Volume <30 cc with 
GCS<8, >15 mm thickness, 
or >5 mm midline shift

Acute subdural 
hematoma

Thickness>10 mm and/or 
midline shift >5 mm, 
regardless of GCS

Craniotomy +/− bone 
flap removal and 
duroplasty

GCS drops 2 or more 
points, abnormal pupillary 
function, ICP >20 mm Hg

Burr hole
Subtemporal 
decompressive 
craniectomy
Decompressive 
hemicraniectomy 
+/− duroplasty

Focal 
traumatic 
parenchymal 
lesions

Referable neurologic 
deterioration

Craniotomy

Medically refractory 
intracranial hypertension
Signs of mass effect on 
imaging
Any lesion >50 cm3

GCS ≤8, frontal or 
temporal lesion volume 
>20 cm3, midline shift 
>5 mm, and\or cisternal 
compression

Traumatic 
posterior fossa 
mass lesions

Mass effect on CT scan, 
neurological dysfunction, 
and/or referable neurologic 
deterioration

Suboccipital 
craniectomy

Depressed 
cranial 
fractures

Open (compound) fractures 
with depression greater 
than the thickness of the 
cranium

Elevation and 
debridement 
+\− primary bone 
fragment replacement

Dural penetration, 
significant intracranial 
hematoma, depression 
>1 cm, frontal sinus 
involvement, 
pneumocephalus

“Mass effect” on CT scan = distortion of fourth ventricle, compression 
of basilar cisterns, or obstructive hydrocephalus
Adapted from: Bullock et al. (2006)
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 Intraoperative Interventions/Treatment

 Airway

• Optimize oxygenation and ventilation. Hypoxia and 
hypercarbia are both potent cerebral vasodilators which 
increase CBF and ICP. Hypoxemia in pediatric patients is 
predictive of increased morbidity.

• An oral airway will relieve airway obstruction even in an 
unconscious child with suspected cervical spine injury.

• Chin lift and jaw thrust maneuvers when performed cor-
rectly can relieve airway obstruction with minimal cervi-
cal spine motion.

• Endotracheal intubation is commonly required. A rapid 
sequence technique should be used.
 – Nasotracheal intubation should not be performed in 

patients with basilar skull or midface fractures.
 – Consider avoiding succinylcholine because of con-

cerns of hyperkalemic cardiac arrests in healthy chil-
dren with undiagnosed myopathy. For this reason it is 
recommended that succinylcholine should be reserved 
only for emergency intubations such as laryngospasm, 
difficult airway, full stomach, or intramuscular use 
when IV access is unavailable.

 – Succinylcholine may temporarily increase intracranial 
pressure; therefore careful consideration should be 
taken prior to its use.

 – Use positive end expiratory pressure (PEEP) with cau-
tion because it may impair cerebral venous return or 
increase ICP if greater than 10 cm H2O.

 Breathing

• Hyperventilation should be performed if acute signs of 
increased ICP and impending herniation are present.

 – Hyperventilation in the nonacute setting compromises 
cerebral perfusion by inducing vasoconstriction at a 
time when cerebral perfusion is already reduced.

• In the nonacute setting, normoventilation with a goal end- 
tidal CO2 of 30 mmHg is utilized.

 Circulation

• Fluid resuscitation may occur with isotonic solutions, 
blood, or blood products if necessary.

• Emergency release blood (O negative) should be immedi-
ately available if type and screen or cross-matched blood 
is not available.

• Systolic blood pressure should be maintained at normal to 
elevated levels as determined by the age of the patient.

• Utilization of hypertonic saline for fluid resuscitation for up 
to 72 h has suggested benefits in the pediatric population.

 – Serum sodium must be closely monitored when hyper-
tonic saline is utilized with a goal Na of <155.

• Children <24  months are especially at risk for cerebral 
hypoperfusion post TBI.

• Arterial and central venous access may be required for 
close hemodynamic monitoring and to allow for rapid 
administration of vasoactive substances if needed.

Cervical spine immobilization should be maintained in 
pediatric trauma patients until cleared by radiological and 
clinical exam.

 Intracranial Dynamics

• Intracranial pressure ranges vary with age. Normal values 
are less than 10–15 mm Hg for adults.

• ICP values in pediatric patients are not well established. 
Normal values in older children are 10–15  mm Hg, 
3–7  mm Hg in young children, and 1.5–6  mm Hg in 
infants.

• ICP values greater than 20 mm Hg require treatment.
• Cerebral autoregulation is the mechanism by which the 

brain is able to maintain cerebral blood flow at an appro-
priate level during changes in blood pressure. In a healthy 
brain, normal cerebral blood flow is maintained with a 
cerebral perfusion pressure that ranges from 50 to 150 mm 
Hg by inducing vasodilation or vasoconstriction in 
response to changes in cerebral perfusion pressure. This, 
in turn, influences ICP.

• After brain injury, cerebral autoregulation may be absent 
or impaired, and ICP decreases and increases with 
changes in CPP.

 Maintain CPP

• CPP is defined as MAP – ICP or jugular venous pressure, 
whichever is higher.

• CPP goal of >70 mmHg is often utilized in adults. Given 
the paucity of data in children, a CPP of greater than 
70 mmHg is targeted in children as well.

 Minimize ICP

• Elevation of the head to a maximum of 30° promotes 
venous drainage and potentially decreases ICP.

• Administer hyperosmolar therapy such as mannitol and 
hypertonic saline to create an osmolar gradient that will 
assist in normalizing ICP.
 – More specifically, 3% saline may be effective for acute 

treatment of intracranial hypertension in pediatric 
patients with TBI.

• Intravenous lidocaine can be utilized to treat acute 
increases in ICP that occur with suctioning, movement, 
and laryngoscopy.
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• Intravenous sedation-hypnotic agents are potent cerebral 
vasoconstrictors and decrease CBF and ICP.

 – Ketamine can increase CBF and ICP; therefore, it must 
be used with caution.

• Consider neuromuscular blockade to control increases in 
ICP associated with shivering, coughing, or ventilator 
intolerance.

• In pediatric patients with refractory increases in ICP, bar-
biturate coma with pentobarbital is often used. Adverse 
effects of pentobarbital include hypotension.

• A ventriculostomy may also be required to drain the ven-
tricles in the setting of increased ICP.

• Anti-seizure prophylaxis may reduce early posttraumatic 
seizures. These seizures increase brain metabolic demands 
and ICP leading to secondary injury.

 Avoid Hyperthermia and Hyperglycemia

• Hyperthermia increases cerebral metabolic oxygen 
demand.

• Hyperglycemia may worsen brain tissue lactic acidosis. 
Insulin infusions may be required with caution especially 
for blood glucose levels greater than 200 g/dl.

 Electrolyte Disturbances

• Evaluate for electrolyte imbalances caused by diabetes 
insipidus, syndrome of inappropriate antidiuretic hor-
mone, and cerebral salt wasting syndrome that often occur 
post TBI.
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Key Points
• Eighty percent of all pediatric trauma deaths are 

associated with TBI.
• Extremes of age (5- to 9-year-olds and >80 years of 

age) are at increased risk for TBI.

• The most common cause of pediatric TBI is motor 
vehicle and vehicle-pedestrian accidents. However, 
NAT is the main cause of TBI in infants.

• Diffuse brain injury includes DAI and hypoxic- 
ischemic injury. Focal injuries include contusions, 
hematomas, and hemorrhages.

• The primary survey should identify life-threatening 
injuries.

• GCS score should be computed and the initial imag-
ing often includes a head CT.  If the GCS is <8, 
urgent endotracheal intubation may be necessary.

• Management of TBI includes close management of 
ABCs. The head of the bed should be elevated 30°, 
and neurosurgical consultation should be obtained.

• Hyperosmolar therapy should also be considered.
• Anticonvulsants may help prevent early posttrau-

matic seizures.
• Patients exhibiting signs of herniation should be 

emergently managed.
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Challenges During Surgery 
for Myelomeningocele 
and Encephalocele

Brad M. Taicher and Allison Kinder Ross

 Myelomeningocele

 Damage to Neural Placode

 Overview
The first issue that is often confronted in the infant who pres-
ents to the operating room for repair of a myelomeningocele 
is the challenge of positioning for induction and intubation 
prior to surgery. An infant with myelomeningocele is at risk 
of damage to the exposed neural placode if any pressure or 
weight is placed on the unprotected neural elements.

 Prevention
To protect the neural placode after birth, infants are typically 
kept in the prone position with a light sterile wrap over the 
affected area. Because the prone position is not conducive to 
smooth airway management for induction and intubation 
prior to surgical repair, steps need to be taken to protect the 
neural placode during that critical time. To put the infant into 
the supine position, a platform needs to be built that elevates 
the infant above the height of the bed so that the defect is 
suspended without any pressure or weight on the neural ele-
ments. Several methods have been described that aim to not 
only keep the neural tube defect protected from pressure but 
to also keep it sterile. The presence of hydrocephalus with 
relative increased head size may add to the difficulty of posi-
tioning the patient for optimal airway management.

A small defect may simply require that a sterile towel be 
unwrapped and then twisted to form a circle that will per-
fectly surround the defect and allow the skin around it to rest 
upon the towel itself, while the defect falls into the hole in 
the middle. For stability, the head and legs will also need to 
be supported with either towels or foam padding.

A larger defect will require a higher platform. A foam 
head ring can support the defect by allowing the skin to sit 
upon the foam while the defect falls to the center hole. 
Another head ring may be turned in its opposite direction to 
hold the head and upper body in place. If one is unable to 
support a particularly large neural tube defect in a supine 
infant, intubation should occur in the left lateral decubitus 
position.

Similar to induction and intubation, upon emergence, if it 
is determined that the infant is to be extubated following 
repair, this may be done in the prone or lateral position as 
long as there is a backup elevated platform available if the 
infant needs to be put urgently into the supine position for 
airway issues.

Extra help should be utilized throughout induction, intu-
bation, and emergence to ensure that proper positioning is 
maintained.

 Hydrocephalus

 Overview
Hydrocephalus occurs from either overproduction of CSF, 
inability to absorb CSF effectively, or, most commonly, 
obstruction to CSF flow. While 15–25% of patients with 
myelomeningocele may initially present with hydrocephalus, 
up to 90% will eventually develop it. The cause of hydro-
cephalus in an infant with myelomeningocele is the presence 
of a Chiari II malformation. A Chiari II results in the partial 
or full obstruction of the flow of CSF from herniation of the 
cerebellar vermis, brainstem, and fourth ventricle into the 
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Key Points
• Risk can be completely avoided with proper 

positioning.
• Infant should remain in prone or lateral position 

even after repair.
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upper cervical region of the spinal canal. In fact,  complications 
from Chiari II malformation are the leading cause of death in 
individuals with myelomeningocele who are less than 2 years, 
and many of these are due to the resulting hydrocephalus.

 Prevention
There is no clear way to prevent hydrocephalus in an infant 
with myelomeningocele; however, it is possible to prevent 
the complications of hydrocephalus by shunting the CSF, 
most commonly using a ventriculoperitoneal shunt. Not 
every infant with myelomeningocele defects will require a 
CSF shunt, particularly those who have more caudal defects. 
Application of stringent guidelines for shunt placement may 
reduce the number of shunts that needs to be inserted down 
to 51% but does not reduce the actual risk of hydrocephalus. 
A promising practice may be the in utero closure of the 
myelomeningocele, which has shown to decrease the inci-
dence of hydrocephalus at 12 months of age. Although fetal 
surgery may result in a reduced incidence of shunt- dependent 
hydrocephalus, maternal and fetal risks remain, and long- 
term improved outcomes have not yet been proven.

 Crisis Management

Pathology and Clinical Presentation
It is not the hydrocephalus itself that is the complication 
leading to crisis. In fact, slowly developing hydrocephalus 
often does not require immediate attention. It is the increas-
ing intracranial pressure with a defined brain mass in a lim-
ited, restricted skull that creates the crisis (Monro-Kellie 
hypothesis). Potential complications of hydrocephalus 
include oculomotor palsy, dysphagia, protracted vomiting, 
and failure of closure of cranial sutures. When the sutures 
have closed and the intracranial space is restrictive, increased 
intracranial pressure is a risk. Twenty percent of infants with 
myelomeningocele may present with stridor due to hydro-
cephalus from Chiari malformation. Infants may also develop 
nerve dysfunction with life-threatening hypoventilation or 
apnea, even in cases where pressure on the brainstem is 
relieved with appropriate shunting.

Children with myelomeningocele have sleep-disordered 
breathing at an incidence as high as 20%. In children with 
obstructive sleep apnea, nasal CPAP is more effective than 
adenotonsillectomy. Central apnea may be treated with 
methylxanthines and supplemental oxygen, but these are not 
100% effective, and the children may ultimately require 
positive- pressure ventilation.

 Patient Assessment
Although most children will receive a CT scan for monitor-
ing of hydrocephalus, symptoms and physical findings are 
more commonly used for diagnosing the degree of insult 
from the enlarging ventricles (Table 58.1). In an infant with 

open sutures, a large head with massive open fontanels may 
be present. Signs of increased ICP may occur late in the pro-
cess as the head expands slowly with the increasing volume 
of CSF. A child with sutures that are beginning to fuse or are 
closed will present with signs of increasing ICP such as 
headache, vomiting, lethargy, ataxia, visual disturbances, 
and in extreme cases, bradycardia or cardiorespiratory arrest. 
Patient assessment should primarily determine the degree of 
compromise from the increased intracranial pressure that is 
present with the hydrocephalus so that appropriate steps may 
occur in a timely fashion.

 Intervention and Treatment
Treatment for symptomatic hydrocephalus is placement of a 
shunt or ventriculostomy; however, these procedures are not 
without risk (see Table  58.1). Firstly, in a child with 
increased ICP, the anesthetic plan should take into consider-
ation the desire to avoid any further increase in the 
ICP. Barbiturates for induction with little to no apneic period 
(thus avoiding a rising PCO2) and rapid tracheal intubation 
are necessary. The infant or child who has recurrent vomit-
ing is at risk for aspiration during anesthetic induction. One 
must weigh the risk of aspiration and need for rapid sequence 
induction against the risk of herniation and desire for a con-
trolled, hemodynamically stable induction for neuroprotec-
tion. A modified rapid sequence induction may be a fair 
compromise in this circumstance. A combination of agents 
that allows for cardiovascular stability and, therefore, 
reduces the risk of increasing intracranial pressure should 
be used during induction. Cricoid pressure should be applied 
and relatively small positive pressure breaths utilized prior 
to intubation. Agents that are suitable in this circumstance 
are lidocaine 1 mg/kg and a narcotic to blunt the response to 
laryngoscopy, either propofol or thiopental as the induction 
agent, and a nondepolarizing muscle relaxant. Intubation 
should be gentle, and moderate hyperventilation to an end-tidal 

Table 58.1 Hydrocephalus signs and treatment

Signs/symptoms Treatment
Increased 
ICP – mild or 
chronic

Nausea/vomiting Shunt placement
Headache Mild hyperventilation
Lethargy

Increased 
ICP – severe or 
acute

As above, plus Emergent shunt or 
ventricular decompression

Bradycardia and/or 
irregular respirations

Mannitol 0.25–0.5 g/kg 
(max of 30 g)
Furosemide 0.5–1 mg/kg 
(max of 10 mg)
Moderate hyperventilation

Respiratory 
irregularity

Tachypnea Secure airway or CPAP 
depending on severity/
timing

Apnea
Stridor

Aspiration Vomiting Rapid sequence induction 
(modified)

Preinduction Cricoid pressure

B. M. Taicher and A. K. Ross
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CO2 in the mid to low 30s is acceptable while the patient is 
prepped waiting for shunting. Avoid extreme head flexion, 
as it may result in brainstem compression in the presence of 
a Chiari malformation. Intraoperatively during the shunting 
procedure, the basilar artery or its branches may be vio-
lated  – this can result in severe intracranial bleeding and 
emergency craniotomy.

Of note, in an infant or child with hydrocephalus who has 
had a ventriculostomy tube inserted and connected to a 
drainage bag, it is important to keep the bag at the height of 
the head (ideally tragus level) so that sudden changes in 
CSF flow and pressure do not occur. The tubing should be 
clamped or closed during transport and transfer of the child 
to their bed.

 CSF Leak

 Overview
Following repair of a myelomeningocele, there is risk of 
continued CSF leak, particularly in those infants who have 
ongoing hydrocephalus or increased pressures. In these 
infants, the path of least resistance for the “pop off” of fluid 
pressure is at the fresh suture line after repair.

 Prevention
Prevention of a CSF leak is primarily through surgical inter-
vention at the time of repair and avoidance of hydrocephalus 
or increased pressures that result in leakage. Simultaneous 
insertion of a ventriculoperitoneal shunt during neural tube 
repair may reduce the chance of CSF leak by avoiding pro-
gressive ventricular dilation and increased CSF pressure at 
the fresh operative site. From an anesthetic standpoint, it is 
conceivable that other maneuvers that may increase cerebral 
or spinal pressures should be avoided such as sustained high 
airway pressures, coughing, or straining on emergence.

 Crisis Intervention
Typically, the infant or child with CSF leak will present with 
a history of fluid or soft, fluctuant bulge at the site of repair. 
The child may or may not have other signs or symptoms of 

complications from the leaking CSF; however, leakage of 
cerebral spinal fluid may present with findings of hypoten-
sion and/or electrolyte imbalance from the loss of fluid. 
Appropriate volume resuscitation must occur prior to bring-
ing these infants back to the OR for repair of their leak only 
after a recent electrolyte panel has been drawn and attempts 
made to correct any abnormalities. Because of potential elec-
trolyte abnormalities, risk of postoperative apnea may be 
increased, and the infant may need to remain intubated post-
operatively depending on the preoperative condition.

An additional risk in these infants with CSF leak is CSF 
infection and, ultimately, life-threatening sepsis. Antibiotic 
administration should be ongoing throughout the periopera-
tive period to avoid meningitis or ventriculitis from infected 
CSF. Perioperative myelomeningocele repair infections are 
often polymicrobial with gram negatives and Staphylococcus 
aureus. A protective covering or flap firmly affixed caudal to 
the myelomeningocele repair site helps to prevent fecal con-
tamination of the wound.

 Latex Allergy

 Overview
Infants who are to undergo the repair of a myelomeningocele 
are not necessarily at risk for latex allergy at the time of sur-
gery. However, as they age, children with spina bifida, even 
in the absence of multiple surgical procedures, are at risk for 
developing latex sensitization. Children with myelomenin-
gocele who require many urologic and orthopedic proce-
dures have a higher association with the development of 
latex sensitization than those who do not. True latex allergy 
is a Type I IgE-mediated hypersensitivity reaction that may 
present as local urticaria or may lead to life-threatening 
anaphylaxis.

 Prevention
The best way to avoid latex allergy is to manage children 
who have myelodysplasia in a latex-free environment. This 
not only includes the perioperative area but also all urinary 
catheters, syringes, Band-Aids, tourniquets, and any gloves 
that are used for other procedures in children at risk. As of 
1998, the FDA mandated that products that contain latex 
have a warning label. In addition, some antibiotics and cer-
tain foods (bananas, avocados, and kiwi are only a few exam-
ples) should be avoided because of cross-reactivity in 
children with true latex allergy. The ASA recommends that 
patients who have latex allergy be posted as first case in the 
morning when latex allergens are at their lowest level. In 
addition, the room should be labeled as being a latex-free 
environment, and a resuscitation cart should be immediately 
available. If possible, medications should be drawn from 
glass vials into syringes that are either glass or have  latex- free 

Key Points
• Hydrocephalus in an infant with myelomeningocele 

is a result of a Chiari II malformation.
• Acute hydrocephalus that results in increased intra-

cranial pressure requires rapid treatment.
• Anesthetic technique in an infant or child with 

symptomatic acute hydrocephalus should aim at 
reducing the effects of the increased ICP while 
protecting the lungs from potential aspiration 
events.

58 Challenges During Surgery for Myelomeningocele and Encephalocele



380

plungers. Stopcocks may be used for intravenous injections 
rather than injection ports that may be made of latex.

The prophylactic administration of antihistamines, ste-
roids, or H-2 blockers is not recommended as they may blunt 
the early signs of anaphylaxis such as urticaria or mild bron-
chospasm, thus leaving cardiovascular collapse as the first 
sign of anaphylaxis.

 Crisis and Intervention

Pathology and Clinical Presentation
In a child with myelodysplasia, if there is evidence of ana-
phylaxis during a surgical procedure despite all precautions 
taken, latex allergy should immediately be suspected and 
treated. The pathology of latex allergy is the sensitization 
and production of IgE antibodies. The IgE binds to mast cells 
and blood basophils, and, upon reexposure, degranulation of 
the sensitized mast cells and basophils occurs and the patient 
suffers a reaction. Under anesthesia, the most common mani-
festations detected intraoperatively are bronchospasm and 
cardiovascular instability. It may be difficult to detect cuta-
neous signs of allergy or anaphylaxis in a child who is under 
surgical drapes.

 Patient Assessment
A rapid survey of the skin for urticaria (if possible), vital 
signs for hypotension and tachycardia, and auscultation of 
the lung fields for signs of bronchoconstriction should occur 
immediately upon suspicion. Serum tryptase levels should 
be sent once the patient is stabilized. Skin tests to confirm the 
diagnosis are performed at least 4–6 weeks after the event, 
and caution should be used, as the test itself may induce 
anaphylaxis.

 Intervention and Treatment
When latex reaction is suspected, all latex-containing items 
should be removed immediately and any areas of exposure 
washed. A sign should be posted on the operating room door 
noting latex allergy so that other providers do not enter and 
risk spreading airborne latex from glove powder or other 
venues. Although anaphylaxis may occur from other agents 
intraoperatively, the treatment is essentially the same and 
should be initiated when signs are present (see Table 58.2). 
One hundred percent oxygen and fluid boluses should be 
delivered. Epinephrine may be required and is advantageous 
in children with anaphylactic reactions because of its alpha 
and beta effects.

Secondary therapy includes the addition of intravenous 
antihistamines, H-2 blockers, and steroids. Dosing is as 
follows:

Diphenhydramine 1 mg/kg (max of 50 mg)
Ranitidine 1 mg/kg (max of 50 mg)

Hydrocortisone 5 mg/kg and then 2.5 mg/kg q 4–6 h
Methylprednisolone 1 mg/kg and then 0.8 mg/kg q 4–6 h

 Miscellaneous Complications

 Blood Loss
Blood loss is typically not a major risk in the simple repair of 
a myelomeningocele but is more of an issue when an exten-
sive flap or undermining of the skin is required for closure. A 
hemoglobin and hematocrit should be drawn, and a type and 
screen for blood products should be available preoperatively 
in case products are required.

 Hypothermia
Neonates have poor ability to maintain body temperature due 
to their large body surface area and inability to create thermo-
genesis under normal circumstances. In infants and children 
with myelomeningoceles, there is also the potential of having 
poor autonomic control below the level of the defect, thus put-
ting them at greater risk of hypothermia in the operating room. 
Therefore, it is important to warm the operating room prior to 
entering with the patient; to use radiant warmers during line 
placement, intubation, and positioning; and to provide forced 
air warmers around the patient during the procedure.

Table 58.2 Intraoperative latex allergy signs and treatments

Reaction Treatment Potential side effect
Bronchospasm 100% oxygen

Epinephrine 0.1–10 mcg/kg Dysrhythmias
Albuterol or levalbuterol 
neb via anesthetic circuit

Tachycardia (with 
albuterol)

Hypotension – 
mild

Epinephrine 0.1–1 mcg/kg Dysrhythmias
Saline or Ringer’s lactate 
solution 10–20 ml/kg

Pulmonary edema

Hypotension – 
severe

Epinephrine 10 mcg/kg Dysrhythmias
Epinephrine infusion 
0.01–0.1 mcg/kg/min if 
needed
Saline or Ringer’s lactate 
20–50 ml/kg

Pulmonary edema

Tachycardia Saline or Ringer’s lactate 
10 ml/kg up to 50 ml/kg

Pulmonary edema

Key Points
• Manage children at risk in a latex-free 

environment.
• Have a high index of suspicion of latex reaction 

intraoperatively if signs/symptoms of allergy or 
anaphylaxis are present.

• Rapid treatment with epinephrine, fluid, and sec-
ond-line agents should occur in the presence of an 
anaphylactic event.
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 Urinary Retention
Urinary retention may be thought of as a late complication in 
children with myelodysplasia; however, only 12% of neonates 
actually have normal bladder emptying after closure of myelo-
meningocele. The remaining 88% have urinary retention with 
a mean volume of 20 ml due to a clinical pattern that is similar 
to spinal shock. Although most infants will have resumption of 
near-complete emptying within 2 weeks after closure, many 
will require catheterization for up to 6 weeks after repair.

Long-term myelomeningocele is the most common cause 
of neurogenic bladder in children. Routine catheterization is 
typically required, and these children often require a signifi-
cant number of urologic procedures. Renal insufficiency or 
renal failure occurs in up to 30–40% due to vesicoureteral 
reflux despite routine clean intermittent catheterizations. In 
addition, ventriculoperitoneal shunt infection occurs more 
commonly in children who have undergone an intraperito-
neal urologic procedure.

 Other Considerations
Spina bifida occulta may exist with normal-appearing overly-
ing skin. A sacral dimple that suggests a dermal sinus, a patch 
of hair, or a fatty swelling should alert the practitioner to the 
presence of possible abnormal underlying neural structures. In 
these patients, caudal anesthetic techniques should be avoided 
until workup has occurred to avoid accidental neural trauma.

Additional complications secondary to myelomeningo-
cele that often lead to further operative intervention include 
the following:

• Tethered cord
• Poor to no ambulation
• Decubitus ulcers
• Scoliosis

 Encephalocele
An encephalocele is a protrusion of cranial contents through a 
defect in the skull that may occur either posteriorly at the occiput 
or can also be found in the frontal area. Although the overall 
incidence is about 1 case per 5000 births, occipital encephalo-
celes present most commonly. Occipital, or basal, encephalo-
celes are typically managed by neurosurgeons in the neonatal 
period. An encephalocele, although similar in embryologic ori-
gins to the myelomeningocele, has unique characteristics that 
present additional challenges not only upon presentation but 
also in the intraoperative period. Complications that are similar 
to the myelomeningocele include the following:

• Risk of damage to neural placode
 – Lateral position is preferred due to difficulty in safely 

securing the airway while protecting a large defect in 
the occipital region.

• CSF leak
 – Risk of CSF leak is significant due to the lack of nor-

mal tissue and disrupted fascial planes from the 
encephalocele itself.

• Blood loss
• Increased ICP

The two latter problems tend to be more severe in the 
infant with encephalocele compared with the infant with 
myelomeningocele.

 Blood Loss

 Overview
An encephalocele may present in many locations, but an 
occipital encephalocele presents the practitioner with the 
risk of significant blood loss intraoperatively because of its 
proximity with the transverse sinus.

 Prevention/Treatment
Blood loss can only be prevented if there is no entry into the 
larger venous sinuses during encephalocele repair. An MRI 
is typically performed preoperatively so that the location of 
blood vessels in relation to the encephalocele helps guide the 
surgeon with their dissection. Prevention of significant 
hemodynamic instability from blood loss can occur if blood 
is available in the room, appropriate vascular access is 
obtained, and the anesthesia team is aware of the risk of 
bleeding in this type of procedure. If blood loss is ongoing or 
significant, FFP and platelets should also be made available 
and delivered depending on laboratory or clinical evidence 
of clotting abnormalities from massive transfusion. DIC is a 
risk in these infants when this occurs.

 Increased ICP

 Overview
With manipulations of the encephalocele, surgically increased 
intracranial pressure may occur and needs to be treated (see 
above treatment under section “Hydrocephalus”). To close an 
encephalocele, good brain relaxation must be present, and ICP 
must be maintained within the normal range. Unfortunately, as 
ICP increases, blood loss also increases and requires addi-
tional volume resuscitation requiring a delicate balance 
between decreasing ICP and increasing intravascular volume.
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Challenges During Cranial 
Decompression

Benjamin B. Bruins and Todd J. Kilbaugh

 Overview

Decompressive craniectomy involves the removal of sections 
of the calvaria and, depending on the indication, dural resection 
and duraplasty. Although first described over a century ago in 
the early 1900s by Drs Kocher and Cushing, decompressive 
craniectomy has survived as an operative approach to increased 
ICP but with continued controversies on indication, approach, 
and timing. In this chapter, we focus on the anesthetic approach 
to patients undergoing a decompressive craniectomy for refrac-
tory intracranial hypertension, resulting from traumatic brain 
injury (TBI) and non-TBI, and Chiari malformations.

 Posterior Fossa Decompressive Craniectomy 
for Chiari Malformations

Chiari malformations are a group of disorders characterized 
by the caudal prolapse of the medulla, cerebellum, and fourth 
ventricle through the foramen magnum into the cervical 
canal. This caudal prolapse is secondary to abnormalities of 
the brain and a small, malformed skull base. There are four 
classifications of Chiari malformations (CM), Types I–IV, 
depending on anatomic compression. Symptoms can vary 
dramatically: headache, neck pain, myelopathy (neurologic 
deficit related to spinal cord), and brainstem compromise 
(Cushing triad: bradycardia, hypertension, and abnormalities 
in breathing), all resulting from anatomic compression/
crowding of the brain stem, cerebellum, lower cranial nerves, 
and spinal cord. The two most common types of CM are 
Type I and Type II. Chiari malformation Type I (Chiari I) is 
the caudal displacement of the cerebellar tonsils less than 
6 mm below the foramen magnum into the cervical canal. 

This displacement is often associated with the disruption of 
CSF flow, causing CSF to enter the spinal cord and create a 
fluid-filled cavity called a syrinx. The chronic expansion of a 
syrinx can cause compression of the surrounding spinal cord 
nerve fibers and lead to a constellation of symptoms, collec-
tively referred to as syringomyelia. Syringomyelia can occur 
at any portion of the spinal cord, but, in association with 
Chiari I and other posterior fossa abnormalities, it is often 
communicating from the cervical region to the fourth ven-
tricle. In combination with syringomyelia or in isolation, 
Chiari malformations may also be associated with obstruc-
tive hydrocephalus due to fourth ventricular outflow obstruc-
tion or aqueductal stenosis, necessitating CSF diversion. 
Traditionally, CSF diversion has been accomplished with the 
placement of a ventriculoperitoneal shunt; however, endo-
scopic third ventriculostomy has also been described with 
good results. Chiari malformation Type II (Chiari II) is asso-
ciated with myelomeningocele and often with cerebellar her-
niation and a malformed brain stem. Chiari malformations 
Types III and IV are rare and usually present with gross her-
niation of the cerebellum and severely malformed brain 
stem. Due to the complexity of the many forms of Chiari 
malformations and inter-patient variability, surgical approach 
varies, but the basic tenets address decompression and stabi-
lization of the craniocervical junction, restoration of CSF 
flow, and ablation of syringomyelia when applicable. A com-
mon approach is suboccipital decompression of the posterior 
fossa, with or without duraplasty, with occipitocervical 
fusion with autogenous bone graft or posterior stabilization 
via screw fixation with bone fragments.

 Decompressive Craniectomy for Refractory 
Intracranial Hypertension

Intracranial hypertension (ICH) is a pathologic increased 
pressure within the calvarium due to a multitude of etiologic 
processes. Clinical entities such as isolated extra-axial 
bleeds, mass lesions with surrounding vasogenic edema, 
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and obstructive hydrocephalus are often more appropriately 
treated with addressing the underlying condition. 
Decompressive craniectomies are most commonly employed 
in patients with cytosolic edema associated with traumatic 
brain injury (TBI), cerebrovascular accidents (CVA), and 
meningoencephalitis. While there are case series reporting 
good neurologic outcomes after decompressive craniecto-
mies for ICH with viral and bacterial meningoencephalitis, 
randomized trials are lacking. Additionally timing and sur-
gical approach are topics of contention in the discussion of 
surgical decompression of patients with ICH associated 
with meningoencephalitis. In young adults (less than 
60 years old), decompressive hemicraniectomy for ischemic 
stroke is known to have a mortality benefit. Pediatric case 
series are limited, but these studies also support the use of 
surgical decompression for patients with ischemic strokes, 
with improved mortality and functional outcomes. 
Therefore, we feel decompressive craniectomy should be 
strongly considered for the pediatric patient with clinical 
evidence of sustained, intracranial hypertension due to isch-
emic stroke.

TBI is the leading cause of death and disability in children 
and adolescents in the USA. In 2012, “Guidelines for the acute 
management of severe TBI in infants, children, and adoles-
cents,” the primary focus is on controlling ICP and minimizing 
secondary insults to brain parenchyma. Sustained elevations 
of ICP greater than 20  mmHg have been associated with 
increased morbidity and mortality in the pediatric patient. 
When first-line therapies (Table  59.1) fail to control ICP, 
decompressive craniectomy can decrease ICP, maintain cere-
bral perfusion pressure (CPP), and prevent herniation. There 
are two current approaches: hemicraniectomy or bifrontal cra-
niectomy. A hemicraniectomy is usually performed when 
there is a focal or unilateral insult and bifrontal craniectomy 

with diffuse swelling. A section of the calvaria is removed, the 
dura is resected, and a duraplasty is performed to relieve ICP 
and allow cerebral expansion. The section of bone that is 
removed is usually stored in a bone freezer or can be surgically 
placed in the subcutaneous tissue of the abdomen until ICP 
issues have resolved. Decompressive craniectomy reduces 
ICP and, in some reports, can increase cerebral oxygenation. 
In contrast to adult studies, Taylor et al. describe a randomized 
trial suggesting that decompressive bitemporal craniectomy 
with maximal medical therapy within 24 h of elevated ICP has 
better outcome scores than medical therapy alone. However, 
ongoing trials may provide some answers concerning optimal 
timing, type of decompression, and patient selection for future 
clinical decisions (Fig. 59.1) (Table 59.1).

 Perioperative Management for Chiari 
Malformations

 Chiari Malformation Patient Assessment

Patients require a detailed preoperative assessment, focusing 
on history and physical and diagnostic studies to detect cra-
niocervical anomalies, autonomic instability, atlanto- occipital 
instability, and cerebellar/lower cranial nerve involvement. 
Chiari I may be associated with central sleep apnea syndrome, 
and there are case reports describing sleep apnea as the pre-
senting symptom for Chiari I confirmed by polysomnogra-
phy. Chiari I is also frequently associated with tethered cord 
and Klippel–Feil syndrome. Klippel–Feil is a rare disorder 
associated with fusion of any of the cervical vertebral, as well 
as a low posterior hairline and short neck. Other associated 
anomalies with Klippel–Feil are rib and vertebral anomalies, 
cardiac and renal defects, cleft palate, scoliosis, torticollis, 
deafness, and atlanto-occipital instability.

Table 59.1 Therapeutic interventions to control intracranial pressure 
(ICP)

Cerebral blood volume (CBV) 
reduction

Sedation (decreased cerebral 
metabolic rate)
Hypothermia
Hyperventilation
Midline head position at 30°
Diuretics
Seizure control

Cerebral spinal fluid (CSF) 
reduction

CSF drainage (ventriculostomy, 
lumbar drain)

Brain parenchyma volume 
reduction

Excision dead/injured brain tissue
Excision tumor or foreign body
Drainage of epidural/subdural 
hematoma
Hypertonic saline administration
Mannitol administration

Decompressive craniectomy Hemicraniectomy
Bifrontal craniectomy
Posterior fossa craniectomy

Fig. 59.1 Incremental increases in intracranial volume result in expo-
nential increases in intracranial pressure (ICP)
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An anesthetic plan for a patient with Chiari and associ-
ated Klippel–Feil syndrome must anticipate difficult mask 
ventilation and intubation secondary to limited neck move-
ment due to cervical fusion, atlanto-occipital instability, sco-
liosis, and palate abnormalities. During intubation and 
positioning, particular attention should be paid to in-line sta-
bilization of the cervical spine, if there is a suspicion or diag-
nosis of atlanto-occipital instability. Finally, prior to 
suboccipital decompression, the anesthetic plan must avoid 
further elevations in ICP that may precipitate herniation and 
further decompensation.

 Chiari Malformation Intervention 
and Treatment

In the event of life-threatening intracranial hypertension, 
acute management should include acute hyperventilation, 
hyperosmolar therapy with either mannitol (0.25 g/kg, may 
be repeated and titrated to effect) or hypertonic saline (3%: 
5 ml/kg, may be repeated and titrated to effect), and discus-
sion with neurosurgery about emergent placement of ven-
triculostomy. While this scenario may be a rare occurrence in 
patients with a thorough preoperative evaluation, many chil-
dren with Chiari malformations undergoing surgical proce-
dures other than a decompressive craniectomy are at 
increased risk for intracranial hypertension during the peri-
operative period, especially patients undergoing neurosurgi-
cal or craniofacial surgery, and require close monitoring in 
the perioperative period.

 Perioperative Management for Refractory 
Intracranial Hypertension

 TBI with Refractory Intracranial Hypertension 
Patient Assessment

Patients with refractory ICP require a detailed perioperative 
assessment, focusing on mechanism of neurologic injury and 
severity of extracranial injuries. Often this includes detailed 
discussions with neurosurgeons, trauma surgeons, and criti-
cal care physicians to delineate current CPP targets and 
required therapies. Additionally, a detailed understanding of 
intrathoracic, intraabdominal, and other injuries must be 
elicited prior to the induction of anesthesia. Physical exam 
should focus on findings of impending herniation syndromes: 
pupil exam, cranial nerve abnormalities, posturing, and 
Cushing’s reflex (hypothalamic response to ischemia sec-
ondary to poor cerebral blood flow, with resulting sympa-
thetic discharge attempting to raise arterial blood pressure, 
with accompanied bradycardia). In the setting of tissue fac-
tor release associated with neurologic injury, coagulopathy is 

common and should be aggressively treated throughout the 
perioperative course. Screening for preoperative anemia is 
important as this can predispose vulnerable neuronal tissue 
to injury from decreased oxygen delivery.

 Decompressive Craniectomy for TBI 
with Refractory Intracranial Hypertension

Continual reassessment of an unstable multi-trauma patient 
during the intraoperative period is critical. Ideally monitors 
should include: arterial access for blood pressure manage-
ment and CPP optimization, central venous access for cen-
tral venous pressure, and vasoactive and hyperosmolar 
delivery. However, placement of these monitors should not 
delay access by the neurosurgeons to the patient for defini-
tive treatment: emergency decompressive craniectomy. In 
addition, discussions should take place with neurosurgery 
for insertion of multi-modal intracranial monitoring includ-
ing ICP (pressure monitoring or ventriculostomy for pres-
sure monitoring and CSF drainage.) Other multi-modal 
intracranial monitoring may also include brain tissue oxygen 
monitoring (PbtO2) and cerebral microdialysis. There is lim-
ited data on the impact of anesthetic management on patient 
outcomes with intracranial hypertension. All volatile anes-
thetics can increase cerebral vasodilation and CBF especially 
above one minimal alveolar concentration. In uninjured 
patients this can be offset via cerebral vasoconstriction with 
mild hyperventilation. However, the traumatically brain 
injured patient may have impaired cerebral vasoreactivity 
and response to vasodilatory and vasoconstrictive stimulus 
can be less predictable. In addition, there continues to be 
much debate on anesthetics as neuroprotectants, and their 
potential for neuronal damage via apoptosis. In animal mod-
els, nitrous oxide increases neurotoxic/neuroexcitation 
mediators, ICP, and CBF and should be avoided in this 
patient population. Other anesthetic medications (barbitu-
rates, propofol, benzodiazepines, and etomidate) decrease 
cerebral metabolic rate coupled with CBF and decrease 
ICP. Opioids should be administered for anti-nociception to 
prevent ICP spikes from noxious stimuli. Intraoperative 
goal-directed therapy for pediatric intracranial hypertension 
should include ICP <20 mmHg, PbtO2 >10–15 mmHg, and 
age-directed CPP of greater than 40–50  mmHg as mini-
mums. The adult guidelines concur with goals of ICP 
<20  mmHg, PbtO2 >15  mmHg, and CPP 50–70  mmHg. 
First tiered therapies for the reduction of ICP and improve-
ment of PbtO2 include brief periods of hyperventilation, 
drainage of CSF via a ventriculostomy, sedation and 
 paralysis, and hyperosmolar therapy. The optimal intraoper-
ative approach to hyperosmolar therapy has yet to be deter-
mined; however, hyperosmolar therapy with hypertonic 
saline (HTS) may have some theoretical advantage over 
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mannitol. Mannitol (0.25 g/kg, may be repeated, up to 1 g/
kg, and titrated to effect) causes a significant osmotic diure-
sis, resulting in a loss of preload and a potential rise in hema-
tocrit (decreasing rheology) and ultimately hypotension 
(decreasing CPP). Mannitol may also result in rebound 
ICP. Serum osmolarity should be monitored with a target less 
than 320  mmol. There are two potential mechanisms both 
resulting in an increased parenchymal reflection coefficient 
and subsequent cerebral edema with mannitol administra-
tion. One, mannitol moves across a disrupted blood brain 
barrier, and, two, mannitol administration triggers the pro-
duction of idiogenic osmoles within the brain parenchyma. 
HTS administration is very effective in lowering ICP (3%: 
5 ml/kg, may be repeated and titrated to effect), avoiding the 
side effects of mannitol discussed above, as well as support-
ing preload by acting as an excellent peripheral volume 
expander which, in turn, may support CPP.  HTS is more 
expensive than mannitol, and is not universally available. 
Additionally, volume expansion with HTS can be associated 
with increases in central venous pressure, potentially to the 
point of preventing venous drainage of the cerebral circula-
tion, decreasing CPP. Due to the hypertonicity of HTS, doses 
should be administered into a central venous line whenever 
possible. Again, serum osmolarity should be monitored with 
repeated doses of HTS with goal serum osmolarity less than 
360 mmol. Especially in the setting of pretreatment hypona-
tremia, it is important to closely monitor serum sodium, as 
rapid changes in serum sodium can lead to central pontine 
myelinolysis. Additionally, acid-base status must be moni-
tored, as the chloride load is associated with a hyperchlore-
mic metabolic acidosis.

With any disruption of the blood brain barrier such as 
occurs with decompressive craniotomies, disseminated intra-
vascular contamination can occur. Vigilance in monitoring 
and correcting PT, PTT, fibrinogen and platelets can prevent 
bleeding in the perioperative period.

 Non-TBI with Refractory Intracranial 
Hypertension Patient Assessment

Patients with cerebral edema or ICH without traumatic injury 
require a general assessment of clinical status, focusing pri-
marily on medical comorbidities. Discussions with primary 
medical teams, neurointensivists, and neurosurgeons will 
typically revolve around current therapies for seizures, infec-
tious issues, hematologic derangements, as well as blood 
pressure goals. Many patients with CVA and meningoen-
cephilits will not have intracranial pressure monitors, but 
instead will have clinical manifestations of refractory hyper-
tension such as Cushing’s reflex and/or pupillary abnormali-
ties. If available, preoperative physical exam should be 
documented to compare to the postoperative neurologic 

exam. Additionally cardiac exam should be assessed for 
signs of cardiogenic shock such as gallops and poor periph-
eral perfusion. Irregular heartbeats and murmurs maybe 
associated with thromboembolic conditions and should 
prompt echocardiographic evaluation if time permits.

 Decompressive Craniectomy for Non-TBI 
with Refractory Intracranial Hypertension

The operative course is incredibly dependent upon the 
underlying etiology of the intracranial hypertension. 
Regardless of underlying pathology, exquisite attention 
must be paid to avoidance of hyperthermia, hypoglycemia, 
hypoxia, and hypotension. The anesthesiologist should have 
vasoactive medications available, as septic shock is fre-
quently associated with meningoencephalitis and other 
infections. Vasodilation with volatile agents may exacerbate 
hypotension, risking additional neuronal injury. Similarly, 
patients with ischemic strokes are at risk for worsening neu-
ronal injury with hypotension and may require inotropes 
and/or vasopressors to maintain normotension. Many 
patients with ischemic strokes will be exposed to anticoagu-
lant and/or thrombolytic medications. The risks and benefits 
of surgical timing should be clearly discussed with all team 
members. If patients must have a surgical procedure with 
residual hematologic derangements, care must be taken to 
avoid excessive intraoperative bleeding and hypovolemia 
which can be associated with hypotension and potential 
neurologic injury.

Key Points
• Decompressive craniectomy involves the removal 

of sections of the calvaria and, depending on the 
indication, dural resection and duraplasty.

• Chiari malformations may also be associated with 
obstructive hydrocephalus due to fourth ventricular 
outflow obstruction or aqueductal stenosis necessi-
tating diversion of CSF.

• Intraoperative goal-directed therapy for pediatric 
intracranial hypertension should include ICP 
<20 mmHg, PbO2 >10–15, and age-directed CPPs. 
Infants likely require a CPP greater than 40 mmHg, 
while adult targets at 50–70 mmHg.

• Maintenance of physiologic parameters, including 
coagulation, is paramount to successful manage-
ment in the perioperative period.

• Early decompressive craniectomy (within 24  h) 
should be considered in the treatment of severe TBI 
and refractory intracranial hypertension in infants 
and children.
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Challenges During Surgery 
for Craniosynostosis and Craniofacial 
Surgery

Heike Gries and Jeffrey L. Koh

 Difficult Airway

 Overview

Approximately 20% of craniosynostosis patients are in the 
category of syndromic craniosynostosis. The most common 
syndromes that present with craniosynostosis are Apert’s 
syndrome and Crouzon’s syndrome. In these patients, cra-
niosynostosis repair often involves difficult airway manage-
ment. Craniofacial surgeries, such as mandibular osteotomies 
and genioplasties, are often performed on patients with facial 
disproportion and other congenital anomalies (e.g., Crouzon, 
Pierre Robin, and Treacher Collins syndromes) and may lead 
to difficulties in airway management.

 Prevention

Identifying patients at risk for airway problems is the first 
step to successful airway management. Take a careful his-
tory (including any prior history of surgery or intubation), 
perform a thorough physical examination, and tailor the 
anesthetic plan to include appropriate backup strategies. 
This will minimize the risk of being caught by surprise. 
When a potentially difficult airway is identified, appropriate 
preparation is the next step. All airway equipment should be 
available, checked, and ready prior to the induction of anes-
thesia. In addition to the usual intubation equipment, the 
difficult airway equipment should include at least a fiber-
optic bronchoscope as well as appropriately sized laryngeal 
masks, a rigid bronchoscope, and equipment for tracheos-
tomy and resuscitation.

Premedication may be varied to suit the patient’s needs. 
Preoperative IV placement (consider topical anesthesia) is 
usually indicated when a difficult airway is anticipated. 
Intravenous glycopyrrolate (0.005–0.01  mg/kg) or intrave-
nous atropine (0.01–0.02  mg/kg) is administered to block 
excessive secretions and to prevent unwanted autonomic 
vagal reflexes. An intravenous dose of corticosteroid (dexa-
methasone 0.4 mg/kg) can be given as prophylaxis against 
airway edema. Finally, topical decongestant such as 0.05% 
oxymetazoline intranasally should be considered prior to the 
induction to prevent nasal bleeding if one considers nasal 
intubation. The decision regarding the use of anxiolysis 
either orally or intravenously should be balanced with the 
anticipated degree of airway compromise.

After communicating with the surgeon about the plan(s) 
and when the surgeon is in the operating room, inhalational 
or intravenous induction can be initiated. If a difficult airway 
situation is anticipated and an ENT surgeon is not already 
involved in the patient’s care, consideration should be given 
to preoperative consultation and presence during induction 
in case emergency airway assistance is needed. If the ENT 
surgeon is not available, it is suggested to ask a second anes-
thesiologist to be available.

Inhalational induction with 100% oxygen and sevoflurane 
can be used safely with the goal of maintaining spontaneous 
ventilation. It is often necessary to use jaw thrust and place 
an oral/nasopharyngeal airway as the upper airway muscles 
start to relax. Alternatively, intravenous induction with care-
ful titration of propofol, dexmedetomidine, or ketamine can 
be used (Table 60.1). As with an inhalational induction, the 
initial titration goal should be to maintain spontaneous ven-
tilation, at least until the provider can confirm the ability to 
mask ventilate. Muscle relaxants should be held at least until 
bag-mask ventilation for the patient is established.

In a patient with a potentially difficult airway, it might be 
reasonable to try a direct laryngoscopy while the patient is 
breathing spontaneously; however, each attempt for direct 
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intubation may cause trauma and will make a potential fiber- 
optic intubation more difficult.

If it is difficult to manage spontaneous breathing under 
anesthesia, a laryngeal mask airway (LMA) is often very use-
ful. Although, in most cases, the LMA must be replaced with 
an endotracheal tube before surgery, it can be helpful to place 
an endotracheal tube exchanger (Cook Airway Exchange 
Catheter, Cook Critical Care, Bloomington, IN) before remov-
ing the LMA and use it to place the endotracheal tube. 
Alternatively, fiber-optic intubation can be performed through 
the LMA. If one choses the latter option, it can be challenging 
to withdraw the LMA without removing the ETT as well. One 
option is to telescope two nearly identical ETTs over the fiber-
optic scope. The most distal ETT will be left in the trachea, 
while the proximal ETT is used to maintain the lower tube in 
position while withdrawing the LMA. The proximal ETT is 
then removed and replaced with the appropriate ETT adapter. 
One should always test the ETT setup prior starting the intuba-
tion to make sure the ETT combination will fit through the 
LMA, especially when a cuffed ETT is used. Lubrication of 
the ETT will also help with passage through the LMA.

 Crisis Management

Figure 60.1 shows an algorithm for the unexpected difficult 
airway in pediatric patients.

 Blood Loss and Blood Transfusion

 Overview

Blood loss during craniosynostosis repair is very com-
mon. This blood loss combined with the small blood vol-

ume of the young patients that typically undergo 
craniosynostosis repair makes transfusion of red blood 
cells often unavoidable. The need for additional blood 
products such as platelets and fresh frozen plasma (FFP) 
is much less common in sagittal and unicoronal suture 
repair where a blood loss of approximately 25% of the 
estimated blood volume has been described. However, 
FFP and platelets are sometimes needed in bicoronal 
suture repair where blood loss of up to 65% of estimated 
blood volume has been described.

Accurate assessment and replacement of blood loss in 
cranial vault repair are difficult, but most blood loss will 
occur during elevation of the vascular periosteum and then 
continue slowly throughout the procedure after the osteot-
omy has been performed. Blood loss will depend not only on 
the type of craniosynostosis but also on the surgical tech-
nique, with procedures requiring more bony dissections, 
such as cranial vault remodeling, often resulting in higher 
blood loss. To minimize the risk of transfusion-related mor-
bidity (posttransfusion hepatitis, acquired immunodefi-
ciency, hemolytic transfusion reactions and allergic reactions, 
transfusion-related lung injury, and leukocyte-platelet allo-
genic immunization), use all appropriate strategies to 
decrease the need for homologous transfusion, including uti-
lization of antifibrinolytics.

 Prevention

The surgical technique will define the range of expected 
blood loss. The anesthesiologist must prepare before surgery 
to manage blood loss:

• Evaluate preoperative hematocrit, platelet count, and 
coagulation studies.

• Type and cross for packed red blood cells and use:
 – Leukocyte-depleted components
 – Cytomegalovirus seronegative products for children 

younger than 1 year
 – Red blood cells stored < 3 weeks

• Insert two large-bore intravenous catheters (22–20 gauge 
catheters for infants less than 6 months are adequate).

• Place an arterial line.
• Consider monitoring central venous pressure, especially 

if large blood loss is anticipated.
• Estimate the maximal allowable blood loss (MABL) 

before surgery (Fig. 60.2).

The following techniques may help to prevent blood 
transfusion:

• Antifibrinolytics (e.g., tranexamic acid: Loading dose not 
clearly established but clinical reports suggest a loading 
dose between 10 and 50  mg/kg IV over 20  min with a 
maintenance dose of 5–10 mg/kg/h)

Table 60.1 Intravenous induction

Bolus Continuous infusion
Propofol 1–2 mg/kg 150–200 μg/kg/min
Dexmedetomidine 0.5–1 μg/kg 0.5–1 μg/kg/h
Ketamine 0.5–1 mg/kg

Key Points
• Thorough evaluation of the patient to identify a 

potentially abnormal airway is the first step in pre-
venting difficult airway situations.

• Designing a tailored anesthesia plan with appropri-
ate backup strategies and preparation with attention 
to details followed by clear communication with the 
surgical team are essential for a safe and successful 
procedure.

• Call for help early in an emergency and use algo-
rithms thoughtfully to manage the situation.
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The unexpected difficult pediatric intubation

Consider calling for help 

Mask ventilation possible?

Succeed 
Non-emergency pathway

If mask ventilation 
becomes inadequate 

PURSUE OTHER INTUBATION OPTIONS

Fail 
Emergency pathway

CALL FOR HELP 

Change head 
Position

Different intubation 
technique

Different technique with 
rigid laryngoscope 

(Limit attempts to avoid trauma)

PURSUE EMEERGENCY 
OXYGENATION/VENTILATION 

OPTIONS 

Awaken 
patient

LMA or other 
supraglottic device* 
as intubation guide 

Light wand

Fiberoptic

Retrograde

OELM

Styles

Fail

Fail

Succeed 

Succeed 

General 
anesthesia 

by mask

Surgical 
airway

Different 
blades

Retromolar 
approach 

General 
anesthesia by 
LMA or other 
supraglottic 

device*

Awaken 
patient 

Two person 
mask ventilation

Percutaneous 
cricothyrotomy 

Establish 
definitive 
airway 

Surgical 
airway

Awake 
intubation 
techniques 

Abort and 
regroup 

Regional 
anesthesia 

Surgical 
airway 

*Consider using PLMA if the child is at risk for aspiration or if high inflation pressures are needed

LMA or other 
supraglottic 

device*

Rigid 
bronchoscopy

Fig. 60.1 A proposed algorithm for the management of the unexpected 
difficult pediatric airway. LMA laryngeal mask airway, OELM optimal 
external laryngeal manipulation, PLMA ProSeal LMA. (With permis-

sion from Elsevier, from Wheeler, M, Cote CJ, Todres ID. The pediatric 
airway. In: Cote CJ, Lerman J, editors. A practice of anesthesia for 
infants and children. 5th ed. Saunders Elsevier; 2013. p. 263)
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• Preoperative treatment with recombinant human erythro-
poietin (300 U/kg erythropoietin every other day subcuta-
neously for 3 weeks with additional elemental iron (2 mg/
kg TID) orally)

• Perioperative blood salvage (cell saver)
• Acute normovolemic hemodilution, especially in older 

children

 Crisis Management

Signs of significant blood loss include:

• Tachycardia.
• Low blood pressure.
• Low CO2 can be an indicator for diminished cardiac 

output.
• Respiratory variation in arterial line pressure wave.

Transfusion guidelines:

• As a rule of thumb: Red blood cell transfusion is rarely 
indicated when the hemoglobin concentration is >10 g/dL 
and is almost always indicated when the hemoglobin con-
centration is <6 g/dL. Sometimes, red blood cells must be 
given before the MABL is reached, e.g., with rapid blood 
loss or when hemodynamic instability occurs despite ade-
quate volume replacement. Be aware that rapid blood 
transfusion in an infant can cause hyperkalemia and car-
diac arrest, primarily because of the high concentration of 
potassium in stored blood.

• Platelet transfusion is usually required if the platelet 
count is <50  ×  109/L. The therapeutic dose is one platelet 
concentrate per 10 kg body weight or 5–10 mL/kg body 
weight.

• FFP is indicated to correct microvascular bleeding when 
prothrombin and partial thromboplastin times are >1.5 
times normal or in the setting of massive transfusion when 
coagulation tests cannot be obtained in a timely manner. 
To achieve an increase in plasma factor concentration of 
30%, 10–15 mL/kg FFP should be given.

• Cryoprecipitate must be considered when microvascular 
bleeding is present and fibrinogen levels are <80–100 mg/
dL.  One unit of cryoprecipitate per 10  kg body weight 
will normally raise the plasma fibrinogen concentration 
by approximately 50 mg/dL.

• Calcium gluconate (30–45  mg/kg) or calcium chloride 
(10–20 mg/kg via central venous line) may be indicated to 
stabilize myocardial function and to treat hypocalcemia, 
which occurs in cases requiring larger volumes of citrate- 
containing blood products.

 Venous Air Embolism

 Overview

Venous air embolism has been reported in up to 83% of 
craniosynostosis repairs, most of them without hemody-
namic consequences. Positioning the head above the heart 
and exposing open noncollapsible veins to air after open-
ing the skull together with a decreased central venous 
pressure during rapid blood loss can result in a pressure 
gradient that favors venous air entry. Furthermore, the per-
sistence of a patent foramen ovale in 50% of children 
younger than 5 years increases the potential for a paradox-
ical air embolism and may result in a coronary or cerebral 
embolism.

 Prevention

• Avoid positioning the head above the heart as surgical 
indications allow.

• Avoid nitrous oxide due to its low blood/gas partition 
coefficient and its ability to increase the size of any air 
embolus that occurs.

• Use a precordial Doppler ultrasonic probe to detect 
venous air embolism early.

• Maintain adequate intravascular volume status, and avoid 
a sudden decrease in the central venous pressure.

• Control ventilation and prevent negative intrathoracic 
pressure.

 Crisis Management

• Ventilate patient with 100% oxygen.
• Communicate with the surgeon immediately to treat early 

(flood the surgical field) and minimize further air 
entrainment.

EBV = Estimated blood volume 
Ho = Baseline (preoperative) Hematocrit (%)

HI = Lowest acceptable Hematocrit (%) 

MABL = EBV (Ho– HI)
Ho

Fig. 60.2 Maximal allowable blood loss (MABL)

Key Points
• Blood loss during craniosynostosis repair is very 

common, and blood transfusion is often necessary.
• Preparing for anticipated blood loss and using strat-

egies to decrease homologous transfusion will con-
tribute to an excellent patient outcome.

H. Gries and J. L. Koh
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• If central venous access is in place, try to aspirate air from 
the central venous pressure line.

• Consider compressing the jugular veins until the surgeon 
has occluded air entry.

• In the case of severe venous air embolism, consider low-
ering the head to decrease the rate of air entrainment.

• Do not use PEEP. This may cause a paradoxical air embo-
lism by increasing right atrial pressures and opening a 
patent foramen ovale.

 Increased Intracranial Pressure

 Overview

Approximately 30–40% of patients with syndromes and 
complex craniosynostosis have intracranial hypertension, 
while 15–20% of patients with single suture craniosynosto-
sis have increased ICP. Restricted skull volumes are respon-
sible for this increase in pressure as well as anomalous 
intracranial venous drainage, hydrocephalus, and upper air-
way obstruction, especially in patients with craniofacial 
syndromes.

 Prevention

Each patient should be assessed preoperatively for any signs 
or symptoms of increased ICP.  In addition, preoperative 
studies such as CT scans or MRIs should be reviewed for 
signs of increased ICP. To prevent further increases in ICP:

• Establish and secure the airway meticulously, and control 
ventilation to minimize the risk of hypoxia and 
hypercapnia.

• Avoid arterial hypertension.
• Position the head carefully, and avoid Trendelenburg 

position if possible.

 Crisis Management

• Check oxygenation and ventilation of the patient.

• Assess level of sedation, and increase anesthesia, if 
appropriate.

• Check head positioning to rule out venous outflow 
obstruction.

• Consider moderate hyperventilation and maintain a nor-
mal arterial pressure.

• Consider mannitol and/or furosemide.
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Key Points
• Venous air embolism is common in craniosynosto-

sis repair but usually asymptomatic.
• A precordial Doppler ultrasonic probe will detect 

venous air embolism immediately and, therefore, 
will allow early treatment.

• Communication with the surgeon is a key to early 
treatment.

Key Points
• A significant number of patients for craniosynosto-

sis repair may present with increased ICP.
• An established well-secured airway is the key to 

avoid hypoxia and hypercapnia and, therefore, to 
prevent a further increase in ICP.

• Moderate hyperventilation, mannitol, and furosemide 
as well as positioning are important treatment options.

60 Challenges During Surgery for Craniosynostosis and Craniofacial Surgery
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Challenges During Tumor Surgery 
in Children and Infants

Jonida Zeqo, Gregory W. Albert, and Jayant Deshpande

 Neuromonitoring Failure

 Overview

Evoked potentials increasingly are used in neurosurgery to 
monitor the integrity of specific sensory or motor pathways. 
Specific pathways that are monitored depend on the location 
of the tumor. Sensory evoked potentials (SEPs) can monitor 
somatosensory (SSEPs), brain stem auditory (BAEP), or 
visual (VEP) pathways. Motor evoked potentials (MEPs) can 
monitor the dorsolateral and ventral spinal cord as well as 
some cranial nerve functions. Other cranial nerves can be 
monitored with triggered and free-running electromyogra-
phy (EMG).

For evoked potentials (SSEP, BAEP, VEP, MEP), an 
electrical stimulus is applied, and appropriately placed 
electrodes detect the transient potential differences along 
the neural pathway. Latency and amplitude of the potential 
differences are compared to values at baseline obtained 
before the initial incision is made. Significant increases in 
latency and/or decreases in amplitude may indicate com-
promise of the monitored neural pathway. EMG detects 
target muscle activity induced by electrical (triggered 
EMG) or mechanical (free-running EMG) stimulation of 
the nerve.

 Prevention

Anesthetic, physiologic, and environmental factors are all 
capable of producing changes in evoked potentials that 
mimic pathway compromise. Communicating changes in 
both anesthetic dosing and monitored vital signs with the 
neuromonitoring team are crucial to avoid inadvertently 
assuming that changes in monitored variable are necessarily 
secondary to a surgical or pathologic intervention.

All anesthetics that have been studied influence evoked 
potentials to some extent. Volatile agents have the most 
profound effect and, therefore, are often avoided all 
together in favor of a total intravenous anesthesia (TIVA) 
technique. A significant change in dosing regimen of an 
IV agent (e.g., boluses) will affect the neuromonitoring. 
Thus, any changes to anesthetic dosing must be communi-
cated to the monitoring team. In addition, pharmacologic 
paralysis should be avoided when MEPs or EMGs are 
used as detection of muscle activity is crucial for these 
techniques.

Significant changes in most physiologic factors, such as 
temperature, blood pressure, PaO2, and PaCO2, can also alter 
signals from baseline. Much like anesthetic use, maintaining 
steady levels of these parameters is imperative to avoiding 
large changes in signal latency and amplitude.

 Crisis Management

Significant changes in monitored evoked potentials should 
be immediately communicated by the neuromonitoring 
team to the surgeon and anesthesiologist. Concurrently, 
the anesthesia team should evaluate possible contributing 
factors, including (a) anesthetic changes (i.e., volatiles 
turned on, bolus agents given, paralytic agents given, etc.) 
or (b) significant decrease in cerebral/spinal cord oxygen 
delivery (e.g., hypotension, hypoxia). If using deliberate 
hypotension, discuss with the surgeon the possibility of 
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returning blood pressure to baseline. The surgeon should 
evaluate any recent surgical maneuvers (retraction, 
implant placement, irrigation, tumor resection, etc.) that 
may have caused damage or irritation of a neural 
structure.

 Massive Hemorrhage

 Overview

The child has a smaller total circulating blood volume 
compared with an adult (Table  61.1). Blood loss that is 
inconsequential to adults may lead to circulatory collapse 
in children.

Close monitoring of blood loss is important and con-
sists of evaluating not only blood in the suction canister 
but also that in the drapes and on surgical sponges. Large 
amount of blood loss may go undetected or may be diffi-
cult to control because of the constraints of the operative 
field or the inaccessibility of the offending vessels. In 
addition, some pediatric brain tumors (e.g., medulloblas-
toma) can be very vascular with many abnormal, thin-
walled blood vessels. This abnormal nature of these vessels 
can make bleeding difficult to control until the tumor is 
completely resected.

 Prevention

The first step to prevention is good preoperative planning. 
The anesthesiologist and neurosurgeon should discuss the 
patient beforehand. The surgeon should give an indication of 
the expected nature of the tumor (vascular versus not vascu-
lar) and other sources of blood loss that may be encountered 
(e.g., nearby arteries, veins, or venous sinuses). The team 
should also consider whether it is prudent to have a type and 
screen performed or blood products immediately available 
(in the room/OR refrigerator). The patient should have had 
recent CBC and coagulation studies checked. Consideration 
should be given to any medications the patient is on that may 
affect clotting status, including certain anticonvulsants which 
may inhibit platelet function. All involved in the operation 
must also understand that unexpected occurrences do happen 
and need to be prepared for these events.

Adequate surgical access with appropriate positioning 
and surgical exposure are also critical for prevention and 
control of blood loss. The better the visualization, the easier 
it may be to avoid vessels and, if necessary, to respond to 
any hemorrhaging that does occur. Maintaining a low-nor-
mal PaCO2 (35–40 mmHg) decreases cerebral blood volume 
and provides better surgical access. Deliberate hypotension 
may also be requested to reduce surgical bleeding.

Adequate IV access is important. At a minimum, the 
patient for intracranial tumor resection should have two 
large-bore IVs that allow for rapid administration of fluids 
and resuscitation drugs. Placement of an arterial line is also 
important for monitoring of blood pressure and laboratory 
values during surgery. The anesthesiologist also must have a 
plan to address loss of IV access or placement of additional 
IV lines during surgery if needed.

 Crisis Management

Large amounts of blood loss will result in hypovolemia as 
well as cerebral and systemic hypoperfusion. Acutely, 
blood pressure may decrease and heart rate may increase, 
but infants often compensate very well and may not exhibit 
hypotension or tachycardia until late. Rapid blood loss 
may quickly precipitate to acute hypotension and brady-
cardia. If evoked potentials are being monitored, they will 
show increased latency and decreased amplitude as cere-
bral or spinal perfusion decreases. Maintaining oxygen 
delivery to vital organ systems is the goal of therapy.

• Oxygen delivery may be improved by increasing FiO2 to 
100%.

Table 61.1 Total circulating blood volume (child)

Age Total blood volume (mL/kg)
Newborn 80–85
6 weeks to 2 years 75
2 years to puberty 72

Key Points
• Evoked potential monitoring can guide the neuro-

surgeon and help to maintain cortical and spinal 
pathway integrity.

• The latency and amplitude of potentials are recorded 
to monitor any pathway compromise. Muscle activ-
ity can be used to monitor the integrity of certain 
cranial nerves (e.g., cranial nerve VII).

• Changes in anesthetics and physiological parame-
ters can cause evoked potential changes that mimic 
pathway compromise.

• Maintaining systemic perfusion and oxygen deliv-
ery during any episode of possible pathway com-
promise is essential.

J. Zeqo et al.
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• Isotonic crystalloids (0.9% normal saline) or colloids can 
be given as a bolus (10–20 mL/kg).

• Warmed packed red blood cells (PRBCs) should be 
transfused if the patient becomes hemodynamically com-
promised (start with 10 mL/kg). Institution of a massive 
transfusion protocol with transfusion of PRBCs, plate-
lets, and clotting factors may become necessary.

• Coagulation studies and hematocrit levels should be 
obtained to help guide the use of PRBCs and other blood 
components (e.g., FFP or platelets); consider checking 
serum calcium levels after the use of blood products.

 SIADH

 Overview

Antidiuretic hormone (ADH) is produced by the posterior 
pituitary gland. It promotes the resorption of free water in the 
collecting tubules of the kidneys. This causes a decrease in 
serum osmolality and subsequent increase in circulating 
blood volume. ADH release is regulated by numerous stim-
uli. The two main stimuli are changes in osmolality sensed in 
the hypothalamus and activation of stretch receptors located 
in the left atrium.

SIADH occurs when there is excessive ADH present. 
SIADH results in an abnormal decrease in serum osmolality 
(<280 mOsm/kg), hypervolemia, and urine output that is low 
volume and highly concentrated (>300–400 mOsm/kg and 
urine sodium >30 mEq/L). SIADH appears to be more com-
mon in children with tumors in the cerebral hemispheres or 
posterior fossa.

 Prevention

While prevention might not be possible, early recognition is 
key in avoiding the complications secondary to the hypona-

tremia associated with SIADH.  Hyponatremia can cause 
altered levels of consciousness, cerebral edema, coma, and 
seizures. Electrolytes should be checked before surgery. It is 
important to monitor urine output during surgery and 
recheck electrolytes if necessary. Hypotonic IV solutions 
must be avoided to minimize the incidence of these 
symptoms.

 Crisis Management

Hyponatremia is treated according to etiology, the rapidity of 
onset, level of serum osmolality, and estimation of total body 
sodium (TBS). Since TBS is typically normal in SIADH, 
excess total body water should be calculated:

 TBW liters weight kg( ) = ( ) +0 611 0 251. .  

 NormalTBW TBW serum sodium= ´ ( )/140  

 ExcessTBW TBW normalTBW= – .  

Severity of symptoms of hyponatremia relate to the 
rapidity of the drop in serum sodium levels. Symptoms usu-
ally begin to manifest postoperatively as serum sodium lev-
els decrease. In the OR, symptoms may be masked by the 
anesthetic agents used. Treatment is guided by sodium lev-
els and serum osmolality. Discontinuing hypotonic IV solu-
tions in mild cases of hyponatremia may be all that is 
needed. Serum sodium levels <115–120  mEq/L require 
more aggressive therapy:

• Mild postoperative hyponatremia may be treated with 
free water restriction.

• Hypertonic 3% saline may be administered at a rate of 
1–2 mL/kg/h to raise plasma sodium levels by 1–2 mEq/
L/h but not >10 mEq/L/day.

• Normal 0.9% saline along with 0.5–1 mg/kg of IV furose-
mide may be used as an alternative.

• For persistent SIADH in children >8 years old, postopera-
tive treatment with demeclocycline 6–12 mg/kg/day PO 
divided into two to four doses may be necessary.

Rapid correction may cause permanent neurologic 
sequelae secondary to osmotic demyelination syndrome. 
This condition classically occurs in the pons (central pontine 
myelinolysis) but can occur in other central nervous system 
structures as well. Risk factors for osmotic demyelination 
syndrome include rapidity of correction and also duration of 
hyponatremia, the patient’s nutritional status, and other 
underlying pathologies.

Key Points
• Massive hemorrhage may occur at any point during 

tumor resection.
• Adequate IV access and blood product availability 

are essential to treatment.
• In the unstable patient, blood loss should be 

replaced with a blood transfusion.
• Serial lab studies will help to guide further treat-

ment after the acute hemorrhage has resolved.

61 Challenges During Tumor Surgery in Children and Infants
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 Central Diabetes Insipidus

 Overview

Diabetes insipidus (DI) results from inadequate secretion of 
ADH or the inability of ADH to act on the kidneys. This 
results in polydipsia, hypernatremia, and large amounts of 
very dilute urine. Hypernatremia produces worsening neuro-
logical symptoms (mental status changes, coma, and sei-
zures) and can cause renal insufficiency which may progress 
to renal failure. Reduction in brain volume may damage deli-
cate vessels leading to subdural, subarachnoid, or even sub-
cortical hemorrhage.

Patients with sellar and suprasellar tumors (e.g., cranio-
pharyngioma, pituitary adenoma) are most likely to develop 
DI from tumor resection. Intracranial neurosurgical proce-
dures, alone, may also cause DI. The clinical course varies 
and depends on the location and type of tumor and the 
amount of cerebral manipulation. Polyuria may be present 
for only a few days after surgery, may be permanent, or may 
present in a triphasic sequence with return of function fol-
lowed by recurrent DI.

 Prevention

Similar to SIADH, prevention of DI may not be possible. 
However, the consequences of electrolyte derangement can 
be prevented. The most feared complication of acute hyper-
natremia is central pontine myelinolysis (CPM). CPM is 
nerve damage caused by the destruction of the myelin sheath 
covering nerve cells in the brain stem. Urine output should 
be monitored during and after surgery. In a patient with poly-
uria undergoing neurosurgical intervention, frequent urine 
and serum electrolyte monitoring is needed to detect epi-
sodes of hypernatremia.

Patients already diagnosed with DI are often on DDAVP 
(desmopressin). It is a synthetic analog of ADH that can be 
given by a variety of routes. When given intranasally, it has 
prolonged antidiuretic activity (12–24 h) and is associated 
with a low incidence of pressor effects.

 Crisis Management

The clinical signs of severe hypernatremia and hypovolemia 
associated with DI are largely masked by general anesthesia. 
However, polyuria in the face of rising serum sodium should 
raise suspicion. Typically, urine sodium is <10–15  mEq/L 
and urine osmolality is <400  mOsm/kg. Decreased blood 
pressure and tachycardia due to hypovolemia can also be 
seen, if DI has been allowed to progress. Total body water 
deficit (TBWD) can be calculated to help aide in fluid man-
agement: TBWD =   TBW ×   [([Na] –   140)/140].

• Fluid replacement with isotonic IV solutions.
• DDAVP 0.3 mcg/kg IV as a slow push is useful as replace-

ment therapy. Postoperatively, DDAVP can be adminis-
tered IV, orally, or intranasally.

• If the patient is on an intranasal dose of DDAVP, 1/10 of 
the nasal dose may be given IV.

• Serum electrolytes should be checked frequently to ensure 
that the decrease in plasma sodium is no faster than 
1–2 mEq/L/h.

Hypotonic solutions are rarely needed perioperatively. 
However, if the patient is actively seizing or is having severe 
neurologic symptoms, hypotonic solutions can be used with 
very great caution. Overly aggressive correction may result 
in acute brain swelling.

Key Points
• Central DI results in the underproduction of ADH 

by the posterior pituitary.
• Diagnosis is made in the presence of polyuria with 

urine sodium <10–15  mEq/L, urine osmolality 
<400 mOsm/kg, and serum sodium >150 mEq/L.

• Symptoms are related to hypernatremia (changes in 
mental status, coma, and seizures) and hypovolemia 
(low blood pressure, tachycardia, and organ 
underperfusion).

• Treatment involves correction of hypovolemia 
(with isotonic IV solutions) and correction of 
hypernatremia (with DDAVP).

• Frequent electrolyte monitoring is recommended to 
avoid a too rapid correction of hypernatremia.

Key Points
• SIADH results in hypervolemic hyponatremia.
• SIADH is a diagnosis of exclusion that presents 

with decreased urine output, urine sodium 
>30 mEq/L, urine osmolality >300–400 mOsm/kg, 
and serum osmolality <285 mOsm/kg.

• Symptoms are related to the rapidity of onset and 
chronicity of the hyponatremia.

• Mild hyponatremia treatment consists of avoidance 
of free water and hypotonic fluids and fluid 
restriction.

• Severe hyponatremia should be corrected cau-
tiously with frequent evaluation to avoid osmotic 
demyelination.

J. Zeqo et al.
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Challenges During Surgery for Vascular 
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and Sulpicio G. Soriano

 Overview

Cerebrovascular disease (CVD) is rare in pediatric patients 
and commonly manifests its presence as hemorrhagic or 
ischemic stroke. Underlying vascular anomalies that can 
result in stroke can be categorized as follows:

 1. Structural changes in preexisting blood vessels (aneu-
rysms or arterial dissections)

 2. Pathologic vascular structures [arteriovenous malformations 
(AVMs), vein of Galen malformations (VOGMs), arteriove-
nous fistulas (AVFs), and cavernous malformations (CMs)]

 3. Progressive arteriopathies (moyamoya syndrome or heri-
table arteriopathies)

 Prevention

The perioperative management of pediatric patients with vas-
cular anomalies should focus on optimizing cerebral perfu-
sion. Operative management may be associated with massive 
blood loss, and these patients require reliable, large-bore IV 
access and invasive hemodynamic monitoring. Hemodynamic 
stability during intracranial surgery requires careful mainte-
nance of intravascular volume. Massive blood loss should be 
anticipated and treated with blood replacement therapy. 
Hypotension can transiently be treated with vasopressor bolus 
or infusion (e.g., dopamine, epinephrine, norepinephrine) to 
temporize during fluid resuscitation. Ischemia can result from 
blood loss or inadvertent occlusion of parent arteries by the 
surgeon. In both cases, avoidance of hypotension is critical to 
maintain collateral perfusion to compromised neural tissue. 
Table 62.1 lists management techniques for specific lesions.

 Crisis Management

 Pathophysiology and Clinical Presentation

 Aneurysms
The pathogenesis of pediatric aneurysms includes trauma, 
infection, and predisposing genetic disorders. These mani-
fest clinically as a subarachnoid hemorrhage (SAH), rapidly 
increasing intracranial pressure (ICP), and/or direct mass 
effect. Both microsurgical and endovascular approaches 
have been described as effective techniques in children. 
However, the aneurysms in children have distinct pathologic 
differences with those in the adult population.

Postoperative Complications
• Hydrocephalus – can result from subarachnoid blood and 

be treated initially with external drain to lower CSF vol-
ume and monitor ICP. Approximately one-third of all 
SAH patients will ultimately require ventricular shunt.

• Vasospasm  – extremely rare in children but has been 
reported. It occurs usually post-hemorrhage day 4–14. It 
can be identified with transcranial Doppler (TCD) and 
angiography. It needs to be treated to prevent stroke. 
Treatment includes nimodipine (controversial in children), 
induced hypertension, maintenance of euvolemia, and 
angioplasty/intra-arterial vasodilators (suggestions are 
extrapolated from evidence in the adult; however, no clini-
cal studies have proven these treatment options effective in 
children).
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Table 62.1 Vascular anomalies in children

Aneurysms Prevent hypertension preclip with vasodilators 
(labetalol and nitroprusside)
Anticipate temporary clipping events with planned 
relative hypertension after clip

AVM/
VOGM

Preoperative staggered embolization (interventional 
radiology)
Post-resection hypertension may result in hyperemic 
cerebral edema (consider antihypertensives)

Moyamoya Maintain normocapnia, normotension, and 
normovolemia
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• Hyponatremia  – can result from cerebral salt wasting 
(hypovolemic hyponatremia – treated with replacement) or 
SIADH (hypervolemic hyponatremia – treated with water 
restriction); accurate differential diagnosis based on labora-
tory results is of high importance to avoid further deteriora-
tion, particularly in the context of cerebral vasospasm.

• Rehemorrhage or stroke  – can occur from faulty clip 
placement (very rare). Treat with evacuation of clot (if 
needed) and/or repositioning of clip.

 AVM
AVMs consist of direct arterial-to-venous connections 
without intervening capillaries. They can occur in the 
cerebral hemispheres, brainstem, and spinal cord. 
Functional neural tissue does not reside within the lesion. 
Pathologically 80–85% of all pediatric AVMs present 
with hemorrhage. Clinically AVMs may present as sei-
zures, headache, or focal neurologic deficits. Hemorrhagic 
AVMs have been associated with a 25% mortality rate. 
Rebleeding rates are approximately 6% for the first 
6  months, and then 3% per year afterward. This lesion 
produces neurological deficits through mass effect or 
from cerebral ischemia that is due to diversion of blood to 
the AVM from the normal cerebral circulation (“steal”). 
Recently, an approach consisting of a combination of pre-
operative embolization (if appropriate) followed by 
microsurgical excision and followed by confirmatory 
angiography has been demonstrated to achieve outstand-
ing results (obliteration rate of 100%).

Perioperative Complications
• Hydrocephalus (see above).
• Rehemorrhage or stroke  – can occur from faulty clip 

placement or residual AVM. Evaluate for residual lesion 
immediately following resection with vascular imaging if 
possible. Treat as above.

• Normal perfusion pressure breakthrough (NPPB)  – a 
small number of patients with high-flow AVMs will expe-
rience postoperative parenchymal hemorrhage and cere-
bral edema resulting from markedly increased blood flow 
in cerebral vessels after in toto embolization or surgical 
resection of the AVM. This NPPB phenomenon should be 
anticipated after treatment of high-flow lesions and can 
sometimes be avoided through staged embolization prior 
to surgical resection and maintenance of normal to slightly 
low blood pressure postoperatively.

 Arteriovenous Fistulas/Vein of Galen 
Malformations
AVFs and VOGMs are direct connections between cere-
bral arteries and existing veins. Unlike AVMs, they do not 

usually have a nidus and, in some cases of AVFs, may 
exist as a single pathologic connection between an artery 
and vein. In VOGMs, single or multiple small arterial ves-
sels directly drain into the vein of Galen. The result of this 
type of direct connection is markedly increased cerebral 
venous pressure, leading to an increased ICP and potential 
hemorrhage or even venous stroke. In some VOGMs, the 
connections have such rapid flow rates that children 
develop high-output cardiac failure. Carotid cavernous 
fistulas (CCFs), a subtype of AVF, manifest as a patho-
logic connection between the carotid artery and cavernous 
sinus. They can result from trauma, infection, or iatro-
genic misadventure. Patients may present with any or all 
of proptosis, chemosis, pain, and visual problems (loss of 
acuity and ophthalmoplegia). In general, AVFs are either 
congenital or they are acquired: they may occur after 
trauma or in settings of venous stasis as is seen in trans-
verse sinus thrombosis after severe mastoiditis, presum-
ably by the connection of dural arteries in the wall of the 
sinus into the partially recanalized lumen of the dural 
sinus.

Perioperative complications: same as AVM. Additionally, 
patients with large VOGMs may have concomitant high- 
output heart failure. This may require the use of inotropic 
cardiac support. Pharmacologic support may be weaned as 
tolerated immediately following embolization. In large 
VOGMs, treatment may need to occur over several sessions 
of embolization and several anesthetics. Practitioners should 
be prepared to rapidly increase or decrease inotropic support 
in such situations.

 Moyamoya
Moyamoya is an arteriopathy characterized by chronic pro-
gressive stenosis to occlusion at the apices of the intracranial 
internal carotid arteries including the proximal anterior cere-
bral arteries and middle cerebral arteries resulting in isch-
emic stroke. Moyamoya disease is the idiopathic form of 
moyamoya, while moyamoya syndrome is defined as the 
arteriopathy found in association with another condition, 
such as prior radiotherapy to the head or neck for optic glio-
mas, craniopharyngiomas, and pituitary tumors; genetic dis-
orders such as Down syndrome, neurofibromatosis type I 
(NF1) (with or without hypothalamic-optic pathway tumors), 
large facial hemangiomas, sickle cell anemia, and other 
hemoglobinopathies; and autoimmune disorders such as 
Graves’ disease, congenital cardiac disease, or renal artery 
stenosis.

Perioperative Complications
• Stroke and transient ischemic attacks (TIAs).
• Maintenance of cerebral perfusion is paramount. 

Caregivers must be vigilant to maintain normotension, 
normocapnia, and normovolemia. These patients appear 
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to possess some degree of autoregulation, but the absolute 
limits are unknown (may vary by patient), and the range 
is likely more narrow. This may result in falling off the 
curve if even slight hyperventilation or hypotension 
occurs.

 Patient Assessment

Many patients with intracranial vascular anomalies will have 
no antecedent history or findings on exam. However, clini-
cians should be attentive to specific “red flags” in the history 
or exam that may herald an emergency related to CVD 
(Table 62.2).

 Review of Systems

Look for:

• Headaches, seizures, focal neurological deficits – motor 
(weakness, numbness, visual field problems) or 
cognitive

• Previous TIAs or strokes
• Systemic illnesses such as lupus erythematosus (SLE), 

congenital cardiac disease, or high-output cardiac failure 
and illicit drug use, such as cocaine

 Examination

• Typical patient may not have any obvious findings on 
general physical exam.

• Focal weakness or numbness in a cortical distribution and 
visual field deficits.

• Presence of a systolic bruit over the eye, head, or neck; 
present in 15–40% of patients with AVMs or carotid 
dissections.

• Intracranial arteriovenous shunts may be associated with 
tachycardia, cardiomegaly, and cardiac failure; especially 
in infants, consider VOGM.

 Radiographic Evaluation

• Intracranial ultrasonography. Indications: Infants with 
open fontanel as initial, nonurgent screening test; can 
detect hemorrhage, hydrocephalus, large infarcts, or 
lesions (AVM, VOGM).

• Duplex ultrasonography may be useful in children of any 
age if the diagnosis of an extracranial carotid dissection is 
being considered.

• Computerized tomography (CT)/computerized tomogra-
phy angiography (CTA). Indications: CT is often the ini-
tial study for hemorrhage, delayed stroke, or larger 
vascular lesions. CTA is excellent for emergent evaluation 
of AVM and aneurysm and may help with identifying a 
dissection.

• Magnetic resonance imaging (MRI) and magnetic reso-
nance angiography (MRA). Indications: Evaluation of 
urgent stroke with diffusion-weighted images  – DWI, 
CMs (susceptibility imaging), and nearly all vascular 
lesions. Consider obtaining frameless stereotaxic 
sequences if desired in surgery.

• Digital subtraction catheter angiography (DSA). Indications: 
Gold standard for all vascular lesions except CMs.

 Intervention/Treatment

The surgical treatment for aneurysms, AVMs, and AVF aims 
toward eliminating the malformation from the cerebral circu-
lation in order to prevent intracranial hemorrhage. This 
requires clipping or coiling (aneurysm) or embolization and/
or resection (AVM/AVF). Alternatively, AVM/AVFs are 
treated by Gamma Knife over several months if the location 
precludes an operative approach.

 Aneurysms
• Diagnosis (CT/CTA) – angiogram after patient stabilized. 

Lumbar puncture should be considered only if question 
of diagnosis from history with negative CT; remember to 
use small-gauge needle and limit CSF removal; xantho-
chromia is useful in positive diagnosis for SAH.

• Blood pressure control (labetalol, nicardipine, or nitro-
prusside) – (nimodipine to prevent vasospasm is contro-
versial in children).

• ICP control – external ventricular drain (EVD) if hydro-
cephalus (avoid overdrainage of CSF to prevent re- 
rupture; often no more than 5 ml at a time). Elevate the 
head of the bed.

• Consider antiepileptic medication (phenytoin, 
levetiracetam).

Table 62.2 “Red flags” on examination or history

Bradycardia, hypertension, decreased respirations (Cushing 
response)
Dilated pupil, hemiparesis (uncal herniation)
Fixed downward gaze (Parinaud’s syndrome)
Lethargy, tense open anterior fontanel in infants
Ataxia with nausea and vomiting
Sudden onset of a third nerve palsy, including involvement of the 
pupil, would appear dilated
Sudden onset of severe headache
Regression or missing of milestones
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 AVM/VOGM
• Most VOGMs and AVFs are treated endovascularly. 

Post- occlusion hypertension and cerebral hyperemia 
should be treated aggressively with antihypertensives, 
e.g., vasodilators. Most high-flow lesions can be treated 
with staged embolization, reducing the risk of this 
complication.

• Hydrocephalus  – high venous pressures from the fis-
tula can impair CSF drainage, resulting in hydrocepha-
lus. This hydrocephalus usually resolves following 
treatment of the lesion and often will not require shunt-
ing. There is a risk of hemorrhage from passing a ven-
tricular catheter through a swollen brain with high 
venous pressures. As such, temporizing measures (such 
as head elevation and medical management) are useful 
while treating the primary cause of the problem – the 
fistula.

 Moyamoya
The surgical treatment in patients with symptomatic moy-
amoya disease or syndrome aims at improving cerebral per-
fusion distal to the lesions in order to prevent cerebral 
infarction. This requires the creation of one or more cerebro-
vascular bypass.

Preoperative
• As discussed in the preoperative section, careful man-

agement of moyamoya patients before they arrive in the 
OR can have a significant influence on complication 
avoidance; patients ideally should be neurologically 
stable prior to surgery and at least 1 month should have 
passed after the last significant ischemic stroke. Patients 
must be medically optimized for surgery, including 
intravenous prehydration the night prior to surgery. 
Preoperative imaging is critical to planning vessel 
selection (the parietal branch of the superficial temporal 
artery (STA) may be small or absent, necessitating uti-
lization of a frontal or retroauricular branch for the 
bypass). Preservation of spontaneous collateral vessels 
(as identified by the preoperative angiogram) from the 
external carotid system should be maintained during the 
craniotomy.

Intraoperative
• Maintenance of cerebral perfusion is paramount. Avoid 

hyperventilation and hypotension at all times. Tight 
control of blood pressure and ventilatory parameters is 
crucial. The goal should be normotension and normo-
capnia based on preoperative values. These patients 
appear to possess some degree of autoregulation, but 

the limits are unknown and likely more narrow than 
unaffected people.

• Meticulous hemostasis.
• EEG is employed during surgery to identify slowing, indic-

ative of inadequate cerebral blood flow, so that the anesthe-
sia team can institute immediate compensatory measures. 
EEG technicians are part of the OR team and must com-
municate changes in the tracing to allow the anesthesia pro-
viders to respond immediately, with appropriate changes in 
blood pressure, pCO2, and anesthetic agents.

Postoperative
• Continued IV fluids at 1.5× maintenance for 48–72 h until 

taking oral liquids.
• Frequent and detailed neurologic examinations to identify 

ischemia early.
• Aggressive pain control to minimize BP fluctuations and 

hyperventilation.
• Aggressive prophylaxis and treatment of postoperative 

nausea and vomiting for the same reasons as above.
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Key Points
• Intracranial vascular anomalies may be clinically 

silent prior to a catastrophic presentation  – clini-
cians should be attuned to “red flags” on evaluation 
(Table 62.2).

• Preoperative imaging is critical to proper diagnosis, 
operative planning, and safe treatment.

• Key aspects of anesthetic management center on an 
understanding of cerebral hemodynamics relevant 
to each lesion type both pre- and postoperatively, 
meticulous monitoring of hemodynamic and respi-
ratory parameters, and anticipation of blood loss. 
The primary goal of perioperative management is 
maintenance of cerebral perfusion pressure.
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Challenges During Epilepsy Surgery 
in Pediatric Patients

R. Ryan Field, Abraham Rosenbaum, and Zeev N. Kain

 Overview

At least 2.2 million people in the USA have epilepsy  – 
0.7% of the population by the 2014 US Census. Most often 
epilepsy presents during the first decade of life, with up to 
50% of the cases occurring before the age of 5 years. Of 
these, 60% have focal epilepsy, and approximately 20% 
become drug resistant or refractory. Early onset of intrac-
table seizures, particularly in children less than 3  years 
old, has a very poor prognosis. Epilepsy is considered 
refractory if seizures continue after 2 years of pharmaco-
logical treatment with 2–3 appropriately selected drugs 
with good patient compliance. Typically, the frequency or 
severity of seizures in this situation prevents normal func-
tion and/or development. Moreover, patients with refrac-
tory epilepsy commonly suffer from the side effects and 
complications of high-dose anti-epileptic drugs. Indeed, 
even in the therapeutic range, anti-epileptic medications 
can significantly influence the developing brain.

In addition to the risk of cognitive dysfunction, physical 
issues are also associated with medically intractable sei-
zures. These patients have higher rates of accidental death or 
sudden death, ranging from 2% to 18%, as compared to 
cause of death in all people with epilepsy. Only half of the 
patients with medically intractable seizures or refractory epi-
lepsy are able to become self-supporting on reaching adult-
hood. Therefore, early surgical intervention increases the 
chances of significantly reducing or eliminating seizures, 
improving quality of life; reducing the risk of cognitive, 
behavioral, and motor developmental damage; and decreas-

ing the risk for permanent brain injury in infants and young 
children.

Common causes of pediatric refractory epilepsy that are 
amenable to surgery include tumors, cortical malformations, 
vascular abnormalities, and certain epileptic syndromes. 
Consequently, approximately one-third of children with 
refractory epilepsy are candidates for surgery. Of those, chil-
dren with refractory unifocal epilepsy are the best candidates 
for surgical interventions. Although freedom from seizures is 
important in defining surgical success in the pediatric popu-
lation, preventing cognitive and developmental decline or 
stagnation may be an equally, if not more, important 
measure.

 Implications for the Neurosurgical Patient

Surgical therapy for medically intractable epilepsy has tradi-
tionally been viewed as an extreme measure, reserved as a 
last resort when the disease becomes a life-threatening con-
dition or a progressive neurologic disorder. However, recent 
publications have shown a favorable outcome following sur-
gery in young children with catastrophic epilepsy. For these 
patients, when to have surgery is a critical factor in the deci-
sion to have any surgery. Some argue that the young brain 
demonstrates high neuroplasticity, allowing for better behav-
ioral and cognitive development following trauma or 
surgery.

In order to determine who will benefit most from surgery, 
four questions need to be answered: (1) Are the seizures truly 
epileptic in origin? (2) Is there a consistent anatomical focal 
origin? (3) Is there more than one seizure focus? (4) Is the 
lesion excisable? General contraindications including acute 
psychiatric disorder, neurodegenerative disorder, and medi-
cal contraindication need to be ruled out prior to surgical 
intervention.

Initial epilepsy evaluations should include characteriza-
tion of the seizures and optimization of medical therapy. A 
detailed history should identify previous central nervous sys-
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tem infection, trauma, family history, range of previous 
drugs used, and patient compliance. Neuropsychological 
assessment is necessary to lateralize brain dominance and 
speech and memory areas for future follow-up. Further eval-
uation should include localization of the seizure focus zone.

During the last decade, multiple diagnostic modalities, 
such as multichannel electroencephalogram (EEG) and 
video monitoring, high-resolution magnetic resonance imag-
ing (MRI), positron emission tomography (PET), and single- 
photon emission computed tomography (SPECT), allow 
noninvasive initial evaluation of patients. Certain invasive 
techniques, such as depth and surface electrodes, grids, 
strips, and stereoelectroencephalography (SEEG), have also 
been shown to be safe and, indeed, more efficacious under 
certain circumstances.

Radiological evaluation is classically defined as structural 
and functional; for example, MRI supplemented by CT or 
cerebral angiography can detect structural pathologies. On 
the other hand, functional MRI (fMRI) can elucidate active 
areas of the functioning cortex during simple tasks. PET can 
show a focal interictal reduction in metabolism, and SPECT 
can show a focal increase in blood flow. Scalp EEG can iden-
tify a focal locus or demonstrate multifocal seizure activity. 
Many cases begin with noninvasive techniques as a screen-
ing tool, followed by either immediate resection or further 
invasive techniques for final foci identification through sei-
zure mapping. Patients may additionally undergo a WADA 
test, in which half of the brain is “anesthetized” by injecting 
sedative/hypnotic through one of the internal carotid arteries. 
While the brain is partially anesthetized, speech and memory 
are tested to verify that these critical cognitive functions will 
be maintained after surgery. fMRI results may eliminate the 
need for WADA.

When seizure foci are generalized, neurosurgeons most 
commonly recommend vagal nerve stimulator (VNS) 
implantation. When multifocal, but confined to one hemi-
sphere, corpus callosotomy or functional or true hemispher-
ectomy may be chosen. Temporal lobectomy frequently 
improves temporal focus seizures. Occasionally, the surgeon 
and patient may elect to not proceed with any surgical 
intervention.

 Surgical Techniques (Fig. 63.1)

 Temporal Lobectomy

Temporal lobe epilepsy is not the most common etiology of 
childhood seizures. Nonetheless, this syndrome is usually 
focal and accessible, making it the most common surgically 
treated type of epilepsy. Indeed, 56% of all pediatric epilepsy 
surgeries are temporal lobe resections.

 Hemispherectomy

The most invasive and radical surgical technique for 
intractable epilepsy is true hemispherectomy. Typically, 
children with extensive hemispheric damage, as seen in 
Sturge-Weber syndrome, present for hemispherectomy. 
Functional hemispherectomy may find preferential use 
when possible. Disconnection of the epileptogenic hemi-
sphere from the subcortical centers and other hemisphere 
generally results in fewer complications as compared to 
true hemispherectomy and may yield equivalent results. 
Approximately 80% of children who undergo this surgery 
become seizure free, while another 15% show 
improvement.

Corpus callosotomy patients most often present without 
identifiable epileptogenic foci, although many intractable 
epilepsy cases may find improvement with this surgery. The 
surgery mainly disrupts the propagation of seizure discharge 
from one hemisphere to the other. Reduction of generalized 
seizures with this type of surgery ranges from 56% to 100%. 
Thirty percent of patients become seizure free after this 
operation.

 Other Interventions

Multiple subpial transections (MSTs) describe a surgical 
technique where a well-identified epileptogenic locus exists 
in a cortical area that controls vital function. After  identifying 
the epileptogenic locus, multiple cuts are made in the care-
fully marked cortex zone. This procedure isolates small cor-

Fig. 63.1 Summary of the most common surgical interventions for 
intractable seizure disorder. (Partially adopted from Elger and Schmidt 
(2008))
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tical sections from each other while still allowing other 
useful outflow to persist. This technique is very time 
consuming.

Gamma knife surgery (stereotactic radiosurgery) is a 
technique that uses a high-energy photon beam directed at 
a single point in the brain. The tissue in the epileptogenic 
area becomes necrotic or neurologically altered without 
harming the surrounding tissue. Generally, there is a lag 
time of 12–36 months between the treatment and a seizure-
free state.

VNS is the least invasive technique for the control of 
intractable epilepsy. Neurosurgeons most commonly 
insert vagal nerve stimulators under general anesthesia 
although some centers use local anesthesia. The VNS 
mechanism of action needs further clarification; however, 
pathways through the nucleus of the solitary tract appear 
at least partially responsible. Interventions with VNS less 
commonly involve children compared to adults; however, 
two studies demonstrated a reduction in seizure activity of 
60% in 80% of the cases and 50% in 38% of the children, 
respectively. The patient receives a magnet to take home, 
which increases stimulation during pre-seizure aura and 
actual seizure by passing the magnet over the generator 
for 1–2  s. The magnet can also inhibit stimulation by 
keeping it over the generator. Currently FDA indication 
for VNS covers patients 18  years and older. Off-label 
usage in children 12  years and older frequently occurs, 
with studies showing clinical efficacy in even younger 
pediatric patients as well.

 Concerns and Risks

Surgical risk must be taken into consideration during preop-
erative patient counseling, given that, in at least two studies, 
the overall complication rate was around 3%. Surgical risk 
can be further divided into transient (infection, hematoma, 
DVT, hydrocephalus, CSF leakage) and permanent compli-
cations (hemiparesis, hemianopia, cranial nerve injury, and 
dysphasia).

 Temporal Lobectomy

This procedure has an infrequent morbidity with an almost 
1 in 600 person-years mortality rate. The risk of temporal 
lobe resection relates to the proximity of the Sylvian ves-
sels as well as to the vessels and optical tract in the ambient 
cistern. The most common neurological side effect pro-
duces homonymous superior quadrantanopsia resulting 
from interruption of the optic tract. Language and verbal 
deficits can occur in dominant hemisphere resection, 

although they usually resolve quickly and often do not 
occur in children younger than 9 years. Other neurological 
deficits may occur as a result of Sylvian vessel vasospasm, 
bone flap infection, wound infection, transient cranial nerve 
palsy, postoperative psychosis, and postoperative depres-
sion. One study found a 5.1% mortality rate, attributable 
primarily to continuation of seizures after the surgery. 
Accidents and suicide were also among the causes of 
mortality.

 Hemispherectomy

High-volume blood loss with a need for blood component 
transfusion can occur during and following this surgery, 
most commonly in patients with malformation of cortical 
development, Rasmussen’s encephalitis, and Sturge-Weber 
syndrome. Consequently, strategies such as autologous 
blood transfusion and staging of the hemispheric surgery 
in very young patients may improve outcomes. Other 
reported complications include hydrocephalus, recurrent 
seizures that require reoperation (usually because of 
incomplete disconnection), and syndrome of inappropriate 
ADH secretion (SIADH). There is an expected motor 
impairment and worsening of preoperative hemiplegia. 
Homonomous hemianopia is another expected complica-
tion, as is loss of useful hand function. Postoperative 
severe headache and chronic intracranial hypertension 
have been reported along with new onset of migraine 
headache.

Poor postoperative cognitive and maladaptive function 
directly relates to the duration of seizure activity, possibly 
by affecting the non-operated hemisphere. Thus, as sug-
gested by some authors, early surgical intervention should 
be a high priority, and patient age at surgery is an impor-
tant factor for favorable outcome. Postsurgical linguistic 
outcome is related to the side of the damage and resection, 
age at the time of surgery, seizure control, and etiology. 
Most patients show only moderate change in cognitive 
performance, with variable changes in intelligence 
quotient.

 Corpus Callosotomy

Reported acute complications were wound infection and 
CSF leak, hydrocephalus requiring shunt, and chemical 
meningitis/ventriculitis. Hemispheric edema may occur 
due to prolonged and vigorous retraction of the hemi-
sphere. Corpus callosotomy is known for acute postopera-
tive neurological syndrome that includes mutism, 
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non-dominant arm and leg apraxia, bilateral Babinski 
signs, and urinary incontinence. These complications are 
almost always transient, with mutism usually resolving 
within several weeks. More long-term complications are 
corpus callosotomy with forniceal injury, possibly result-
ing in memory disturbances. Damage to the corona radiata 
may lead to motor weakness. Injury to the pericallosal 
arteries may result in vasospasm from excessive manipula-
tion and can result in lower- extremity weakness secondary 
to ischemia. Permanent side effects of callosotomy are 
relatively uncommon, with weakness or apraxia and lan-
guage/behavior impairment occurring in 8–12% of cases. 
Dysphasia and dysgraphia were observed in patients with 
mixed or crossed cerebral dominance. Some patients have 
difficulty learning new bimanual tasks, but previously 
acquired bimanual tasks remain intact. Most of the persist-
ing deficits following corpus callosotomy involve the 
incomplete integration of information processing across 
the hemispheres, often referred to as disconnection syn-
drome. These changes are subtle and require neuropsycho-
logical testing to be detected.

 Vagus Nerve Stimulator

VNS is a relatively safe, well-tolerated procedure with low 
rates of complication. The most common side effects are 
noted during stimulation of the vagus nerve consisting of 
hoarseness, voice alteration, coughing, discomfort, dys-
pnea, vomiting, and local neck/throat paresthesias, all of 
which subside in time. Surgical complications include 
device failure, left vocal cord paralysis, lower facial muscle 
paresis, and fluid accumulation around the generator and 
infection around the device. Erosion of the generator 
through the chest wall is a rare complication and of more 
concern in small children with little subcutaneous fat. 
Occasionally patients exhibit transient bradycardia and 
asystole during intraoperative testing of the device, most 
commonly treated by cessation of testing. No long-term 
cardiovascular effects were reported.

 Intracranial Electrodes

Complication rate of intracranial electrode placement as part 
of intractable epilepsy workup and diagnosis is as low as 3%, 
and these mainly include intracranial hemorrhage, infection 
(meningitis), status epilepticus, aseptic meningitis, and tran-
sient neurological deficit. Age, gender, number of electrodes, 
and number of days with the electrodes do not influence the 
complication rate.

Key Points
• Up to one-third of children with epilepsy are refrac-

tory to medical therapy.
• Far beyond mere seizure control, enhancing devel-

opment and cognitive potential, treating psycho-
logical and behavior problems, and avoidance/
reduction of brain damage are goals for treatment in 
children with intractable seizure disorders.

• Additional complicating factors must be consid-
ered, such as the cause of epilepsy and the effect of 
drugs on the developing brain and brain plasticity 
when determining the course of treatment.

• Epilepsy surgery is now widely accepted and has a 
high success rate, even when success is not mea-
sured by complete resolution of epileptic episodes.

• Temporal lobectomy is the most common epilepsy 
procedure in children, followed by extratemporal 
lesion resection, callosotomy, multiple lobar tran-
sections, hemispherectomy/hemispherotomy, and 
MSTs.

• Complication rates of epilepsy surgery are low and 
can be divided into transient (infection, hematoma, 
DVT, hydrocephalus, CSF leakage) and permanent 
complications (hemiparesis, hemianopia, cranial 
nerve injury, and dysphasia).

• Vagus nerve stimulators have proven to be an effi-
cient, minimally invasive modality of seizure sup-
pression and control, both in adults and children.

 Appendix Summary of the Most Common 
Surgical Interventions for Intractable Seizure 
Disorder

Procedure Clinical use Percenta Complicationsb

Temporal 
lobectomy

Temporal lobe isolated 
lesion

55% Visual field defects
Hemiparesis
Psychotic symptoms
Homonymous superior quadrantanopsia
Language/verbal deficit
Stroke/ischemia of the internal capsule or corticospinal tract
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Procedure Clinical use Percenta Complicationsb

Topectomy Extra-temporal lesions 26% Hemiparesis (transient/permanent)
Visual field defect
Transient dysphasia
Epidural hygroma

Hemispherectomy/ 
hemispherotomy

Hemispheric lesions 2.8% Major blood loss
Encephalitis Hydrocephalus
Cortical dysplasia Early postoperative seizures
Sturge-Weber syndrome Incomplete disconnection

SIADH
Motor impairment
Severe headache
Transient aggravated hemiparesis
Transient dysphasia

Multiple subpial 
transections (MST)

Lesions in eloquent 
brain areas

0.2% Transient hemiparesis

Landau-Kleffner 
syndrome

Long-term seizure recurrence
Neurological deficit depends of the transected area

Multiple lobar 
resections

Extended lesions 4.6% Neurologic outcome depends on location and extent of the 
resection

Sturge-Weber syndrome Seizure-free outcome is poorer compared to unilobar 
resection

Partial/complete 
callosotomy

Atonic/drop attack 
seizures

14.6% Postoperative disconnection syndrome
Lower extremity weakness
Personality and memory changes
Hemispheric edema
CSG leak/hydrocephalus/chemical meningitis

aThe percent of each procedure out of all the surgical treatments for epilepsy
bMost common side effects reported in the literature, not including general complications shared by all procedures which include wound infection, 
meningitis, or residual hematoma/hematoma creation
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Challenges During Pediatric Endoscopic 
Neurosurgery

Nina Deutsch

 Overview

Endoscopic neurosurgery increasingly has become an 
important modality in the treatment of several pediatric neu-
rologic conditions. With improvements in imaging, fiber-
optic technology, and equipment, minimally invasive 
techniques have allowed for safe visualization and manipu-
lation of areas that were previously difficult to access 
through conventional neurosurgical procedures. Table 64.1 
summarizes some of the more common pediatric conditions 
treated with endoscopic neurosurgery and the preferred 
noninvasive interventions.

The most common pediatric intraventricular endoscopic 
procedure is the third ventriculostomy. The endoscope is 
introduced through a burr hole and placed through the fron-
tal cortex into the lateral ventricle. It is then directed through 
the foramen of Monro and into the third ventricle, where the 

anterior floor is opened to the infundibular recess to allow 
for drainage of cerebrospinal fluid (CSF). To visualize the 
structures, the surgeon uses continuous irrigation with 
warmed saline or lactated Ringers solution through the 
scope, with drainage of cerebrospinal fluid through the 
scope or burr hole.

Extraventricular endoscopic procedures include 
endoscope- assisted strip craniectomy for treatment of cra-
niosynostosis. This modality has continued to gain in preva-
lence with efficacy similar to the more invasive open 
procedures but with the added benefit of a decreased inci-
dence of blood loss and lower transfusion rates. For best 
results, it is performed in younger children (within the first 
3–4 months of life) who are greater than 5 kg. The patient is 
in the prone position, and the surgeon inserts the endoscope 
through a midline burr hole in order to better visualize emis-
sary veins and dural attachments during dissection and cut-
ting of the bone along the fused sutures.

Significant complications in endoscopic neurosurgery 
occur very rarely, with varying incidence depending on the 
procedure performed and the patient’s condition and anat-
omy. An endoscopic approach has been shown to improve 
patient safety and allow for shorter hospital stays with virtu-
ally no mortality (0–1%) when compared to conventional 
open procedures. The incidence of intraoperative and post-
operative complications varies widely from 5% to 30% based 
on published patient series from several centers. In non- 
communicating hydrocephalus, endoscopic third ventricu-
lostomy has become the standard surgical treatment (success 
rate of 60–95%) and has allowed patients to live without 
indwelling shunts in the majority of cases, thereby reducing 
overall morbidity (endoscopic surgical risk of 5%) in this 
patient population. The more commonly associated compli-
cations of endoscopic neurosurgery are summarized in 
Table 64.2.
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Table 64.1 Pediatric indications for endoscopic neurosurgery

Diagnosis Intervention
Hydrocephalus Third ventriculostomy for aqueductal stenosis, 

for fourth ventricular outlet obstruction, for 
septostomy

Arachnoid cysts Fenestration
Colloid cysts Endoscopic removal
Periventricular 
tumor

Biopsy

Pituitary tumor Endoscopic transnasal hypophysectomy
Cranial synostosis Endoscopic strip craniectomy
Hematoma or brain 
abscess

Endoscopic drainage
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 Prevention

The likelihood of successful outcomes increases greatly with 
appropriate patient selection (anatomy conducive to the pro-
cedure) combined with a neurosurgeon experienced with 
these techniques. By tailoring the anesthetic to the antici-
pated procedure, the anesthesiologist can also help to 
decrease the probability of complications. The following 
points need to be considered.

 Anesthetic Technique

• Despite the less-invasive aspect of endoscopic neurosur-
gery, anesthetic considerations do not differ greatly from 
conventional neurosurgical procedures.

• Preoperatively, patients may present with symptoms of 
increased intracranial pressure (ICP) such as vomiting, 
headache, confusion, or altered mental status. A full 
neurologic exam should be documented. Preoperative 
anxiolytics may need to be used sparingly, if at all, due 
to both the preoperative neurologic status and the 
desire to prevent delayed emergence after the 
procedure.

• Intraoperatively, general anesthesia is the preferred 
method to ensure immobility throughout the procedure. 
Arrhythmias or hemodynamic instability can occur 
without warning, necessitating constant vigilance on 
the part of the anesthesiologist who should intervene 
when appropriate and modulate systemic hemodynam-
ics to allow for optimal surgical conditions. ICP can 
also rise during the procedure, often necessitating treat-
ment, including hyperventilation and blood pressure 
management to maintain cerebral perfusion pressure. 
Drainage of CSF may also be performed by the sur-
geons. Nitrous oxide should be avoided as it can cause 
expansion of ventricular air bubbles that are introduced 
by the endoscope. The use of shorter-acting opioids will 
allow for rapid emergence and early neurologic 
examination.

• Invasive arterial blood pressure monitoring is rarely 
needed unless the patient has serious comorbidities that 
warrant it (i.e., cuff pressures are adequate in most cases). 
However, adequate large bore intravenous access is impor-
tant for both venous blood sampling and administration of 
fluids and blood, especially in endoscopic strip craniec-
tomy, during which there is a higher likelihood of 
bleeding.

• Placement of a Foley catheter is often not performed due to 
the shorter duration of these procedures and decreased 
anticipated blood loss compared to open procedures. 
However, a catheter should be placed to better monitor 
urine output in the following scenarios: diuretic therapy is 
anticipated, and diabetes insipidus and SIADH are 
suspected.

• Postoperatively, continued neurologic examination and 
monitoring of serum electrolytes is important for early 
detection of postoperative bleeding, increased ICP, diabe-
tes insipidus, or hypothalamic dysfunction.

 Communication

• The importance of communication between the anesthesi-
ologist and the surgical team cannot be underestimated 
and should be ongoing. Some examples specific to endo-
scopic procedures are:
 – The incidence of cardiovascular instability is more 

likely to occur during third ventriculostomy when the 
surgeon is stimulating the floor of the third ventricle 
with the tip of the endoscope. Notifying the anesthesi-
ologist of this event helps him/her to prepare for and 
more quickly treat such an occurrence. Likewise, com-
munication to the surgeon of arrhythmias can allow for 
him/her to pull back the endoscope, which is often the 
only treatment necessary.

 – The occurrence of bleeding should always be commu-
nicated to allow for blood pressure control and transfu-
sion when appropriate.

 – The need to convert to an open procedure or to abort 
the current procedure should be part of the ongoing 
dialogue between teams.

 Crisis Management

 Cardiovascular Instability

Cardiovascular instability (reported in 28–32% of patients) 
most often manifests as arrhythmias (bradycardia most com-
monly) and hypertension. Ventricular irritability and sudden 
cardiac arrest, though rare, have also been reported. 
Table  64.3 summarizes the more common cardiovascular 
findings.

Table 64.2 Complications of endoscopic neurosurgery

Complications
Cardiovascular
  Arrhythmia
  Hypertension
Neurologic
  Increased intracranial pressure
  Delayed emergence
  Seizures
  Nerve palsy
  Venous/arterial hemorrhage
  CSF leakage
  Meningitis
Diabetes insipidus or SIADH
Disturbances in temperature regulation
Electrolyte disturbances

N. Deutsch
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 Venous/Arterial Hemorrhage

Several neurologic complications can develop during and after 
endoscopic neurosurgery, including increased intracranial pres-
sure, delayed emergence, seizures, nerve palsy, and CSF leak-
age. Part of the management of these patients is to be aware of 
these complications and tailor the anesthetic to allow for rapid 
emergence and full neurologic examination as soon as possible. 
One of the most severe complications, however, is the develop-
ment of hemorrhage, which is summarized in Table 64.4.

 Diabetes Insipidus or SIADH

Diabetes insipidus (DI) or syndrome of inappropriate secre-
tion of ADH (SIADH) can develop either intraoperatively or 
postoperatively. Each is thought to be due to hypothalamic 
dysfunction from injury caused by the endoscope or higher 
pressures generated by the irrigation fluid. Diabetes insipi-
dus is typically self-limited. The presentation, patient assess-
ment, and treatment of each are summarized in Table 64.5.

 Electrolyte Disturbances

Postoperative electrolyte imbalances often occur in patients 
undergoing endoscopic neurosurgery. While disturbances in 
sodium can be attributed to DI or SIADH with hypothalamic 
injury, one often sees hyperkalemia in the postoperative 
period. Table 64.6 summarizes the findings with electrolyte 
disturbances.

 Delayed Emergence

Delayed emergence can be related to the surgical procedure 
or the anesthetic management of the patient and warrants 
immediate investigation into the cause to allow for timely 
management. Table 64.7 summarizes the salient features of 
delayed emergence.

Table 64.3 Cardiovascular instability

Pathophysiology and 
presentation

Patient 
assessment Treatment/intervention

Arrhythmias secondary 
to increased pressure in 
the ventricular system 
(related to increased 
irrigation and CSF 
drainage) and direct 
stimulation of the floor 
of the third ventricle 
with the endoscope
Most commonly seen 
bradycardia
Hypertension 
secondary to increased 
ICP

Is there 
evidence of 
raised ICP?
Is it associated 
with painful 
stimuli?
Is there 
adequate 
analgesia?
What are the 
pulse, rhythm, 
and BP?
Is there 
hypoxia?

Have the surgeon pull the 
scope away from floor of 
third ventricle
Check that there is 
appropriate drainage of 
fluid through the 
endoscope
May need pharmacologic 
treatment (atropine for 
unresolving bradycardia, 
antihypertensives, or 
analgesics)
Treat ICP

Table 64.4 Venous/arterial hemorrhage

Pathophysiology and 
presentation Patient assessment

Treatment/
intervention

Basilar artery disruption 
is most significant but 
rare
Venous bleeding from 
disruption of 
subependymal vessels or 
the choroid plexus by the 
endoscope
Hemorrhage at the 
insertion site or the burr 
hole
Bleeding can prevent 
further visualization 
through the scope, and 
the surgeon may need to 
abandon endoscopic 
procedure and convert to 
open procedure

Is bleeding 
visualized in the 
scope’s field of 
vision?
What are the pulse, 
rhythm, and BP 
(signs of increased 
ICP)?
Is there delayed 
emergence?
Is there a 
progressive change 
in the neurologic 
exam 
postoperatively?

Supportive care in 
arterial bleeding 
including 
transfusion and 
control of BP
Continuous 
irrigation of venous 
bleeding by surgeon 
can be enough to 
stop it
Be prepared to 
rapidly convert to 
open procedure for 
uncontrolled bleeds
Treat ICP
Postoperative EVD 
may be necessary

Table 64.5 Diabetes insipidus and SIADH

Pathophysiology and 
presentation

Patient 
assessment

Treatment/
intervention

Diabetes insipidus:
  Increased dilute urine 

output developing 
either during or after 
the procedure 
associated with 
hypernatremia

  Can lead to 
dehydration and 
hypotension if not 
recognized and treated

SIADH:
  See hyponatremia, 

concentrated urine, and 
water retention without 
hypertension

  Can develop 
postoperative 
headache, nausea, 
vomiting, confusion, or 
seizures

What are the 
serum 
electrolytes?
What is the 
concentration of 
the urine?
What are the 
pulse and BP?
Is there delayed 
emergence?
Is there a 
progressive 
change in the 
neurologic 
exam?

Diabetes insipidus:
  Continued 

hydration with 
balanced 
electrolyte solution 
and continued 
monitoring of 
electrolytes

  Often self-limited; 
may need short 
course of 
desmopressin

SIADH:
  Follow serum 

sodium levels; 
replace as needed; 
fluid restriction

  Monitor for 
seizures

Table 64.6 Electrolyte disturbances

Pathophysiology and 
presentation

Patient 
assessment Treatment/intervention

Hyperkalemia appears to 
increase with the use of 
lactated Ringer’s solution 
for irrigation of surgical 
field
Normal saline irrigation 
produces a relative 
hypokalemia, though not 
usually clinically 
significant
Disturbances in sodium 
discussed above

What are the 
pulse and 
rhythm?
What are the 
postoperative 
serum 
electrolytes?
Is there delayed 
emergence?
Is there a 
progressive 
change in the 
neurologic 
exam?

Close monitoring of 
serum electrolytes
Treat potassium if 
cardiac rhythm 
disturbances appear
Lactated Ringer’s 
irrigation closer 
physiologically to 
CSF but can increase 
potassium levels
Normal saline may 
have less effect on 
potassium
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Table 64.7 Delayed emergence

Pathophysiology and presentation Patient assessment Treatment/intervention
Residual anesthetic, including inhalational agents, 
opioids, paralytic agent, or premedication
Neurologic causes, including intraventricular bleed, 
edema, increased ICP, structural damage to the 
brain, and ischemia
Electrolyte abnormalities
Hypoglycemia
Hypoxia
Hypotension/arrhythmia
Can see focal deficits or generalized obtundation

What are the SpO2 and EtCO2?
What are the pulse, rhythm, and BP?
What are the serum electrolytes/glucose?
Were there signs of bleeding during the 
procedure or high irrigation pressures?
Is there a focal neurologic deficit on the exam 
or signs of high ICP?
Have paralytics been reversed? Is there residual 
inhalation agent present? Could this be residual 
opioid or premed?

Close monitoring of vital signs and 
treatment of hypotension, hypertension, 
and hypoxia
Correct electrolyte abnormalities and 
glucose
Reversal of all anesthetic agents
Imaging studies to evaluate neurologic 
causes (bleeding, ischemia)
ICP monitoring?

Key Points
• Endoscopic neurosurgery allows for less invasive 

and safe treatment of several neurologic conditions 
in the pediatric population.

• Complete preoperative assessment, including full 
history, physical and neurologic exam, and labora-
tory evaluation, should be well documented and 
help guide the anesthetic management of the 
patient.

• Good communication with the surgeon and con-
stant vigilance on the part of the anesthesiologist 
are invaluable to help ensure the safety of the 
patient.

• Know what the most common complications of 
endoscopic neurosurgery are and how to treat them.

• Always be prepared to convert to an open procedure 
in case of emergency.

• Continued evaluation of the patient in the postop-
erative period can help to prevent catastrophic com-
plications from going unnoticed.

N. Deutsch
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Challenges During Diagnostic 
and Perioperative Imaging in Children 
with Brain Pathology

James Peyton, Mary Landrigan-Ossar, 
and Craig D. McClain

 Introduction

As the fidelity of a variety of neuroimaging modalities has 
advanced, neurosurgeons and neurologists become increas-
ingly reliant on information obtained from these procedures to 
diagnose as well as plan and guide treatment of a myriad of 
disease of the central nervous system. Technologies such as 
magnetic resonance imaging (MRI), computerized tomogra-
phy (CT), positron emission tomography (PET), single- photon 
emission tomography (SPECT), angiography, MRI-guided 
surgery, and others have allowed surgeons’ and neurointerven-
tionalists’ ever-increasing ability to diagnose and treat disease 
of the CNS. It is beyond the scope of this chapter to go into an 
in-depth discussion of the intricacies of the many imaging 
modalities. However, we will attempt to focus our discussion 
on some common, relevant aspects of both diagnostic and 
therapeutic neuroimagings that are common to the care of 
adults and children with central nervous system pathology. 
This chapter will highlight some of the anesthetic concerns 
inherent to care of patients in these unique environments.

 Diagnostic Neuroradiology

The most common modalities used to image the brain are CT 
and MRI. In the adult population, it is much less common to 
need to perform general anesthesia or even deep sedation to 
facilitate imaging in patients. However, in the pediatric pop-
ulation, it is quite common, especially in younger children, 
to need to induce general anesthesia or deep sedation to 
facilitate these diagnostic procedures. CT scans involve 
exposure to ionizing radiation but can be performed rapidly 

and often without the need for sedation or anesthesia, even in 
young children because the images can be captured in frac-
tions of a second using modern scanners with modern soft-
ware packages. Much has been made in recent years of the 
elevated risk of various types of cancers in patients with fre-
quent exposure to medical ionizing radiation (such as CT 
scans). In many situations where CT was previously the 
imaging modality of choice, MRI has supplanted CT due to 
this concern.

MRI scans do not expose the patient to ionizing radia-
tion but take significantly longer (often they may take 
>1 h depending on the imaging sequences and protocols) 
and require patients to be motionless during image acqui-
sition. Many children cannot remain still enough to allow 
adequate image capture and, thus, will often require 
sedation or general anesthesia to achieve this. The choice 
of imaging modality will depend upon the suspected 
pathology and information desired by the referring team 
and radiologist. However, it is important to note that 
when making the decision regarding imaging modality, 
the risks posed to the patient (including the risks of anes-
thesia/sedation) must be balanced against the benefit to 
the patient of having the scan. It is also important to note 
that CT and MRI are each useful for different types of 
imaging and are not simply substitutable in many 
situations.

Magnetic resonance imaging (MRI) provides a unique set 
of challenges for anesthesia providers. These challenges can 
be broadly divided into different two main groups, environ-
mental and medical:

 Environmental

• Powerful magnetic fields restrict equipment that can be 
used inside the scanner area.
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• The high strength magnetic fields can induce ferromag-
netic objects to fly through the air and pose a risk of sig-
nificant injury or death to patients and caregivers.

• There is significant noise in the scanning room while 
scanning that can ultimately result in hearing damage to 
both patients and care providers.

• In order to maintain the high strength magnetic field, the 
magnet is supercooled, and the ambient temperature in 
the room must remain low. This can create problems for 
patients who are quite small (babies) or who require long 
scans under anesthesia.

• The care providers are distant from the patient as, most 
commonly, they are outside of the scanner room during 
scanning.

• Radiofrequency interference from the rapidly oscillating 
magnetic fields may cause problems with electronic 
equipment such as physiologic monitors and anesthesia 
delivery systems (machines and infusion pumps). Thus, 
there are special versions of physiologic monitors, infu-
sion pumps, and anesthesia machines specifically 
designed for use and safety in these environments.

• Likewise, electronic interference from the anesthesia 
equipment may cause artifact on the images unless such 
special equipment is utilized and manufacturer recom-
mendations are followed regarding safe proximity to the 
bore of the magnet. These safe distances may be different 
for different strength magnets.

 Medical

• The inherent risks of sedation/general anesthesia
• The additional risks posed by the underlying pathophysi-

ology of the patient

 Risks of Sedation/Anesthesia

Most adult patients will not likely need the help of an anes-
thesiologist to get through routine CT or MRI procedures. 
Often, these patients can either have these images obtained 
wide awake or with minimal sedation provided by other ser-
vices. However, there may be a number of instances where 
deep sedation or general anesthesia is required. Caregivers 
must not lose sight of basic neuroanesthesia principles while 
focusing on the unique challenges of off-site anesthesia. For 
urgent or emergent neuroimaging, the patients may have a 
variety of comorbidities and not be as well prepared for an 
anesthetic as we would like. For example, patients may not 
be appropriately starved while simultaneously having sig-

nificant intracranial pathology (such as hydrocephalus, sub-
arachnoid hemorrhage, etc.)

Some pediatric patients such as older children may sim-
ply require mild anxiolysis and distraction therapy (such as 
watching a movie or listening to music) during the scan. 
Others, such as younger children, and those who cannot lie 
still, usually require more significant pharmacologic inter-
ventions to facilitate the scan. There is often confusion over 
the continuum of sedation and anesthesia, particularly relat-
ing to the use of terms such as “moderate and deep sedation,” 
“monitored anesthesia care,” and “anesthesia.” The American 
Society of Anesthesia’s 2013 statement on Monitored 
Anesthesia Care addresses this clearly:

If the patient loses consciousness and the ability to respond pur-
posefully, the anesthesia care is a general anesthetic, irrespec-
tive of whether airway instrumentation is required. (ASA 
position on monitored anesthesia care 2013)

From a safety perspective, this is important to emphasize. 
Children who cannot cooperate and lie still invariably need 
to be rendered unconscious and have their ability to respond 
purposefully removed in order to obtain optimal images. 
Because the scan is painless, it is often possible (and perhaps 
desirable) to maintain spontaneous respiration without the 
use of airway adjuncts; many texts and papers describe this 
as “sedation” or “monitored anesthesia care.” It would be 
more accurate to use a term such as “general anesthesia with 
a natural airway,” but given the vagaries of the language used 
in the body of literature examining this topic, this review will 
use the terms sedation, MAC, and anesthesia interchange-
ably. Certainly, the choice of approach to any individual 
patient may vary tremendously depending upon the context 
of situation where anesthesia is needed.

Patients with complicated comorbidities, such as difficult 
airways, may be best served by having sedation or general 
anesthesia induced outside of the imaging room itself. With 
this approach, optimal equipment, personnel, and monitor-
ing can be utilized to safely help achieve the desired level of 
sedation or general anesthesia and allow the patient to be 
stabilized and then subsequently transported into the imag-
ing room. This approach is particularly useful for patients 
needing anesthetics for MRI procedures. Care must be exer-
cised to ensure all MRI unsafe objects are removed from the 
patient, bed, and caregivers prior to entering the scanning 
room. Patients can then be returned to such an “induction 
room” after imaging to be safely emerged if necessary. One 
rule of thumb is to never bring an unstable patient into a CT 
or MRI scanner. Resuscitative efforts in these environments 
are profoundly complicated by space and positioning issues 
as well as ferromagnetic safety concerns in the case of 
MRI.  If a patient under anesthesia becomes unstable or 
arrests during an MRI procedure, the correct approach is to 
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remove the patient from the scanning room as the very first 
step before resuscitative efforts are undertaken. This will 
ensure the safety of not only the patient but also of care pro-
viders who are responding to assist.

When we look at the safety of caring for patients out-
side of traditional OR environments, some of the best 
information we have comes from the use of pooled data 
from multiple institutions. One of the best examples of this 
is the Pediatric Sedation Research Consortium (PSRC). 
This group is made up of 30 institutions in the United 
States and Canada. Information for each sedation/anesthe-
sia from selected sites at each participating institution is 
collected. This includes demographic data, procedure, 

coexisting illness, provider of sedation, drugs used, moni-
tors used, outcomes of the sedation, etc. There are over 
300,000 records in the database.

The first paper from the PRSC was published in pediatrics 
in September 2006 (see “Suggested readings”). This described 
the adverse events encountered in the first 30,000 cases in the 
database. These are summarized in Table 65.1.

It is clear from the rates of airway-related complications 
that recognition of apnea, airway insertion, and the provision 
of positive pressure ventilation are critical competencies that 
must be present for those caring for these children. This skill 
set is part and parcel to anesthesiology providers, but many 
patients in these situations may not have an anesthesiologist 
caring for them.

Subsequently, in 2009, a second paper from the PRSC was 
published that looked specifically at adverse events associ-
ated with the use of propofol outside the OR environment. 
This publication reports data from 49,836 encounters utiliz-
ing primarily propofol, with the original intention for the 
patients to breathe spontaneously with a natural airway. 
Adverse events associated with the airway are summarized in 
Table 65.2.

It is clear that airway compromise is an important adverse 
event that needs to be rapidly addressed, but in children with 
neuropathology, there are other potential risks that must be 
considered.

 Risks Posed by the Underlying 
Neuropathology

These are generally related to the control of cerebral blood 
flow (CBF) and cerebral metabolic rate (CMR).

It should be remembered that “cerebral perfusion pres-
sure (CPP) = mean arterial pressure (MAP) – intracranial 
pressure (ICP),” so any factor affecting these variables can 
be problematic. CMR describes cerebral oxygen consump-
tion and is increased in the presence of acute illness, trauma, 
and seizure activity:

Table 65.1 Adverse events and rates are expressed as number of 
events per 10,000 sedations

Adverse events
Incidence 
per 10,000 N 95% CI

Death 0.0 0 (0.0–0.0)
Cardiac arrest 0.3 1 (0.0–1.9)
Aspiration 0.3 1 (0.0–1.9)
Hypothermia 1.3 4 (0.4–3.4)
Seizure (unanticipated) during 
sedation

2.7 8 (1.1–5.2)

Stridor 4.3 11 (1.8–6.6)
Laryngospasm 4.3 13 (2.3–7.4)
Wheeze (new onset during 
sedation)

4.7 14 (2.5–7.8)

Allergic Reaction (rash) 5.7 17 (3.3–9.1)
Intravenous related problems/
complication

11.0 33 (7.6–15.4)

Prolonged sedation 13.6 41 (9.8–18.5)
Prolonged recovery 22.3 67 (17.3–28.3)
Apnea (unexpected) 24.3 73 (19.1–30.5)
Secretions (requiring suction) 41.6 125 (34.7–49.6)
Vomiting during procedure 
(non-GI)

47.2 142 (39.8–55.7)

Desaturation – below 90% 156.5 470 (142.7–171.2)
Total adverse events unplanned 
treatments

339.6 (1 
per 29)

1020 (308.1–371.5)

Reversal 
agent required – unanticipated

1.7 5 (0.6–3.9)

Emergency anesthesia consult 
for airway

2.0 6 (0.7–4.3)

Admission to hospital – 
unanticipated (sedation related)

7.0 21 (4.3–10.7)

Intubation 
required – unanticipated

9.7 29 (6.5–13.9)

Airway (oral) (unexpected 
requirement)

27.6 83 (22.0–34.2)

Bag-mask ventilation 
(unanticipated)

63.9 192 (55.2–73.6)

Total unplanned treatments 
conditions present during 
procedure

111.9 (1 
per 89)

336 (85.3–130.2)

Inadequate sedation, could not 
complete

88.9 (1 per 
338)

267 (78.6–100.2)

Table 65.2 Airway interventions for propofol-sedated patients

Unplanned airway intervention N Rate 95% CI
Intubation 53 11.4 (8.6, 15.0)
Jaw thrust 525 113.2 (103.8, 123.3)
LMA placement 50 10.8 (8.0, 14.2)
Nasopharyngeal airway placement 211 45.5 (39.6, 52.1)
Blow-by O2 required 1899 409.6 (391.7, 428.0)
Oral airway insertion required 300 64.7 (57.6, 72.4)
Bag-mask ventilation required 531 110.6 (101.3, 120.6)
Repositioning of head 721 155.5 (144.4, 167.2)
Suctioning required 341 73.6 (66.0, 81.8)
No data 17 3.7 (2.1, 5.9)

65 Challenges During Diagnostic and Perioperative Imaging in Children with Brain Pathology
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• Raised intracranial pressure may be worsened in the pres-
ence of hypercapnia in a patient under anesthesia, particu-
larly if they are breathing spontaneously and are not 
receiving controlled ventilation.

• Anesthetic agents can have significant hemodynamic 
effects, causing a drop in cardiac output and MAP. Cerebral 
perfusion pressure should be maintained throughout the 
anesthetic and IV fluids, and vasopressor/inotropic sup-
port may be needed to achieve this. Occasionally beat- to- 
beat blood pressure monitoring may be required 
necessitating the use of intra-arterial catheters.

• Hyperthermia increases cerebral oxygen consumption. 
General anesthesia abolishes the body’s ability to actively 
control temperature. Thus, during prolonged imaging the 
temperature should be assessed and measures taken to 
maintain normothermia. This can be profoundly difficult 
in MRI environments as skin temperature stickers and 
core temperature probes may be contraindicated. Efforts 
to prevent heat loss such as keeping the patient wrapped 
in a warm blanket can be useful when employed 
preemptively.

• Hypotonic IV fluids should be avoided due to the possi-
bility of causing significant hyponatremia and subsequent 
cerebral edema. Problems such as cerebral salt wasting, 
the syndrome of inappropriate antidiuretic hormone 
secretion, or diabetes insipidus may all cause significant 
electrolyte disturbances. These disturbances are more 
common in neurosurgical patients.

 Interventional Radiology

Care for patients in an interventional radiology (IR) suite 
presents several challenges to the anesthesiologist. 
Anesthetizing patients outside the main operating room envi-
ronment potentially increases the risk of patient harm, due to 
a combination of factors including working in an unfamiliar 
environment, increased patient acuity (patients may be too ill 
to go to the OR), and decreased access to help from other 
anesthesiologists. These issues can be mitigated in part by 
standardizing patient evaluation, defining rescue protocols, 
and establishing a team-based culture of safe practice, which 
includes anesthesiologists comfortable in this environment. 
In addition to the systems-based issues of patient safety, 
physical safety is threatened in the IR suite in the form of 
radiation. Neuroimaging cases in IR utilize significant radia-
tion doses, and both patients and staff must be protected 
from this invisible hazard.

Broadly speaking, procedures for patients with central 
nervous system pathology can be grouped in to diagnostic 
imaging and therapeutic procedures. Examples of diagnostic 
imaging include angiography, most commonly cerebral 
angiography. There is also an ever-expanding use of the neu-
rointerventional suite to perform therapeutic procedures. 

Examples of these include catheter-guided coiling of intra-
cranial aneurysms and embolization of intracranial vascular 
malformations.

 Diagnostic Procedures in IR

The mainstay of neurodiagnostic procedures in IR is cerebral 
angiography. It remains the gold standard for characteriza-
tion of neurovascular pathology, despite the recent gains in 
sophistication of CT and MRI angiography. Adults and 
mature teenagers often tolerate an angiogram without seda-
tion or with only mild anxiolysis. However, deeper levels of 
sedation run the risk of a disinhibited patient or a patient too 
sleepy to cooperate for intermittent apnea. Therefore, 
younger patients may require general anesthesia with an 
endotracheal tube. Endotracheal anesthesia may also be pref-
erable based on a patient’s comorbid conditions.

While simple cerebral angiography, which usually takes 
an hour or less, itself does not warrant anything more than a 
day surgical visit, careful consideration must be given to 
patient comorbidities that would increase patient risk with 
anesthesia and perhaps warrant pre- or post-procedure 
admission. Consistent standards for chart review and the 
need for communication with consulting services will ensure 
that patients receive appropriate assessment and optimiza-
tion before they arrive in radiology for their procedure.

When anesthetizing any patient with potential cerebrovas-
cular disease, careful consideration must be given to blood 
pressure and fluid management. Especially on induction of 
anesthesia, one must avoid hypotension that can cause patients 
with a vasculopathy, such as moyamoya disease, increased risk 
of cerebral hypoperfusion. Minimizing fasting time can be 
helpful for these patients. Conversely, acute hypertension that 
could precipitate catastrophic bleeding in an unstable aneu-
rysm or arteriovenous malformation (AVM) must also be 
avoided. Arterial lines for this short procedure are generally 
unnecessary if reliable readings can be obtained from a nonin-
vasive blood pressure cuff. Normocapnia is usually desirable, 
and any proposed acute hypocapnia should be discussed with 
the neuroradiologist. While the risk of significant bleeding is 
extremely low, intravenous access sufficient for adequate 
hydration is necessary. The patient will receive significant 
amounts of IV contrast through the sheaths on the field. Thus, 
the anesthesiologist must be cognizant of the risk of contrast-
induced nephropathy. Normovolemia to slight hypervolemia 
will offset the diuretic effect of nonionic contrast medium and 
reduce the slight chance of any contrast- induced nephropathy.

The major post-procedure concern after diagnostic cere-
bral angiography is hemostasis at the site of femoral punc-
ture. Patients must lie flat for several hours, which particularly 
in the younger pediatric patients can be challenging. 
Distraction and pharmacologic assistance with benzodiaze-
pines, opiates, or a-2 agonists can make this experience more 
tolerable.
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 Therapeutic Procedures in IR

It is increasingly common for patients with a variety of dif-
fering central nervous system pathologies to undergo treat-
ment or palliation in the neurointerventional suite. Where 
open clipping of intracranial aneurysms was once the treat-
ment of choice, coiling or embolization in the neurointerven-
tional suite has become much more common and is rapidly 
supplanting open surgical procedures as the preferred route 
of treatment for a large number of patients. Likewise, embo-
lization of central nervous system vascular malformations, 
as either the prime therapeutic approach or as part of a staged 
combined approach with open surgical resection, has become 
more prevalent. Whereas diagnostic cases can be reliably 
shorter with fewer incidences of significant physiologic 
changes, therapeutic cases often take significantly longer. 
Thus, many of the patients that would tolerate shorter diag-
nostic cases, with no sedation/anesthesia or only mild anx-
iolysis, may not be candidates for the same sedation/
anesthetic regimen when undergoing a therapeutic neuroin-
terventional case. Even patients who may have been fine 
with a shorter diagnostic procedure, with nothing but a single 
dose of midazolam, may not tolerate lying supine and be still 
for the often hours of a therapeutic case. The implications for 
pediatric patients are even more profound with virtually all 
children requiring general, endotracheal anesthesia for thera-
peutic neurointerventional procedures.

As with diagnostic cases, therapeutic cases may often 
require breath holding, where respirations are suspended 
during angiographic runs. There may be greater chance of 
intra-procedure disaster (such as rupture of the aneurysm) as 
well as increased bleeding. Bleeding may be difficult to 
assess, as essentially all blood will be lost through the sheath. 
These cases tend not to have acute, large volume blood loss. 
Rather, the loss can be insidious, occurring over time with 
frequent changes of catheters, drawbacks, and flushes. 
Patients may also be exposed to larger volume of contrast 
dye and therefore be at higher risk for contrast-induced 
nephropathy. In smaller patients and children, care must be 
taken to account, in detail, for the volume of contrast uti-
lized, and the anesthesiologist must be ready to step up and 
say that the patient has reached their limit. Aggressive hydra-
tion is prudent in this situation, and a urinary catheter should 
be placed to accurately monitor urine output.

In children, it is becoming more common to have either 
staged or combined procedures to treat intracranial vascular 
malformations, such as arteriovenous malformations (AVMs). 
The neurointerventional component consists of embolization 
in an effort to decrease the chance of catastrophic bleeding 
during the open surgical resection. These procedures may be 
done in a staged fashion with the embolization occurring in 
the first day and then the open resection on the next or in a 
single combined anesthetic. The same considerations regard-
ing concern for post-arterial puncture remain for therapeutic 
procedures, and patient will need to be still, flat, and supine 

for several hours after the sheath is pulled at the end of the 
case. Thus, it is often useful to have pharmacologic help to 
facilitate, especially in younger children.

 Image-Guided Neurosurgery

The worlds of traditional operating rooms and neuroimaging 
suites are rapidly merging. The idea of image-guided neuro-
surgery has been popular for a couple of decades now. 
Various imaging modalities have been employed to assist 
neurosurgeons in complicated procedures including CT, 
ultrasound, and PET scanning. While those modalities offer 
additional tools to the neurosurgeon, the conduct of these 
anesthetics in these particular environments doesn’t radically 
change how the anesthesiologist approaches the case. Other 
than concerns over positioning and possible movement and 
transport of patients, the anesthesiologist can continue to use 
the same equipment to care for the patient. However, an even 
more popular variant on image-guided neurosurgery com-
bines the power of images obtained from MRI with the oper-
ating room.

Intraoperative MRI (iMRI) is a quantum leap forward in 
image-guided surgery and intraoperative navigation. For a 
more detailed discussion of the anesthetic considerations of 
iMRI, the reader should refer to one of several review articles 
readily available in the published literature. Briefly, deliver-
ing an anesthetic for a patient in an iMRI suite can be fraught 
with challenges. Among them are the issues of equipment, the 
type of iMRI suite (movable magnet-stationary patient or 
movable patient-stationary magnet), maintenance of sterility 
during open intraoperative scanning, and maintenance of gen-
eral MRI safety standards during a combined imaging and 
surgical procedure. These are not the kind of issues to be dealt 
with lightly or on the spot. Rather, careful planning and 
design of safety systems are required. Given that multiple ser-
vices (surgery, anesthesiology, nursing, and radiology) will 
all be working together in this suite, each service should have 
a seat at the table during initial planning and design of such 
seats. It is useful to have several different “stops” or time-outs 
throughout the case at defined points to ensure the necessary 
safety considerations at that point of the procedure have been 
addressed before moving on to the next steps. For example, 
after mass resection but prior to placing the patient in the bore 
of the magnet, it is useful to ensure all non-MRI safe equip-
ment has been accounted for and removed from the patient’s 
bed and from the area that will become Zone 4 during iMRI. 
All such equipment must remain safely outside of the 5 gauss 
lines in such a suite. Various strategies have been devised for 
facilitating these processes. The details of these approaches 
will vary depending on the nature of the suite and the patients 
cared for within the suite. The bottom line is that, as these 
facilities become ever more common, anesthesiologists 
involved in neurosurgical care must be familiar with the intri-
cacies of performing anesthetics in this unique environment.
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Key Points
 1. Neuroimaging includes diagnostic imaging and 

therapeutic procedures. Safety of the patient and 
the provider is threatened by increased doses of 
radiation, particularly in interventional neuroimag-
ing. Both patients and staff must be protected from 
this invisible hazard

 2. The most common modalities used to image the 
brain are CT and MRI. In the adult population, it is 
much less common to need to perform general 
anesthesia or even deep sedation to facilitate imag-
ing in patients.

 3. Risks include those posed by the imaging environ-
ment, by the medical conditions of the individual 
patient, and by the underlying neuropathologic 
process.

 4. Anesthetizing patients to obtain neuroimaging typi-
cally occurs outside of the main operating room and 
is associated with an elevated risk secondary to the 
unfamiliar work environment, likelihood for higher 
patient acuity, and more distant access for help. 
Protocols and guidelines are needed to reduce the 
likelihood of complications and limit patient harm.

 5. Intraoperative neuroimaging including CT, ultra-
sound, and PET scanning typically do not change 
anesthesiology management in principle. In con-
trast, intraoperative MRI (iMRI) can be challenging, 
and careful planning and design of safety systems 
are required in a multidisciplinary approach.
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Emergence from Anesthesia Following 
Pediatric Neurosurgery

Kirk Lalwani

 Overview

Emergence from general anesthesia and tracheal extubation 
may be associated with tremendous physiologic and meta-
bolic stress in patients. These stress-induced alterations in 
physiologic parameters may be harmful to patients as they 
can exacerbate preexisting disease or produce medical or 
surgical complications in the recovery period. It is important 
therefore to implement measures that minimize these stress- 
induced changes during emergence from anesthesia, particu-
larly in patients at higher risk or after procedures where 
complications may result in significant morbidity or even 
mortality.

 Implications for the Neurosurgical Patient

 Pediatric Considerations

Neonatal blood pressure range for cerebral autoregulation 
has been estimated to be similar to that in adults, with no 
age-related differences in autoregulatory capacity. The steep 
slopes at either end of this range predispose the neonate to 
cerebral ischemia or intraventricular hemorrhage in the event 
of hypotension or hypertension, respectively. Intracranial 
compliance in infants is generally higher in the presence of 
gradually increasing ICP as a result of open fontanelles and 
cranial sutures. Older children, on the other hand, have 
decreased intracranial compliance compared to adults as a 
result of higher brain water content, less CSF volume, and a 
higher ratio of brain content to intracranial capacity. 
Therefore, as fontanelles and sutures close, children may be 
at higher risk for ischemia and herniation in the event of 
similar relative increases in ICP when compared to adults as 

a result of lower intracranial compliance. Much of the litera-
ture on emergence from anesthesia following craniotomy has 
not been performed in children; therefore, studies on adults 
will also be discussed in this chapter in the interest of under-
standing concepts and applying techniques that in all proba-
bility fulfill the same goals in both children and adults.

 Metabolic Changes

Recovery from general anesthesia is associated with sympa-
thetic stimulation, increased catecholamine secretion, 
increased oxygen consumption (VO2), tachycardia, and sys-
temic hypertension, which in turn may lead to intracranial 
hypertension. It has been demonstrated that independent of 
whether propofol or isoflurane is used, cerebral blood flow 
velocity increases by 60% above the awake value at extuba-
tion and is significantly increased for at least 30 min follow-
ing extubation. Interestingly, this increase did not correlate 
with MAP or PaCO2 at any time, likely as a result of central 
adrenergic stimulation during emergence from anesthesia. 
Multiple additional sources of stress such as stimulation by 
the endotracheal tube, coughing, suctioning of the orophar-
ynx or trachea, awareness of surroundings, auditory stimula-
tion, shivering, emergence agitation, and pain related to 
surgery may greatly magnify the hemodynamic response to 
emergence (Fig. 66.1).

 Early Versus Delayed Emergence

 Early Emergence
Patients undergoing neurosurgical procedures that involve 
intracranial structures are particularly prone to the devastat-
ing effects of surgical hemorrhage or brain edema postopera-
tively, mostly as a result of pressure effects on the brain 
within the confines of the rigid cranium. Early detection is 
therefore critical in order to avoid permanent morbidity or 
death. This is typically accomplished by early and frequent 
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neurological examination following surgery to determine the 
presence of any neurologic deficits. In high-risk cases, this 
may be supplemented by early CT imaging of the brain, 
often prior to or immediately after emergence from anesthe-
sia and tracheal extubation.

It seems intuitive, therefore, that rapid emergence and 
early awakening following craniotomy is a prerequisite for 
early neurological examination. In practice, however, achiev-
ing rapid emergence and awakening is often accompanied by 
profound alterations in physiologic parameters related to the 
stress of emergence and extubation, unless the anesthetic 
technique is tailored to specifically prevent these changes. 
Paradoxically, the techniques that attenuate these hemody-
namic changes may adversely affect early awakening and 
return to consciousness. Therefore, careful planning is 
required to balance the dual requirements of early awakening 
versus meticulous hemodynamic control following 
craniotomy.

 Delayed Emergence
There exists a subgroup of patients in whom early awakening 
and emergence entail significant risk, and postoperative 
mechanical ventilation is desirable. These high-risk patients 

must be identified as early as possible in the perioperative 
period in order to optimize intraoperative anesthetic care as 
well as postoperative requirements for imaging, continued 
ventilation, sedation, correction of acid-base, electrolyte, 
temperature, and coagulation parameters prior to extubation 
on the ICU.

It is important to realize that the effect of delayed extu-
bation (2 h of propofol sedation after surgery) exacerbates 
the production of markers of stress when compared to early 
(immediate) extubation following surgery and therefore 
cannot be recommended for this purpose alone. However, 
likely candidates for delayed extubation are patients with 
altered consciousness preoperatively, lengthy surgery 
(>6  h), large tumor resection with preoperative midline 
shift, injury to cranial nerves (especially IX, X, XI), com-
plications during surgery, intraoperative brain swelling, 
hypothermia, coagulopathy, and significant acid-base or 
electrolyte abnormalities. To facilitate early diagnosis of 
intracranial complications in patients for whom delayed 
extubation is planned, many surgeons routinely request a 
CT scan en route from the operating room to the ICU or 
soon after arrival on the ICU as a substitute for early awak-
ening and neurological  examination. In a recent prospec-

Fig. 66.1 Stress-induced 
changes during emergence 
from anesthesia
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tive randomized study of pediatric patients undergoing 
resection of supratentorial tumors, maintenance of anesthe-
sia with desflurane or sevoflurane resulted in shorter emer-
gence times when compared to isoflurane with a similar 
incidence of intraoperative and postoperative adverse 
effects. In this study, the shorter time to extubation was 
clinically significant as well, particularly in the desflurane 
group, but the difference in time to reach a predetermined 
Aldrete score was less obvious clinically, even though sta-
tistically significant.

 Concerns and Risks

 Neurological Complications

In a prospective study of 162 adult patients, the incidence 
of complications following craniotomy in the first 6 h post-
operatively was reported to be as high as 57%, of which 3% 
were neurological complications such as seizures, neuro-
logic deficits, and delayed awakening. Other complications 
included respiratory events like hypoxia and hypercarbia, 
hypotension, hypertension, pain, shivering, nausea, and 
vomiting. Of the patients who experienced complications, 
45% had more than one complication. In a retrospective 
study of perioperative complications after pediatric crani-
otomies, von Lehe et  al. noted that the incidence of new 
neurologic deficits was higher in posterior fossa cranioto-
mies when compared to supratentorial (23.6% vs. 6.7%, 
respectively); the incidence of postoperative bleeding 
requiring reoperation was 1.7%, and the incidence of other 
severe systemic complications (sepsis, pneumonia, etc.) 
was 3.8%.

Intracranial hemorrhage has been linked to intraoperative 
hypertension; patients with postoperative intracranial hyper-
tension were 3.6 times more likely to be hypertensive than 
matched controls. There was also a strong association 
between intracranial hemorrhage and patients who were nor-
motensive during surgery, but hypertensive in the postopera-
tive period, presumably as a result of inadequate hemostasis 
at a lower range of blood pressures. Intracranial hypertension 
is common after craniotomy (12–18%) and was associated 
with clinical deterioration in 52% of adult patients and CT 
findings of cerebral edema and cerebral hemorrhage. Arterial 
hypertension in premature infants or newborns can result in 
intraventricular hemorrhage as a result of impaired autoregu-
latory ability coupled with rapid alterations in cerebral blood 
flow and pressure. In addition, children may be at increased 
risk of herniation compared with adults as a result of low 
intracranial compliance. Neonates and infants, on the other 
hand, are able to tolerate fluctuations in intracranial pressure 
and volume better than older children as a result of open fon-
tanelles and sutures.

Anesthetic technique may also affect the incidence of 
intraoperative and postoperative complications. A recent sys-
tematic review analyzed 14 clinical trials that compared 
maintenance of anesthesia with propofol to volatile agents, 
with outcomes ranging from brain relaxation scores, cerebral 
hemodynamics, recovery profiles, postoperative complica-
tions, and clinical outcomes. The conclusion was that ICP 
was lower and CPP higher with propofol anesthesia, as was 
postoperative nausea and vomiting, but there was no differ-
ence in any other outcomes; there was also insufficient data 
to compare significant neurological outcomes.

 Shivering

Hypothermia after surgery is more common in infants and 
children as a result of several factors. Neonates have a skin 
surface area to body mass ratio of ~1, whereas in adults this 
ratio is about 0.4. Neonates also lose heat easily via thermal 
conduction as a result of a thin layer of subcutaneous fat; in 
addition, the ambient temperature limit of thermoregulation 
for neonates is 22 °C compared to 0 °C in adults. This pro-
pensity to lose heat more rapidly coupled with the decreased 
ability to regulate body temperature requires careful atten-
tion during surgery in order to prevent hypothermia. 
Shivering related to hypothermia or volatile anesthetic agents 
can increase VO2 by 200–400% and MAP by approximately 
35% or more. Patients who develop mild hypothermia during 
surgery experience a much greater increase in norepineph-
rine concentration, more significant vasoconstriction, and 
increased systemic blood pressure in the early postoperative 
period compared to normothermic patients. Even in the pres-
ence of mild hypothermia, forced air warming decreases the 
incidence and intensity of shivering. It is useful to remember 
that though shivering may occur in neonates following emer-
gence from anesthesia, it is unimportant as a method of ther-
mogenesis in this age group and tends to occur more 
commonly in children over 6 years of age.

 Pain

Pain is a significant stress factor that increases VO2 and 
induces catecholamine release in the postoperative period, 
and the use of intraoperative analgesia attenuates these 
metabolic changes in the postoperative period. One study 
demonstrated that the use of morphine analgesia reduced 
VO2 in critically ill patients by 20%, but the effect of anal-
gesics on VO2 in restless patients may be even greater as a 
result of the additional sedative benefits conferred by opi-
oid analgesics. Peripheral nerve blocks of the scalp are 
effective in decreasing postoperative pain following crani-
otomy, and the effect may persist for as long as 48 h after 
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surgery, even if the block is performed at the end of sur-
gery. Scalp nerve blocks may also decrease postoperative 
opioid consumption and reduce postoperative nausea and 
vomiting (PONV). Wound infiltration with local anesthetic 
has also been shown to result in decreased pain scores for 
up to an hour after arrival in the PACU.  Because of the 
dense vascularity of the human scalp, providers must take 
great care when employing scalp blocks or wound infiltra-
tion to avoid hematomas, and they should calculate the 
total maximum allowable dose of local anesthetic care-
fully so as to avoid systemic toxicity, especially in 
children.

In children, pain must be distinguished from separation 
anxiety, hunger, disorientation to surroundings, a full blad-
der, and emergence delirium. Simple comfort measures are 
often all that is required to placate a child following surgery; 
if pain is the likely diagnosis, opioids should be titrated to 
effect. Acetaminophen is useful rectally or orally, but ketoro-
lac is usually avoided in the immediate postoperative period 
for fear of altered platelet function that could exacerbate 
bleeding. In a recent multicenter prospective study of pediat-
ric pain after major neurosurgery, there were no differences 
in average pain score, length of stay, or parental satisfaction 
with care despite considerable variation in modality and 
route of analgesic administration; overall, pain scores were 
low, side effects were minimal, and parental satisfaction was 
high.

 Emergence Agitation

Agitation on emergence may occur in children or adults as 
a result of pain, bladder distention, hypoxia, airway 
obstruction, unfamiliar surroundings, disorientation, hun-
ger, electrolyte imbalance, and paradoxical reactions to 
drugs such as midazolam or diphenhydramine or true 
emergence delirium that occurs more often in children fol-
lowing the use of volatile anesthetic agents, particularly 
sevoflurane. Recent data suggests that maintaining chil-
dren on a lighter plane of anesthesia (as assessed by BIS) 
is associated with a lower frequency of emergence agita-
tion. It is important to exclude and treat remediable causes 
of agitation such as pain, avoid agents that may precipitate 
the condition in patients with the history of a previous epi-
sode following anesthesia, and employ strategies to 
decrease the incidence in susceptible patients by the use of 
prophylactic opioids, propofol, clonidine, or dexmedeto-
midine. If suspected, propofol in a dose of 0.5–1  mg/kg 
terminates the episode rapidly without the potential hazard 
of excessive opioid use and may decrease the likelihood of 
morbidity related to intracranial complications, loss of sur-
gical drains, surgical site bleeding, and injury to patients 
and providers.

 Anesthetic Techniques and Drugs

 Stress Response

Techniques
A prospective randomized trial by Bhagat et al. of three dif-
ferent anesthetic techniques for reduction of stress related to 
early emergence from anesthesia and for up to 1 h following 
extubation concluded that a low-dose fentanyl infusion 
(1.5 mcg/kg/h) was superior to a propofol infusion (3 mg/
kg/h) or to low-dose isoflurane inhalation (end-tidal concen-
tration of 0.2%) in allowing early awakening and limiting 
emergence hypertension when each regimen was adminis-
tered from the start of dural closure until the start of skin 
closure. In addition, patients in the propofol group had a sig-
nificantly higher incidence of hypotension at the time of 
dural closure; there were no statistically significant differ-
ences in the incidence of PONV, return to full Glasgow 
Coma Scale, postoperative complications, or length of stay 
in the ICU. One significant predictor of emergence hyperten-
sion in this study was a preoperative midline shift of >5 mm 
on cerebral imaging scans. In children, titration of intrave-
nous fentanyl is usually adequate to ensure smooth extuba-
tion with minimal coughing following emergence. This can 
be supplemented with intravenous lidocaine (1  mg/kg) if 
necessary. Following neurovascular surgery, “deep” extuba-
tion may be the best way to avoid coughing; however, if there 
is any suspicion of respiratory or airway compromise, the 
patient should be left intubated and transferred to ICU with 
additional sedation to minimize intracranial hypertension.

Drugs
Beta blockers such as labetalol and esmolol can be effective 
in preventing the stress response to emergence and extuba-
tion in neurosurgical patients, though their effect may be 
unpredictable or associated with bradycardia and conduction 
delays, respectively. Calcium channel antagonists such as 
nicardipine, while effective, cause dose-dependent cerebral 
vasodilatation, inhibition of autoregulation, and frequent 
hypotension. Dexmedetomidine, an alpha-2 agonist, is gain-
ing popularity in this area as a result of its sedative, sympa-
tholytic, and analgesic effects. In a double-blind, prospective, 
randomized, placebo-controlled trial comparing a supple-
mental dexmedetomidine infusion to placebo for adult crani-
otomy patients undergoing anesthesia with sevoflurane, 
opioids, and antihypertensive medications at the discretion 
of the blinded neuroanesthesiologists, patients in the dexme-
detomidine group had improved hemodynamic stability 
without episodes of hypotension or bradycardia despite the 
best efforts of the anesthesiologists. Fewer patients in the 
treatment group required antihypertensive medications (42% 
vs. 86%), and patients in this group were discharged from the 
PACU earlier (91  min vs. 130  min). Despite numerous 
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reports of the widespread use of dexmedetomidine in chil-
dren, it has not been approved for use in this age group, and 
no data exists for its use in this scenario in children.

 Respiratory Complications

Techniques to minimize coughing and tracheal stimulation 
can effectively blunt the large increases in ICP that may 
result during emergence and extubation. Intravenous or 
intratracheal lidocaine with or without short-acting opioids 
such as alfentanil or remifentanil decreases coughing, agita-
tion, cardiovascular stimulation, and emergence hyperten-
sion. In addition, care should be taken to ensure adequate 
preoxygenation prior to extubation, full reversal of neuro-
muscular block, and a patent, unobstructed airway following 
extubation to minimize hypoxia and/or hypercarbia. 
Specifically, measures to prevent and treat airway or soft tis-
sue edema, laryngospasm, stridor, postobstructive pulmo-
nary edema, pulmonary aspiration, and bronchospasm are 
fundamental in this regard. Clinical evaluation should always 
precede extubation to ensure optimal conditions for safe 
extubation. It is imperative to monitor children for respira-
tory obstruction following extubation, particularly in infants 
and younger children, or in the presence of significant facial 
edema. Vocal cord paralysis as a result of cranial nerve dys-
function following removal of posterior fossa tumors is an 
important cause of postoperative respiratory obstruction that 
usually requires immediate reintubation.

 Postoperative Nausea and Vomiting

The incidence of PONV in children and adults following cra-
niotomy is reported to be as high as 50–60%. PONV is 
unpleasant, can raise blood pressure and intracranial pres-
sure, and may cause dehydration and alkalosis, all of which 
may lead to morbidity following intracranial surgery. 
Prevention of PONV following craniotomy with the use of 
one or more prophylactic antiemetic drugs should be a part 
of routine management of these patients. In particular, crani-
otomy for resection of lesions in the posterior fossa may be 
accompanied by severe nausea. A meta-analysis looking at 
the use of 5-HT3 receptor antagonists in 448 patients showed 
a significant reduction in the risk of emesis at 24 (relative 
risk = 0.50, 95% C.I. 0.38–0.66) and 48 h (relative risk = 0.52, 
95% C.I. 0.36–0.75) following craniotomy, but had no effect 
on nausea. Interestingly, the use of prophylactic ondansetron 
alone has not been shown to be effective in preventing post-
operative vomiting in children following craniotomy when 
compared to placebo. School-age children (4–12  years of 
age) are more likely to vomit in the first 24 h following sur-
gery compared to adolescents. There is some evidence that 

the use of other agents such as dexamethasone, low-dose 
droperidol, preoperative gabapentin, and propofol can lower 
the incidence of PONV following craniotomy.
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Key Points
• Emergence from anesthesia and tracheal extubation 

may be associated with physiological stress that 
results in hypertension, increased oxygen consump-
tion, and central and peripheral adrenergic 
stimulation.

• The metabolic stress response may cause devastat-
ing complications such as intracranial bleeding and/
or dangerously elevated intracranial pressure. 
Premature infants have a high risk of intraventricu-
lar hemorrhage as a result of impaired autoregula-
tory capacity.

• The anesthesiologist should decide early on whether 
the child is suitable for early emergence and extuba-
tion or would benefit from a period of postoperative 
ventilation; anesthetic management should be tai-
lored to best achieve this outcome while taking 
steps to minimize the metabolic stress response dur-
ing emergence and following extubation.

• In children, prevention or attenuation of hypother-
mia, shivering, anxiety, pain, coughing, airway 
obstruction, emergence agitation, and PONV will 
reduce but not eliminate the stress response to 
emergence and extubation.

• Peripheral nerve blocks of the scalp, intravenous 
lidocaine at extubation, and low-dose fentanyl dur-
ing wound closure are useful in attenuating the 
stress response to emergence and extubation in 
children.

• Prophylaxis of PONV with 5-HT3 receptor antago-
nists is ineffective in children; therefore alternative 
agents such as dexamethasone, gabapentin, and pro-
pofol should be considered for prophylaxis of 
PONV.
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Postanesthesia Care Unit Risks 
Following Pediatric Neurosurgery

Balvindar Kaur and Andrew Davidson

 Overview

In this chapter, we will review the issues that are of impor-
tance in the initial postoperative recovery of the pediatric 
neurosurgical patient. The pediatric anesthesiologist is able 
to control many factors that influence cerebral blood flow 
(CBF), cerebral metabolic rate for oxygen (CMRO2), and 
intracranial pressure (ICP). When there are immediate post-
surgical concerns, failure to awaken, or new neurological 
signs, the actions of the anesthesiologist may be instrumental 
in determining the outcome. The advantages and disadvan-
tages of obtaining a CT or MRI scan prior to emergence from 
anesthesia versus a delayed or “as-needed” scan will be dis-
cussed. The goal of the pediatric neuroanesthesiologist is to 
provide stability of hemodynamics, respiratory parameters, 
and temperature control and of metabolic and endocrine fac-
tors. This stability must continue into the postoperative 
period to ensure an optimal neurological outcome.

 Implications for the Neurosurgical Patient

 Blood Pressure Control

A normal newborn autoregulates intracerebral blood flow at 
mean blood pressures between 20 and 60 mmHg, with a steep 
rise and fall at either end of the autoregulatory curve. The brain 
of an infant or child receives a relatively larger percentage of 
the cardiac output as compared to adults. After traumatic brain 
injury, young age (less than 4 years) has been shown to be an 
independent risk factor for impaired cerebral autoregulation. 
These factors place pediatric neurosurgical patients at particu-
lar risk for ischemia at low blood pressures and for hemorrhage 
at high blood pressures. Short-acting vasoactive agents such as 
intravenous esmolol or labetalol may be needed in PACU for 

acute control of hypertension, and adequate fluid and blood 
replacement must be given to avoid hypotension.

 Pain Management

Adequate analgesia is essential, so that the hyperventilation 
that may occur with crying can be avoided. A balance of ade-
quate analgesia without oversedation (which may mask a 
change in neurological status) can be challenging. Short- acting 
intravenous opioids such as fentanyl or remifentanil are com-
monly used, but there is then a need to titrate longer- acting 
intravenous agent during emergence. If remifentanil has been 
used, there is the possibility of acute tolerance with an unex-
pectedly high opioid requirement in PACU, although studies 
have not universally confirmed this finding. An age- appropriate 
pain scale must be used accurately to determine the level of 
pain, so that it may be adequately controlled. Some scales to 
consider include the modified infant pain scale (MIPS), the 
FLACC behavioral scale, the Wong–Baker FACES pain rating 
scale, and the Oucher. Older children may be asked to report 
using the familiar 0–10 visual analogue scale (VAS). If opioids 
are needed, a patient-controlled analgesia (PCA) system may 
be a good option for delivery, so that the older child can titrate 
to an adequate level of analgesia but can also avoid sedation 
that may occur if opioids are given by continuous infusion or 
by nurse-administered bolus doses. Excessive treatment of pain 
may result in sedation of the patient, making neurological 
assessment difficult. In addition, there may be respiratory 
depression leading to elevated arterial levels of carbon dioxide 
(CO2) which may in turn cause somnolence. Patients who have 
had surgery close to the brain stem, such as a Chiari decom-
pression, may be especially sensitive to even a mildly elevated 
level of CO2. Hence there is a need to balance treatment of pain 
versus the risk of somnolence and impaired neurological 
assessment. Administration of intravenous naloxone to relieve 
narcotic- induced somnolence or respiratory depression can 
cause significant hypertension, so opioids must be titrated with 
care to avoid the need for reversal of their effects.
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COX-2 inhibitors do not have antiplatelet properties com-
pared to NSAIDs and can reduce opioid requirements with-
out increasing bleeding risks. Adult studies have demonstrated 
a 6–12 h post-op pain reduction in patients undergoing crani-
otomy who received a single dose of parecoxib but no sig-
nificant effect on overall analgesia post-op. There are 
concerns of possible cardiovascular effects due to thrombotic 
events. Therefore, COX-2 use in the pediatric population is 
still unknown – the decision to use it needs to be discussed 
with the surgical team to weigh the risk benefits.

 Temperature Management

Shivering significantly raises oxygen consumption and 
metabolism, and so efforts should be made to maintain nor-
mothermia and to treat shivering promptly with warming 
blankets or pharmacological treatments such as ketamine or 
low-dose meperidine if it occurs. Hyperthermia may occur 
with either an infectious or noninfectious etiology and should 
be treated, no matter what the cause. Combination therapy 
(acetaminophen, ibuprofen, and physical cooling) may be 
needed effectively to maintain normothermia.

 Postoperative Nausea and Vomiting

Postoperative nausea and vomiting (PONV) should be treated 
to avoid the potentially deleterious effects of a Valsalva 
maneuver during vomiting which may transiently raise ICP 
or increase the risk for intracranial hemorrhage. A combina-
tion of 5-HT3 inhibitors along with dexamethasone is com-
monly used. Dexamethasone has additional anti- inflammatory 
effects via modulation of peripheral nociceptors and reduces 
vasogenic edema. It also reduces pain when used in combina-
tion with other analgesics in a multimodal approach.

 Endocrine Issues

A few patients who have had surgery in or close to the pitu-
itary fossa will need close monitoring for early signs of the 
development of diabetes insipidus, manifested by abnor-
mally high volumes of dilute urine and plasma hypernatre-
mia. Judicious fluid therapy is essential – these patients often 
need hypertonic fluids and frequent monitoring of electro-
lytes. Other endocrine derangements such as hyperglycemia 
or hypoglycemia are also possible. One study demonstrated 
a poor outcome following brain injuries in children when 
blood glucose levels were elevated (above 250 mg/100 ml).

 Respiratory Management

Neurogenic pulmonary edema (NPE) is a complication unique 
to neurosurgical patients who have had intracranial surgery or 

injury. It can be life-threatening, and the exact etiology and 
pathophysiology are incompletely understood. The neuroan-
esthesiologist must be ready to provide respiratory support, 
including reintubation and ventilation, if this complication 
develops in order to maintain oxygenation and normocarbia.

 Concerns and Risks

 Elevated ICP

Neurosurgical patients experience cerebral hyperemia during 
emergence from general anesthesia, independent of the anes-
thesia technique used. Delay of extubation does not attenuate 
the increase in heart rate, mean arterial pressure and oxygen 
consumption, and catecholamine surge that occur at extuba-
tion. For patients whose raised ICP has not been alleviated by 
surgery, who had surgery of long duration, had major blood 
loss, or may have cranial nerve damage that impairs airway 
protective reflexes, controlled ventilation with adequate seda-
tion may be necessary after surgery. When the time comes to 
extubate such patients, one should remember that raised ICP 
has an association with delayed gastric emptying, so suction 
must be available, and the patient should be fully awake and 
optimally positioned to reduce the possibility of aspiration.

 Seizures

Seizures significantly raise the cerebral metabolic rate for 
oxygen. Early postoperative seizures are defined as those 
occurring within the first week after surgery. They occur in 
15–20% of patients who have had a supratentorial tumor 
resection. Close monitoring for postoperative seizures is 
necessary. Prophylaxis for seizures is generally left to the 
neurosurgeon’s preference as prospective trials are lacking. 
Phenytoin is commonly given in the perioperative period. A 
seizure postoperatively must be treated promptly with basic 
airway and respiratory support, with concurrent communica-
tion with the neurosurgical team.

 Postoperative Neuroimaging

Timing of postoperative CT or MRI scans is controversial. This 
practice is not universal; some institutions scan on an as-needed 
basis only (change in neurological status or seizures being indi-
cations to scan), while other institutions scan routinely on post-
operative day 1. There is a strong argument for rapid awakening 
of these patients to allow early neurological assessment and 
early diagnosis of adverse postoperative neurological outcomes. 
The anesthesiologist in PACU must be able to respond in a 
timely manner to adverse hemodynamic and respiratory events. 
Delayed response to these hemodynamic and respiratory 
changes can theoretically result in cerebral ischemia, raised ICP, 
altered consciousness level, and long-term adverse outcomes.
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 Failure to Awaken

The following goals are desirable clinical targets in the pedi-
atric neurosurgical patient. One or more of these factors may 
need to be corrected for the patient who fails to awaken at the 
end of surgery (Table 67.1).

If all of the above parameters have been considered and 
corrected if necessary, emergent imaging and neurosurgical 
consultation may be needed to rule out postoperative hemor-
rhage or edema for any patient who fails to awaken.

 New Neurological Signs

A concerning development in PACU is the occurrence of 
new neurological signs and symptoms. These must be 
assessed promptly by both neurosurgeon and anesthesiolo-
gist (Fig. 67.1).

Table 67.1 Failure to awaken

Metabolic:
  Temperature – >36°, avoid hyperthermia
  Blood glucose – >60 mg/100 ml and <200 mg/100 ml
  Osmolality – >275 mOsm/kg, <300 mOsm/kg
Respiratory:
  Spontaneous ventilation – CO2 <50 mmHg, Sp02% >94%
Circulation:
  Euvolemia, normal BP
  Coagulation and hematocrit within normal limits
Neurological:
  Intact cranial nerves
  Near normal or baseline neurological state
  No significant brain edema
  No further seizure activity
Pharmacology:
  Adequate reversal of muscle relaxants

Decision making tool for the child with new focal neurological
signs in PACU

New focal neurological sign/symptom in PACU

Assessment by anesthesiologist and surgical team
Have all factors in “failure to awaken” box been
addressed and corrected?

Correctable factors identified
from “failure to awaken” table.
Take corrective action and
reassess

No correctable factors identified

Is imaging
indicated?-
liaise with
radiology to
determine timing
and urgency

Does patient
need surgery?
How soon?Are

steroids
required?

Fig. 67.1 Decision-making 
tool for the child with new 
focal neurological signs in 
PACU

Key Points

• The major concern when caring for a pediatric neu-
rosurgical patient in the PACU is finding the bal-
ance between adequate analgesia while providing 
an alert, interactive patient for confirmation that no 
new neurological deficits have occurred.

• The effect of any intervention (or lack of interven-
tion) on ICP, the threshold for seizure activity, or 
altering level of consciousness must always be 
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considered as etiologies for postoperative neuro-
logic dysfunction.

• Meticulous attention to pain control, control of 
PONV, careful management of fluid status to 
achieve euvolemia, and maintenance of normother-
mia, normal osmolality, and normoglycemia are 
essential.

• In pediatric neurosurgical patients, it is particularly 
important to avoid hypoxemia, hypercarbia, and 
hyper-/hypotension, since derangements in arterial 
blood gases or in blood pressure can have profound 
effects on the cerebral vasculature, resulting in 
intracranial hemorrhage, raised ICP, or vasospasm, 
causing new neurological deficits.
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Intensive Care Risks of Pediatric 
Neurosurgery

Craig D. McClain and Michael L. McManus

 Introduction

Pediatric patients who have undergone intracranial neurosur-
gical procedures are generally best managed in a critical care 
setting. These patients may experience hemodynamic, respi-
ratory, and neurologic fluctuations postoperatively and will 
therefore need frequent assessment to ensure a stable recov-
ery. In centers with high-volume, specialized neurocritical 
care teams have been demonstrated to improve patient out-
comes for both adult and pediatric populations. The transi-
tion from operating suite to ICU should begin with clear 
communication of the patient’s history, intraoperative course 
(including relevant events such as airway issues, bleeding, 
and brain edema), and anticipated postoperative course 
including potential concerning focal neurologic deficits.

All new admission to the ICU will require an immediate, 
thorough physiologic and neurologic assessment. These 
thorough assessments should then be repeated frequently, as 
changes in the neurologic exam will be sensitive indicators 
of potential postoperative complications.

 Respiratory Support

• While it is desirable, not all patients who have undergone 
neurosurgical procedures meet extubation criteria prior to 
admission to the ICU.

• Postoperative mechanical ventilation aims to support gas 
exchange while permitting ongoing neurological 
assessment.

• Triggered modes (i.e., pressure support) offer a method 
for providing support without losing respiratory drive as a 
marker of neurologic function and minimize respiratory 
muscle deconditioning.

• PEEP should be used with caution, especially in smaller 
children. Even small amounts may impair venous return, 
compromise cardiac output, and ultimately impair cere-
bral perfusion. Ultimately, a balance between cardiac out-
put and oxygenation must be struck that still allows for 
adequate cerebral perfusion. PEEP does not seem to 
increase ICP unless fairly high levels of PEEP are 
employed.

• In infants with open fontanelles, there is no association 
between mean airway and intracranial pressures (ICPs).

 Hemodynamic Support

 Overview

• Goals – avoid hypotension and maintain adequate cere-
bral perfusion pressure (CPP).

• In sick neonates, intermittent pressure passivity of the 
cerebral circulation is present and can predispose to intra-
cranial hemorrhage.

• Even in very low-birth-weight infants, both dopamine and 
epinephrine are effective in supporting systemic pressure 
and restoring cerebral blood flow.

• Concepts surrounding factors that regulate cerebral per-
fusion are changing somewhat from classical teaching. 
It is becoming more understood that values of blood gas 
tensions and arterial blood pressure are not where the 
concept of autoregulation stops. Rather, there is syner-
gism and interdependence between these systems as 
well as neurogenic mechanisms. Further, it is under-
stood now that cerebral autoregulation does not main-
tain a constant perfusion over a range of pressures and 
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that this autoregulation is not controlled solely through 
the muscles in the pial arterioles. Finally, the autonomic 
nervous system plays a vital role in modulating cerebral 
autoregulation and acts as a buffer in surges to perfusion 
pressure. In fact, recent evidence would suggest that at 
lower levels of mean arterial pressure, cerebral autoreg-
ulation behaves in a much more pressure passive man-
ner, whereas at higher levels of blood pressure, 
autoregulatory mechanisms maintain much tighter con-
trol over cerebral blood flow.

 Implications for the Neurosurgical Patient

• When increased ICP is present, it is generally agreed 
upon that critical CPP for preschool children (2–6 years) 
is approximately 50  mmHg, rising to 55–60  mmHg in 
older children.

• The lower limit of pressure autoregulation in infants and 
prematures is approximately 30–35  mmHg, depending 
on the adjusted post-gestational age of the infant. There 
are some recent data that would support this idea of much 
lower needed mean arterial pressures to provide adequate 
cerebral blood flow in infants, at least under sevoflurane 
anesthesia. It must be mentioned that sevoflurane 
decrease CMRO2. Therefore, these measured limits may 
not necessarily apply to patients not under sevoflurane 
anesthesia.

 Fluid Management

 Overview

Meticulous fluid management is critical in the care of neuro-
surgical patients. Small size, immature renal function, and 
variable intake make fluid and electrolyte imbalances com-
mon in pediatrics. These dispositions are further magnified in 
neurosurgical patients by the disruption of normal homeostatic 
controls.

• Overall, more than 10% of all children experience postop-
erative hyponatremia, and this percentage is likely higher 
after neurosurgery.

• Elevated ADH levels can result from a variety of stimuli 
ranging from surgical manipulation, to postoperative pain 
and nausea to fluid shifts and intravascular hypovolemia.

• Since sudden, unrecognized falls in serum sodium can 
provoke seizures, it is prudent to follow electrolytes 
closely throughout the perioperative period.

 Concerns and Risks

• Nonosmotic secretion of ADH makes hyponatremia com-
mon after neurosurgery, despite intraoperative fluids that 
are high in sodium and isotonic – or slightly hypertonic – 
to plasma (lactated Ringer’s, 272 mOsm/L; Plasma-Lyte, 
295 mOsm/L; normal saline, 308 mOsm/L).

• When significant hyponatremia occurs, treatment may 
include hypertonic saline with free water excesses 
addressed through fluid restriction and administration of 
diuretics.

• Small premature infants, with limited reserves of glyco-
gen and limited gluconeogenesis; require continuous 
infusions of glucose at 5–6 mg/kg/min in order to main-
tain serum levels.

• The stress of critical illness and resulting insulin resis-
tance can produce hyperglycemia that, in turn, is associ-
ated with neurologic injury, infection, and poor outcomes 
in adults.
 – Previously, tight glycemic control has been widely rec-

ommended in adults, but recent evidence paints a con-
troversy over tight or standard glucose control. 
Hyperglycemia in patients with brain injury has been 
associated with increased rates of infection, longer 
ICU stays, and poorer neurologic outcomes.

 – However, the effects of hypoglycemia can be deleteri-
ous to patients with brain injury as well.

 – In pediatrics, hyperglycemia has been linked to poor 
outcome, but it remains unclear that tight glycemic 
control offers significant benefits to children.

 – Limited evidence now suggests that tight control may 
carry undue risk of hypoglycemia.

 – A conservative approach that maintains random serum 
glucose levels below 180 mg/dL may be utilized.

Key Points

• Avoid hypotonic solutions altogether in the periop-
erative period.

• Infants are at particular risk for hypoglycemia. 
Monitoring of serum glucose is crucial during the 
perioperative period in these patients.
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 Fluid and Electrolyte Abnormalities 
in the ICU

 Syndrome of Cerebral Salt Wasting (CSW)

• Common in children, can be seen following head trauma 
and many neurosurgical procedures.

• Has been diagnosed with increasing frequency and 
reported in association with:

 – Meningitis
 – Calvarial remodeling
 – Tumor resection
 – Hydrocephalus

• Incidence is approximately 11.3/1000 procedures with 
mean duration of symptoms of 6  days, with a range of 
1–5.

• Marked by polyuria and natriuresis leading to hyponatre-
mia and hypovolemia.

• Result of excessively high atrial or brain natriuretic 
peptide levels, which also block steroidogenesis – CSW 
is typically accompanied by mineralocorticoid 
deficiency.

• Classic treatment involves saline administration; more 
rapid resolution has been achieved with 
fludrocortisone.

 Diabetes Insipidus

• Complication of procedures involving the pituitary and 
hypothalamus.

• Most frequently seen in association with craniopharyngi-
oma, where it can be a presenting symptom in 40% of the 
cases.

• Noted by an elevated serum sodium (>150 mg/dL) and 
polyuria (>4 mL/kg/h).

• Severe dehydration and hypovolemia may result.
• A standardized protocol is helpful when postoperative 

care is multidisciplinary.
 – Unconscious patients, those unable to take oral fluids, 

or those in whom normal thirst mechanisms are 
impaired, are best managed using a continuous infu-
sion of vasopressin titrated to minimize urine output 
(1–0.5 mL/kg/min) – other clinical markers of volume 
status must be followed.

 – Awake and thirsty patients may be transitioned to oral 
fluids and DDAVP.

 Sedation

 Overview

Pain control and sedation present unique challenges in the 
pediatric intensive care unit. Ideally, postoperative neurosur-
gical patients are comfortable, awake, and cooperative with 
their care. In pediatrics, some level of sedation is often nec-
essary to insure a safe recovery. While the ideal sedation 
regime would include short-acting or reversible agents that 
can be withdrawn intermittently to permit neurologic assess-
ment, a single agent suitable for children has yet to be 
developed.

 Implications for the Neurosurgical Patient

 Propofol
• Propofol is a potent, ultra-short-acting, sedative-hyp-

notic that is extremely useful in adult neurocritical care 
with limited utility in the pediatric ICU because of its 
association with a fatal syndrome of bradycardia, rhab-
domyolysis, metabolic acidosis, and multiple organ 
failure when used over extended periods in small 
children.

• The mechanism of this remains unclear; it appears 
related to both the duration of therapy and the cumula-
tive dose. These difficulties are much less common in 
adults.

• If propofol is utilized, continuous infusions of limited 
duration are recommended.

 Opioids/Benzodiazepines
• The mainstay of sedation in the pediatric intensive care 

unit remains a combination of narcotic and benzodiaze-
pine administered via continuous infusion.

• Titration to a validated sedation score is advised, and reg-
ular “drug holidays” help insure that excessive sedation is 
avoided.

• Infants and children receiving opioid and/or benzodiaze-
pine infusions for more than 3–5 days are subject to toler-
ance and experience symptoms of withdrawal when 
infusions are discontinued.

 Dexmedetomidine
• A short-acting single-agent sedative may be used in the 

postoperative period. Apnea is not a problem with sponta-
neous breathing easily maintained.
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• Pediatric studies are limited, but the drug appears to 
be safe and effective when used for periods of 24 h or 
less.

• Pharmacokinetics of dexmedetomidine in pediatric 
patients is similar to published adult values.

• Opioid cross-tolerance makes it a useful agent for treat-
ment of fentanyl or morphine withdrawal.

• Transient increases in blood pressure can be seen with 
boluses followed by hypotension and bradycardia as 
sedation deepens. In our experience, both hypo- and 
hypertension can occasionally be observed with long- 
term infusions, and a withdrawal syndrome results when 
extended infusions are discontinued.

 Seizures

 Overview

Seizures are a common manifestation of neurological illness 
in pediatrics. In the child with unexplained, altered mental 
status, nonconvulsive status epilepticus is also an important 
consideration. Prophylaxis in the perioperative period and 
aggressive treatment of new seizure activity are well- 
recognized mainstays of care.

 Agents

• While phenytoin is the agent used most commonly for 
prophylaxis, maintaining therapeutic serum levels can be 
a challenge.

• Alternative agents include phenobarbital, carbamazepine, 
and valproic acid.

• Though potentially compounding respiratory depression, 
phenobarbital 20 mg/kg is also an effective first-line anti-
epileptic drug.

• For status epilepticus, lorazepam 0.1 mg/kg IV or diaze-
pam 0.5 mg/kg PR are effective.

• Lorazepam may be repeated after 10 min and accompa-
nied by fosphenytoin 20 mg/kg IV or IM if initial doses 
are ineffective.

• Increasingly, levetiracetam is being used for seizure pro-
phylaxis and treatment. Purported benefits over phenytoin 
include the following:

 – No need to follow drug levels
 – Lack of significant drug interactions
 – Similar bioavailability between oral and intravenous 

forms
 – Broad spectrum of antiepileptic activity

 Status Epilepticus

• Refractory status epilepticus continues to present a sig-
nificant challenge.

• Chemically induced coma remains the mainstay of care 
with AEDs titrated to EEG burst suppression.

• Pentobarbital, midazolam, or phenobarbital may be 
employed in bolus-infusion regimes with adjustments 
directed by continuous EEG.

• Mechanical ventilation and invasive monitoring are nec-
essary since therapy often results in hypotension and 
myocardial depression. In addition, barbiturates have 
been associated with depression of immune function and 
increased rate of nosocomial infection.

• Propofol is also effective in quenching seizures and induc-
ing coma, but the propofol infusion syndrome limits its 
use in pediatrics.

• Patients may require hemodynamic support from pressors 
and/or inotropes when being placed in an induced coma.

 Seizure Prophylaxis for Head Trauma

• The utility of seizure prophylaxis after pediatric head 
trauma continues to be controversial.

• Although some data suggest that children may benefit 
more than adults from routine prophylaxis, the overall 
risk of seizures is low after blunt injury.

 Intracranial Pressure

 Overview

• ICP monitoring is desirable in trauma and in neurosurgi-
cal patients at risk for brain swelling or sudden expansion 
of a mass lesion.

• Symptoms are nonspecific in children, and intermittent 
apnea may be its first sign in infancy.

• Low thresholds are kept for invasive monitoring of uncon-
scious patients since physiologic parameters are less sen-
sitive than mental status changes.

• In babies, split sutures and bulging fontanelles provide 
clinical evidence of increasing ICP, but noninvasive quan-
titative measures are not reliable.

• The treatment of increased ICP in infants and children is 
still largely informed by adult data.
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 – A notable exception to this, as discussed above, is that 
target thresholds for mean arterial pressure and CPP 
vary with age.

• Osmotherapy with 3% (hypertonic) saline is widely used 
in boluses or infusion to control ICP; it may more rapidly 
lead to severe hypernatremia in small children than in 
adults.

• Other elements of management extrapolated from adult 
data include avoidance of steroids, the preference of crys-
talloid over colloid resuscitation fluids, and the reluctance 
to employ hyperventilation.

 – Regarding the latter, it is particularly important to 
recognize that small children are subject to inadver-
tent overventilation and that hyperventilation-associ-
ated cerebral ischemia can occur. Careful monitoring 
of blood gasses, minute ventilation, and end-tidal 
carbon dioxide tensions are therefore 
recommended.

• When CPP is low and ICP remains high despite medical 
management, early decompressive craniectomy may have 
a better outcome in children than adults.

 Brain Death

 Overview

• Determination of brain death in older children is similar 
to adults, but the diagnosis is difficult in infancy.

• The Uniform Determination of Death Act defines death as 
“irreversible cessation of circulatory and respiratory func-
tion or irreversible cessation of all functions of the entire 
brain, including the brainstem.”

• Diagnosis requires
 – Normothermia
 – Normotension
 – Normal systemic oxygenation
 – Absence of confounding toxins or medications

• An apnea test (documenting the absence of respiratory 
effort despite pCO2 > 60 torr) is conducted last since ele-
vated pCO2 may exacerbate neurologic injury.

• To establish irreversibility, age-related observation peri-
ods are necessary:
 – For premature newborns and infants under 7 days of 

age, no such period has been established.
 – For infants 1–8 weeks of age, our institution utilizes 

two exams and two isoelectric electroencephalograms 
48 h apart.

 – Infants 2–12 months of age require two clinical exams 
separated by 24 h.

 – Patients older than 1 year require exams 6–12 h apart, 
or 24  h if the proximate cause of death is 
hypoxia-ischemia.

• The exam seeks to establish the complete absence of cor-
tical and brainstem function.

• Cerebral 99Tc-ECD single-photon emission computed 
tomography (SPECT) scanning is used to document the 
absence of cerebral perfusion when confounders compli-
cate the clinical diagnosis.
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Key Points
• Extubation and initial neurological assessment are 

ideally accomplished in the operating room.
• Postoperative mechanical ventilation aims to sup-

port gas exchange while permitting ongoing neuro-
logical assessment.

• Hemodynamic goals are to avoid hypotension and 
maintain adequate CPP.

• Sudden, unrecognized falls in serum sodium can 
provoke seizures and can be life-threatening.

• Avoid hypotonic solutions altogether in the periop-
erative period.

• Ideally, postoperative neurosurgical patients are 
comfortable, awake, and cooperative with their 
care.

• Seizure prophylaxis in the perioperative period and 
aggressive treatment are well-recognized mainstays 
of care.

• ICP monitoring is desirable in trauma and in neuro-
surgical patients at risk for brain swelling or sudden 
expansion of a mass lesion.

• In babies, split sutures and bulging fontanelles pro-
vide clinical evidence of increasing ICP, but nonin-
vasive quantitative measures are not reliable.

• The Uniform Determination of Death Act defines 
death as “irreversible cessation of circulatory and 
respiratory function or irreversible cessation of all 
functions of the entire brain, including the 
brainstem.”
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Radiation Safety in Interventional 
Neuroradiology

Justin P. Dodge, Neil E. Roundy, and Kenneth C. Liu

 Overview

Information obtained using radiation is clinically valuable 
and often could not be obtained by any other reasonable 
means. Thus the radiation exposure of the patient is war-
ranted as the clinical benefit typically exceeds the potential 
risk. In contrast, the healthcare provider receives no bene-
fit from the radiation; therefore, their radiation exposure 
should be kept as low as possible. The most common expo-
sure of healthcare personnel to medical X-rays comes from 
the use of fluoroscopy units. It should be noted that there 
are many other sources of naturally occurring and other 
man-made sources of radiation (including other sources of 
medical radiation). The essence of radiation safety in rela-
tion to medical X-rays involves three basic principles  – 
time, distance, and shielding. There are also several 
functions of modern fluoroscopy equipment that are 
designed to reduce patient and fluoroscopist dose. The 
information within this chapter should be regarded as a 
minimalist approach in understanding the basics of limit-
ing radiation exposure. A good radiation safety program 
will utilize a Health Physics office or equivalent. The 
Health Physics office has many important roles, including 
safety information and training, equipment inspections, 
and the management of the radiation exposure monitoring 
(dosimetry).

 Background

Many scientific units are used to measure radiation. The 
units that are most important to the healthcare worker are the 
rad (radiation absorbed dose) and the rem (radiation equiva-
lent [dose in] man). System International (SI) unit conver-
sions are 100 rad = 1 Gray (Gy) and 100 rem = 1 Sievert (Sv). 
These units and conversions are provided for familiarity 
purposes.

 Fluoroscopy

A fluoroscopy unit or C-arm is the most commonly encoun-
tered X-ray-generating device in the operating room or angi-
ographic suite. Several specific concepts are imported when 
using or being exposed to the X-rays produced by a fluoros-
copy unit. The radiation effect most important in increasing 
the healthcare worker’s exposure is through scattered radia-
tion which is ideally approximately 0.1% of the radiation 
exposure of the patient at 1 m. A key element in reducing 
scatter includes keeping the image intensifier (X-ray detec-
tor) as close to the patient as possible.

Several design elements are available to aid the fluoros-
copist in reducing radiation exposure, and learning to effec-
tively utilize them is critically important for the fluoroscopist. 
Many of these elements are equipment specific, and it is 
advisable to request training on each fluoroscopic unit. 
Pulsed-fluoro activates the X-ray tube intermittently and can 
greatly reduce dose. The lower the pulse rate (pulses per sec-
ond), the less the radiation exposure. For most procedures 
that do not have a critical time sensitive component, the low-
est pulsed setting can be used, thus significantly reducing the 
time factor. An additional feature to reduce the time factor 
would be using “last image hold.” This allows an image to be 
displayed that can be used to plan the next portion of the 
procedure. Collimating the X-ray beam to the smallest size 
possible for the particular procedure is beneficial in both 
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reducing the radiation exposure and improving the image 
quality. Grids will filter out internally scattered radiation 
which can be helpful in improving image quality especially 
in large patients; however, their use always increases dose. 
Magnification can be helpful in imaging a particularly small 
anatomy, but whether geometric or electronic, magnification 
will increase dose.

 Time

Time is the easiest principle to understand. The actual time 
the fluoroscopy unit is generating X-rays is directly related to 
exposure. That is to say if the X-ray generator is active for 
twice as long, radiation exposure cumulatively increases by 
twice as much. Keeping this principle in mind during a pro-
cedure means being aware of the amount of time the X-ray 
unit is on, limiting the time the unit is on to the minimum 
amount to effectively care for the patient, and learning to be 
as efficient with radiation utilization as possible.

 Distance

Distance from the radiation source is an important principle 
and most important for the personnel not actively involved in 
patient care. The distance from the radiation source corre-
lates to exposure by the inverse square law. This means that 
doubling the distance from the X-ray source, radiation expo-
sure is reduced by a factor of four. Furthermore, tripling (or 
quadrupling) the distance from the X-ray source, radiation 
exposure is reduced by a factor of 9 (or 16). Keeping this 
principle in mind during a procedure simply means spending 
most of your time as far from the X-ray source as possible 
while still being able to effectively care for the patient. 
Particularly critical is keeping your body outside of the direct 
beam unless absolutely necessary.

 Shielding

Shielding personnel from radiation exposure is the principle 
that the healthcare provider has the most direct control over. 
Shielding is a material that effectively “absorbs” the energy 
of the radiation and thus protects the healthcare worker. The 
effectiveness of shielding is a much more complex calcula-
tion and not practical for the scope of this chapter.

Shielding is present in many forms from the design of the 
room and equipment to barrier devices. Most of the person-
nel reading this chapter will not have control over the design 
of the room or equipment. The critical portion of this prin-
ciple is that the safety devices that are not used will offer no 
protection. Commonly used safety equipment utilized 

includes lead aprons, thyroid shields, and lead glasses. These 
devices effectively absorb between 90% and 99.5% of the 
radiation depending on several variables such as the thick-
ness and design of the shielding device and the energy of the 
X-ray being generated. Lead aprons can be obtained that 
offer only frontal coverage or “wrap-around” 360-degree 
coverage. The wearer of an apron that offers only frontal 
coverage must remain conscientious in keeping themselves 
facing the X-ray source at all times. “Leaded glass,” com-
monly made of special plastic, is also available and can be 
placed between the healthcare worker and the X-ray source 
in addition to worn safety devices.

As the radiation exposure of a healthcare worker is sig-
nificantly increased (1000-fold) when they place their body 
directly in the fluoroscopy beam, this situation requires par-
ticular concern. The best choice would be to use a tool or 
device to do the same procedure without placing their body 
into the beam. If this is not possible or practical, using spe-
cialized shielding such as a leaded glove is advisable.

 Implications for the Patient

During fluoroscopy, the patient is directly in the X-ray beam. 
In other words, the patient is receiving approximately 1000 
times or more the radiation exposure as the healthcare 
worker. Due to the nature of the procedure and the design of 
the equipment, several items should be reviewed in regard to 
patient safety.

In regard to time, the longer the fluoroscopy unit is on, the 
more radiation exposure the patient receives. Using effective 
collimation (narrowing of the X-ray beam), keeping the tube 
current as low as possible to obtain a diagnostic image, and 
effectively utilizing the previously described fluoroscopy 
unit design features will all combine to decrease the patient’s 
dose.

Distance from the X-ray generator to the patient (source 
object distance) is fixed in many systems, but again, the fur-
thest distance from the patient decreases the radiation expo-
sure. When using a C-arm, this concept becomes particularly 
important as the distance from the X-ray generator to the 
image intensifier is fixed. It is desirable to keep the image 
detector as close to the patient as possible, therefore making 
the X-ray generator as far as possible from the patient 
(Fig.  69.1). This is a win–win scenario where the patient 
radiation exposure is decreased (the distance component), 
the fluoroscopic image is improved, and the healthcare radia-
tion exposure is decreased (the scatter effect).

The last of the principles is again shielding. Shielding the 
patient can usually be done only for body parts outside the 
region of treatment interest. Commonly used patient shield 
devices include breast, gonad, and thyroid shields which are 
designed to protect the most radiosensitive organs.
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 Concerns and Risks

The radiation used in medical imaging is ionizing radiation. 
This means that the radiation can cause biological damage 
on the molecular level. There are four main negative effects 
(risks) of radiation exposure, including tissue damage, 
radiation- induced cancers, genetic effects, and fetal expo-
sure. As a general rule, a rapidly dividing cell type is more 
sensitive to the effects of radiation.

In the practical use of medical X-rays, hair loss, skin ery-
thema, and desquamation are the most commonly encoun-
tered tissue damage and typically occur on the order of 
3 weeks after the exposure. These effects occur in a threshold 
or deterministic model. This means that a certain level of 
radiation exposure must be reached before the effect occurs. 
These levels are possible if misusing fluoroscopy equipment. 
As a side note, several states have been adopting training 
requirements for healthcare workers that use fluoroscopy.

The carcinogenic effects of radiation are not completely 
understood, but several general statements can be made. The 
higher the radiation exposure(s) are, the higher the risk 
becomes. There is typically a one-to-several decade delay 
between the radiation exposure and the development of can-
cer. Children are at the highest risk of radiation-induced can-
cer. The most common radiation-induced cancers are breast, 
thyroid, lung, leukemia, and GI cancers. Genetic effects of 
radiation are not typically encountered at the doses used in 
medical imaging and are felt to occur at a much lower rate 
than the carcinogenic effects.

The rapidly growing fetus is extremely sensitive to radia-
tion exposure; therefore, limiting exposure to pregnant 
patients or healthcare workers is highly desirable. Fetal ges-
tation is divided into three major components: preimplanta-
tion, organogenesis, and fetal growth. During the 
preimplantation stage, the fetus is particularly sensitive, and 
excessive radiation exposure typically results in fetal demise. 
Radiation exposure during organogenesis has a higher likeli-
hood of causing organ malformations. The fetal growth 
phase radiation exposure most commonly results in neuro-
logic and sensory organ anomalies and childhood cancers.

 Dosimetry

Monitoring the exposure of radiation healthcare workers is 
important for safety and in many places for legal purposes. A 
Health Physics office typically monitors this program and 
assesses the individuals’ appropriate monitoring require-
ments based on their exposure to medical radiation. Special 
requirements are utilized for pregnant personnel. Monitoring 
devices most commonly used are film badges and less com-
monly dosimeters. These devices allow the healthcare worker 
to monitor their radiation exposure and to compare their 
exposure rates to established limits. The most important 
principle in dosimetry is that the required monitoring devices 
are worn appropriately. Single dosimeters are typically worn 
outside of lead shielding on the front of the body. Two dosim-
eter systems are also common and have one dosimeter out-
side and one dosimeter inside the lead shielding. For 
specifics, please consult your Health Physics office. Special 
care should be taken to store the dosimetry units in a location 
that is reasonably excluded from radiation exposure.

Fig. 69.1 Illustration demonstrating the ideal configuration of the 
C-arm with the image intensifier placed close to the patient and the 
X-ray generator far from the patient

Key Points
While using or being exposed to medical radiation, the 
healthcare worker should understand the basic principles 
of radiation safety. Most healthcare workers should also be 
familiar with the ALARA concept which means keeping 
the radiation exposure as low as reasonably achievable.

• Keep the time of the procedure and the radiation 
exposure as short as reasonably possible from the 
X-ray source.

• Increase the distance of the healthcare worker as far 
as reasonably possible from the X-ray source.

• Utilize safety devices and shielding whenever 
possible.

• Be familiar with the appropriate use of fluoroscopy 
and the specific techniques to reduce radiation expo-
sure for both the healthcare workers and the patient.
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Understanding Basic Techniques 
and Procedures in Interventional 
Neuroradiology

Daniel M. S. Raper and Kenneth C. Liu

 The Neuroangiography Suite

The neuroangiography suite is based around the biplane 
angiography unit, which uses two C-arm X-ray tubes to cap-
ture simultaneous orthogonal images. These tubes are mobile 
and allow 360° rotation, which is used in capturing 3-D 
images, for example, during intracranial aneurysm emboli-
zation. The neuroangiography suite further consists of an 
angiography table; a rack of monitors; and a mobile table for 
equipment, along with anesthesiology monitors, and storage 
areas for the angiographic equipment. Due to all of these, the 
suite may easily become cluttered and equipment such as IV 
tubing, IV poles, patient warming devices, or drug carts can 
interfere with the function of the fluoroscopy unit. To avoid 
inadvertent collision of equipment and traction on tubing, 
careful planning by both anesthesia, surgical, and radiology 
technician staff is required to arrange the equipment in a 
manner that allows for both the anesthesiologist and surgeon 
to work unencumbered. Careful spacing of IV poles and 
incorporation of tubing extensions for the endotracheal and 
IV tubes are usually necessary.

 Fluoroscopy and Radiation Safety

Fluoroscopy is a dynamic process, by which the flow of con-
trast through the circulation is recorded. Modern digital 
image intensifiers allow increased signal-to-noise while 
maintaining lower levels of radiation than were previously 
required. Even so, anesthesia providers are typically located 
near the patient’s airway and need to be cognizant of their 
proximity to the X-ray tubes.

Radiation exposure depends on the amount of radiation 
emitted, intensity of the source, nature/energy of the source, 
and the area exposed to radiation. Effective dose (HE) is a 
standardized unit and is used to compare radiation doses 
across procedures and exposure types. Radiation exposure 
can lead to skin erythema, necrosis, cataracts, sterility, and 
cancer, among other effects. However, these are very rare at 
doses <2 Gray (Gy) of radiation. Fluoroscopy generally gen-
erates a skin dose from 10 to 100 mGy/min. Smaller doses 
may affect cellular function by causing genetic damage, 
which disproportionately affects rapidly dividing tissues, 
such as the bone marrow, lung, stomach, colon, and lymphat-
ics, and may lead to subsequent solid tumor formation.

Limiting radiation exposure is an important consideration 
for any provider working regularly in the neuroangiography 
suite. Principles of reducing exposure include increased dis-
tance, reduced exposure time, and shielding. Practically, this 
may be done in a variety of ways. The use of thermolumines-
cent dosimeter (TLD) badges, monitored by institutional 
radiation safety officer, is encouraged. Providers should 
make use of lead suits, lead lined glasses, and radiation 
shields. The operator can also limit radiation by using colim-
iters, high frame rates, and filters and placing the source as 
close to the patient as possible.

 Basic Neurointerventional Procedures

 Patient Positioning

The patient is generally positioned supine (with some excep-
tions, as with vertebroplasty or kyphoplasty procedures). 
The head should be in neutral position and may be strapped 
in place. For certain aneurysms in which it is anticipated that 
the image intensifier may need to be positioned in an extreme 
submento-vertex position, the operator may request that the 
patient’s head be extended. Other head positions may be 
requested in a dynamic manner to assist with catheterization 
of difficult anatomic variants in some circumstances.
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 Vascular Access

Any neurointerventional procedure begins with vascular 
access, which is usually achieved by right femoral arterial 
puncture, but may be accessed via the left common femoral 
artery or left or right radial arteries. For venous procedures, 
usually the right or left common femoral vein is cannulated. 
Ultrasound may be used to assist vascular access, and ana-
tomic markers are used to minimize the risk of a high stick 
that may put the patient at risk for retroperitoneal hematoma. 
The artery is cannulated using a Seldinger technique, and a 
sheath is typically placed which remains in place for the 
duration of the procedure. The sheath is attached to a drip, 
which provides a continuous flow of heparinized saline to 
prevent clot formation at any point in the arterial system. 
Any catheter, wire, or device that is introduced into the 
patient must be flushed and checked to ensure no air bubbles 
are present, as even a small air bubble in the arterial system 
may embolize to the cranial circulation and cause a stroke. 
Occasionally, the brachial artery or carotid artery may be 
accessed by a cut-down procedure, or the superior ophthal-
mic vein may be accessed via a transorbital route.

Arteriotomies may be closed by manual compression or 
by a variety of arterial closure devices. The advantage of 
these devices is that typically they do not require the patient 
to lie flat longer than 2  h (compared with 6  h for manual 
compression). However, all patients should have as smooth a 
recovery from sedative or anesthesia as possible to prevent 
vigorous coughing or straining that may dislodge clot from 
the arterial wall or cause device failure. Some oozing from 
the groin site is relatively common, but should quickly disap-
pear, and any hematoma that is observed to form after a neu-
rointerventional procedure must be carefully outlined and 
observed. A femoral artery Doppler ultrasound will delineate 
any pseuroaneurysm, if it has formed.

The sheath is a short catheter that provides access for the 
devices and equipment used in most neurointerventional pro-
cedures. While it is preferable to select the smallest size 
sheath that will fit the catheters and equipment necessary for 
a procedure, it is sometimes useful to insert a larger sheath in 
order to provide the anesthesia team with an arterial line, 
instead of placing a dedicated radial arterial line and saving 
the patient an additional stick.

 Monitoring in the Anesthetized 
Neurointerventional Patient

The majority of neurointerventional procedures are directed 
toward intracranial vascular pathology, including acute 
stroke, cerebral aneurysms, arterial-venous malformations 
(AVMs), fistulae, and diseases of the dural sinuses. Specific 
considerations associated with individual pathologies will be 
discussed below. However, a number of general consider-
ations should be emphasized.

The principles of neuroanesthesia should be followed in 
these cases just as in patients undergoing intracranial surgi-
cal procedures in the operating room. However, the moni-
toring of the anesthetized neurointerventional patient 
requires particular vigilance. The procedures often involve 
the manipulation of micro-guidewires and the navigation of 
microcatheters through the intracranial circulation. This 
presents risk to the patient of guidewire perforation or ves-
sel rupture. Unlike open procedures where the vessel is 
directly visualized, periprocedural hemorrhage or other 
untoward events can occasionally go unnoticed and may be 
manifested only by changes in the patient’s vital signs. 
Following an intracranial bleed, these can be as subtle as a 
very transient bradycardic episode or as evident as a brisk 
Cushing’s response.

An arterial line may or may not be necessary depending 
on the procedure, but is generally desired for intracranial 
aneurysm embolization, AVM embolization, carotid stent-
ing, and acute stroke intervention. Depending on the proce-
dure, the interventionalist may be able to provide an 
intra-arterial line or an intravenous line from the groin access 
by upsizing the sheath.

The monitoring of intravascular volume and volume sta-
tus may be complicated by the use of continuous flush of 
heparinized saline, which is usually attached to most sheaths, 
guide catheters, and microcatheters. Although the rate of 
flush is usually about one drop per second, it can be variable 
and, over the course of a complex case, may accumulate to a 
significant volume.

Because the procedures are image-based, live image pro-
cessing by workstations occurs. This often consists of over-
laying digitally processed images over live images. The use 
of roadmap technology, which involves acquisition of images 
in a particular viewing angle, reversing the image, and over-
laying it on an active image, requires the patient to be fully 
immobilized, as any small movement disrupts the accuracy 
of the roadmap overlay. Digital subtraction angiography 
allows non-opacified structures such as bone or other arti-
facts to be subtracted from the image so that greater detail 
and accuracy can be obtained. Re-masking or “pixel shift-
ing” can correct for small movements, but the technique is 
very sensitive to small patient movements. For this reason 
the use of neuromuscular blockade is usually recommended 
among patients undergoing general anesthesia for intracra-
nial endovascular procedures. This should be specifically 
discussed with the interventionalist prior to anesthesia induc-
tion. In addition, suspension of respirations for temporary 
apnea may be used so that ventilator chest motion does not 
degrade the study quality.

Even though most of these intracranial interventional pro-
cedures are performed with the patient under general anes-
thesia, the movement of guidewires, catheters, and balloons 
in the intracranial vessels is very stimulating, as these arter-
ies are highly innervated. Changes in the blood pressure and 
heart rate are often seen and can be variable from patient to 
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patient. Traction on intracranial arteries may induce a tran-
sient bradycardia.

 Ruptured and Unruptured Intracranial 
Aneurysms

All ruptured and most unruptured intracranial aneurysm 
interventions are performed under general anesthesia. The 
patient should be immobilized with neuromuscular block-
ade, and an arterial line should be placed most of the time. 
The anesthetic team should ensure that protamine is drawn 
up prior to the start of the procedure and have an intravenous 
line available for the immediate infusion of nicardipine if it 
needed. Treatment of intracranial aneurysms may involve 
coiling alone, or it may involve the placement of adjunctive 
devices such as intracranial stents or balloons. The insertion 
of multiple catheters or devices involves an increased risk of 
thrombus formation, which may embolize and may require 
acute intervention either with a glycoprotein (GP) IIb/IIIa 
inhibitor (a class of antiplatelet agents) or with mechanical 
thrombectomy. A newer treatment for an increasing variety 
of aneurysms is flow diversion, which involves placement of 
a specialized stent that channels blood flow away from the 
aneurysm dome.

If, during treatment, the aneurysm is ruptured by require 
a microwire or coil, the operator will ask for immediate 
administration of protamine. Heparinization for these proce-
dures is usually performed after placement of the arterial 
sheath at the beginning of the procedure, typically with intra-
venous dosages of 3000–6000 or 70 U heparin per kilogram 
of body weight. The dosage of protamine for heparin rever-
sal is 1.0–1.5 mg per 100 IU heparin, injected intravenously, 
with a maximum dosage of 50 mg. The blood pressure should 
be immediately lowered to a systolic blood pressure of <140. 
Sometimes, balloons are used to occlude the point of hemor-
rhage. Acute ruptures are also managed by placing an exter-
nal ventricular drain at the bedside to relieve intracranial 
pressures.

 Arteriovenous Malformations and Fistulae

Embolization of arteriovenous malformations (AVMs) 
and fistulae often entails injection of glue or Onyx embo-
lization liquid through a microcatheter in small, distal 
intracranial vessels. This is done under general anesthe-
sia. Due to the fragility of the vessels that need to be cath-
eterized for AVM or fistula embolization, the risk of 
rupture is a real concern. Additionally, the use of liquid 
embolic agents brings with it the risk of embolization to 
the intracranial venous sinuses, potentially causing sinus 
thrombosis, intracranial hypertension, and venous hemor-
rhage (although not usually an acute problem during the 
case itself).

For any AVM that has been completely embolized, the 
institution of strict blood pressure control, usually with a 
beta blocker such as metoprolol, is necessary to prevent nor-
mal perfusion pressure breakthrough. This strict control con-
tinues in the 24–48  h following embolization, while the 
patient is observed in the neurointensive care unit.

 Carotid Stenosis

Percutaneous balloon angioplasty and stenting for carotid 
stenosis may be done under general anesthesia, depending 
on operator preference, but is most commonly performed 
under conscious sedation. Among these patients, a small 
amount of movement is acceptable given the advantages of 
continuous neurological assessment. However, balloon 
angioplasty for carotid stenting places pressure on the carotid 
bulb disrupting vagal tone to the cardiovascular system. The 
surgeon will often ask for the anesthesiologist to administer 
an anticholinergic agent (e.g., atropine) prior to dilating the 
carotid bulb. Even so, carotid angioplasty can cause a severe 
enough hypotensive state that vasopressor support is needed. 
These patients may also have atherosclerotic disease in their 
coronary circulation and need pressor support to avoid car-
diac ischemia.

High-risk patients for carotid artery stenting have age 
>80 years old, renal failure, long duration of embolic protec-
tion device placement, and tortuosity or calcification of aor-
tic arch and great vessels. Typically, a stent is placed across 
the area of stenosis, which most often spans the carotid bifur-
cation. A distal protection device, consisting of a basket 
which catches embolized clot or plaque, is used throughout 
the case. Pre- and/or post-stent angioplasty may also be per-
formed using a balloon. Adrenergic inhibition, related to 
baroreceptor firing after carotid angioplasty, may require 
prolonged pressor support. This normally resolves within 
24 h but may persist, especially in older patients with heavily 
calcified carotid bifurcations.

 Acute Ischemic Stroke

Recent Grade I evidence has supported the efficacy of acute 
endovascular intervention for ischemic stroke affecting the 
large intracranial vessels (ICA and first segments of the 
MCA and ACA). Randomized trials have supported the util-
ity of neurointervention for up to 8 h from the onset of symp-
toms, although thrombectomy has been performed at much 
later time points in certain instances in which perfusion 
imaging or the presence of robust collateralization indicates 
a potential for salvageable neurologic tissue. Given this 
emerging consensus, stroke centers and other institutions 
offering these procedures have established institutional pro-
tocols for the emergent evaluation and intervention for 
patients with treatable lesions. This may include CTA, CT 
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perfusion, or MR perfusion studies, but the cornerstone is 
rapid evaluation and triage to neurointervention.

Patients with acute ischemic stroke undergoing thrombec-
tomy usually require an anesthetic team to manage the 
patient’s airway and monitor vitals and hemodynamic 
parameters. Evidence supports the performance of these pro-
cedures under conscious sedation where possible, although 
agitated patients or those unable to cooperate with the exam-
ination may require intubation.

Administration of tissue plasminogen activator (tPA) does 
not preclude angiography, and if a patient is receiving IV 
tPA, this should be continued throughout the periprocedural 
period. A variety of procedures are currently used for acute 
thrombectomy, including suction (either manually or via a 
suction device) and mechanical thrombectomy. This involves 
placement and subsequent removal of a stent (called a “sten-
triever”), which over the course of 5 min incorporates itself 
into the clot allowing it to be pulled out along with the 
device, while the guide catheter is maintained on suction. 
The manipulation of intracranial vessels during this process 
can result in significant vasospasm, and intra-arterial infu-
sion of verapamil is often used to treat this.

Blood pressure management after intervention for acute 
stroke can be complex and is best guided by a multidisci-
plinary collaboration between the neurointerventional team 
and the neurology/stroke team. A dedicated arterial line 
should be placed at the beginning of the procedure as it will 
be used to monitor blood pressure over the following 24 h. 
Prevention of reperfusion injury usually requires blood pres-
sure control, although mild permissive hypertension may 
also be helpful in maintaining perfusion for overall neuro-
logic function. Sudden spikes in blood pressure must be 
avoided, as they are correlated with hemorrhagic 
conversion.

 Vascular Injuries of the Head and Neck

The most common vascular injury of the head and neck 
requiring emergent neurointervention is epistaxis, but a wide 
variety of other injuries may be sustained requiring emboli-
zation or parent vessel sacrifice. These procedures typically 
require general anesthesia. Of course, the main area of con-
cern is acute blood loss, so close monitoring of the patient’s 
volume status and hemoglobin is essential. Pulmonary aspi-
ration of clotted blood can cause acute lung collapse or respi-
ratory arrest. Typically treatment involves coil or glue 
embolization of the affected vessel, possibly with the deploy-
ment of a vascular plug or Gelfoam pledget. Depending on 
the institutional preference or individual patient situation, 
the ENT physician may prefer to take the nasal packing 
down with the patient still anesthetized, which may necessi-
tate a transfer to the operating room.

 Vertebroplasty and Kyphoplasty

The most common nonvascular procedures performed in the 
neurointerventional suite are vertebroplasty, kyphoplasty, 
and vertebral bone biopsies. All of these procedures are per-
formed with the patient lying prone, and due to the often 
painful nature of the pathologies treated – compression frac-
ture, pathologic fracture, or vertebral body metastatic dis-
ease – anesthesia is often required to provide sedation and 
pain relief. Under fluoroscopic guidance, a needle is intro-
duced percutaneously from a posterior approach, through the 
pedicle into the vertebral body where cement is then injected. 
This stabilizes the fracture and typically brings significant 
pain relief to the patient. Kyphoplasty involves using a bal-
loon to create a cavity prior to cement injection. Because a 
foreign material is injected, perioperative antibiotics are 
administered.

 Other Procedures

A wide variety of other procedures are performed in the neu-
rointerventional suite and may require a range of neuroanes-
thetic care. Spinal angiography; venography, venous 
manometry, and venous stenting; embolization of pediatric 
vascular malformations; embolization of carotid-cavernous 
fistulae; and preoperative tumor embolization are among 
many others. Although individual patient factors and specific 
situations vary, the basic techniques and procedures in the 
neurointerventional suite remain the same. Close collabora-
tion with the neurointerventional team, including the radia-
tion technicians and the nursing staff, is essential to the 
smooth and efficient running of the suite and for the safety of 
the patients.

Key Points
• Patient motion can severely degrade imaging qual-

ity and compromise the surgeons’ ability to deliver 
optimal care; the use of neuromuscular blockade 
should be discussed with the surgeons 
preoperatively.

• Neurovascular structures are exquisitely sensitive to 
the intraluminal movement of wires and catheters 
as well as extraluminal traction; unexpected 
changes in heart rate and blood pressure can occur 
during manipulation and should be anticipated.

• Subtle changes in the patient’s vital signs can sig-
nify the presence of a significant wire perforation or 
hemorrhage.

• Maintain adequate lead shielding and follow radia-
tion safety guidelines at all times.
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Basics of Image Interpretation 
in Interventional Neuroradiology

Wibke S. Müller-Forell

 Overview

The majority of patients with cerebral vascular diseases, 
demanding neuroradiological interventions, are those who 
present with potential life-threatening spontaneous intra-
cranial/intracerebral haemorrhages due to cerebral aneu-
rysms and/or arteriovenous malformations (AVMs) or with 
cerebral infarction due to intraarterial thrombi in cerebral 
arteries. Neuroradiological procedures (interventional 
neuroradiology) (IN) mainly performed in general anaes-
thesia can be divided into occluding and opening 
interventions.

Examples of occluding interventions include endovas-
cular occlusion of cerebral aneurysms (with platin-coils, 
sometimes in a combination with endovascular stent appli-
cation), AVMs, and dural fistula (often performed with a 
combination of coils and glue administration). The most 
frequently used glues are N-butyl cyanoacrylate 
(Histoacryl®) or ethylene vinyl alcohol combined with 
dimethyl sulfoxide (DMSO) and tantalum (Onyx®). These 
procedures should be performed only by experienced neu-
roradiologists, as they carry the risk for severe complica-
tions as, for instance, intracerebral haemorrhage or 
ischaemic stroke (Table 71.1).

Examples of opening interventions include revascular-
ization by local medical lysis/direct, mechanical (stent-
assisted/aspiration) removal of embolic thrombi from main 
cerebral vessels (i.e. endovascular treatment of ischaemic 
stroke) or arterial application of vasodilators in cerebral 
vessels affected by vasospasm following aneurysmal sub-
arachnoid haemorrhage (SAH).  Implications for Neurosurgical Patients

The imaging method of choice in emergency cases is com-
puted tomography (CT). In combination with CT angiogra-
phy (CTA; CT plus iodinated contrast injection followed by 
3D reconstruction to identify vascular pathology or cerebral 
tumours), computed tomography today allows a quick and 
exact structural overview and also helps to diagnose site and 
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Table 71.1 Overview of diagnostic procedures, therapy (alternative 
therapy), and complication of neuroradiological interventions (1–3 
demand occluding, 4 and 5 opening procedures)

Disease
Diagnostic 
imaging Therapy

Complications of 
NR interventions

1. Cerebral 
aneurysm

1. CT/CTA Interventional: Acute: arterial 
rupture

2. DSA   1. Coiling Follow-up: 
vasospasm → 
interventional 
procedure (see 
below)

  2. Coiling + stent
Neurosurgical: 
clipping

Iatrogenic 
aneurysm

Interventional: stent Vessel occlusion

2. AVM 1. MRI/
MRA

Interventional: 
glue/(coils)

Rupture with 
intracerebral 
haemorrhage and/
or CSF disturbance

2. DSA Neurosurgical: 
extirpation

3. (CT/
CTA)

(Radiation)

3. Dural 
fistula

1. CT/CTA Interventional: 
glue/coils (venous 
> arterial approach)

Rupture
2. MRI/
MRA

Intracerebral 
haemorrhage

3. DSA CSF disturbance
4. Arterial 
thrombi/
stenosis

1. CT/CTA Interventional: local 
lysis, aspiration of 
the thrombus, stent 
(balloon dilatation)

Failure of 
recanalization, 
arterial emboli in 
distant territory, 
arterial rupture2. DSA (Conservative: 

systemic lysis)
5. 
Vasospasm

CT/CTA, 
perfusion 
map

Local lysis 
(papaverine, 
nimodipine)

Arterial rupture

Balloon dilatation
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size of an aneurysm, presence of space-occupying intracere-
bral haemorrhage, acute CSF disturbance, and existence/
extend of perfusion deficits.

The main diagnostic tool for interventional neuroradio-
logical procedures, and still the gold standard in patients 
with cerebrovascular vascular diseases, is the digital sub-
traction angiography (DSA). In combination with 3D angi-
ography, DSA allows to determine the exact size, width, 
and configuration of the neck and dome of cerebral 
aneurysms.

Magnetic resonance imaging (MRI)/MR angiography is 
less important in the early phase of emergency care for 
these patients but plays an important role in pre-therapeu-
tic imaging of AVMs or in the follow-up of coiled 
aneurysms.

Independent of the imaging technique used, timely image 
interpretation by a specialized neuroradiologist is essential 
to assure the best possible and most immediate therapeutic 
intervention.

 Cerebral Aneurysms

The underlying pathology of spontaneous, non-traumatic 
SAH is the rupture of a cerebral artery aneurysm. The most 
common location for a cerebral aneurysm (due to hemody-
namic factors) is at the level of Willis. Therefore, with 
aneurysm rupture, blood commonly collects in basal cis-
terns. Neuroradiological intervention with the application 
of multiple individual platinum coils inside the aneurysm 
is an alternative therapy to neurosurgical clipping 
(Table 71.2).

On CT acute haemorrhage presents with hyperdensity, 
in case of SAH in the basal cisterns. Distribution and 
amount of the SAH may suggest approximate location of 
the aneurysm, while CTA and DSA (including 3D rota-
tional angiography) confirm the exact size, width, and con-
figuration of the aneurysm neck and dome. This information 
is critical to allow the clinician to make therapeutic deci-
sions regarding the best approach (i.e. surgery or IN). In 

the event that the treatment team recommends IN, CTA 
and DSA are also critical in helping the team determine if 
a stent should be placed to guarantee the stable delivery 
and safe placement of the coils inside the aneurysm 
(Fig. 71.1).

In case of iatrogenic aneurysms that, although rare, occur 
as a complication of neurosurgical or ENT operations, occlu-
sion of the leak is usually achieved with covered stents 
(Fig. 71.2).

 Cerebrovascular Vasospasm

Vasospasm, associated with delayed cerebral ischaemia, 
represents a severe (but common) complication in the early 
(first 2 weeks) postoperative course after aneuriysmal SAH 
and remains a major cause of morbidity and mortality in 
this patient population. Repeated neurologic examination 
and monitoring with transcranial Doppler ultrasound, CT 
perfusion measurements, and CTA are helpful in these 
patients to guide the need for DSA and intervention. The 
focus for IN treatment is improvement in cerebral perfusion 
(as evidenced by vasodilation on angiography, reduction of 
Doppler blood flow velocities, and improved clinical exam) 
either by intraarterial drug administration (e.g. papaverine, 
verapamil, and nimodipine) or local vessel (balloon) dilata-
tion (Fig. 71.3).

 Arteriovenous Malformation

The majority of cerebral AVM are believed to be a congeni-
tal disorder; they mainly present with haemorrhage, sei-
zure, chronic headache, or focal neurological deficits. The 
pathological substrate is the lack of capillaries, leading to a 
compact or diffuse network of channels interposed between 
feeding arteries and draining veins, the so-called nidus, the 
target of the occlusion with glue, which is frequently fol-
lowed by surgical resection. On MRI, the nidus presents as 
an area of intraparenchymal pathological vessels and on 

Table 71.2 Characteristic findings of CT/CTA

Native CT CTA Additional findings
SAH Hyperdensity of the basal cisterns Site/width/configuration of the 

aneurysm
Hydrocephalus caused by CSF 
disturbance

AVM Intracerebral haemorrhage Width of the nidus Hydrocephalus due to 
intraventricular haemorrhageDensity disturbances (caused by combination of 

enlarged vessels, parenchymal defects)
Enlarged feeding arteries
Enlarged draining veins

Dural fistula Intracerebral haemorrhage Uncommon, enlarged (mainly) 
extracerebral vessels

Hydrocephalus due to venous 
congestionGeneral brain oedema

Uncommon vessels
Arterial 
thrombi

Hyperdense vessel sign (basilar, middle cerebral 
artery)

Vessel occlusion at the site of the 
thrombus

Malignant brain oedema

Vasospasm Hypodense territories (infarction) Narrowed vessels Perfusion deficit
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Fig. 71.1 Subarachnoid haemorrhage (SAH). A 43-year-old man with 
acute headache, meningism, and progressing vigilance deficits. (a) 
Native CT, demonstrating the hyperdensity of the basal cistern, due to 
acute subarachnoid haemorrhage. (b) DSA of the right internal carotid 

artery in frontal view, demonstrating an aneurysm of the anterior com-
municating artery (arrow). (c) Corresponding view after coiling of the 
aneurysm. (d) Corresponding unsubtracted view, showing the coil 
package

DSA as a convolution of enlarged arteries and draining 
veins (Fig.  71.4). Especially in complex AVMs, neurora-
diological interventions mainly are preoperative proce-
dures to  minimize the size of the AVM nidus by intraarterial 
embolization with glue.

Dural arteriovenous fistulas (DAVF) (syn. dural arteriove-
nous malformations [DAVM]), mainly located in the skull 
base, are rare lesions and are characterized by abnormal con-
nections (shunts) between arterial and venous intradural ves-
sels. Their clinical presentation depends on the venous 
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a b

c d

Fig. 71.2 Giant basilar tip 
aneurysm. A 50-year-old 
woman with SAH, due to a 
wide-neck aneurysm of the 
basilar tip. (a) 3D 
angiography, demonstrating 
the wide neck with inclusion 
of both P1 segments. (b) 
Corresponding DSA before 
placement of the intra- 
aneurysmal stent. (c) WEB 
device (arrow) seen in the 
unsubtracted view covers the 
complete aneurysm. (d) 
Post-interventional view with 
occlusion of the entire 
aneurysm. Reduced flow in 
the right posterior cerebral 
artery (PCA), due to flow 
changes. A DSA-control half 
a year later showed complete 
reopening of the PCA

a b c

Fig. 71.3 Giant aneurysm of the cavernous segment of the ACI. (a) 3D 
angiography, demonstrating the complex configuration of the extradu-
ral ACI. (b) Corresponding DSA, lateral view of the right ACI. (c) A 

relevant flow reduction into the aneurysm is demonstrated after place-
ment of the flow diverter (arrows)
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drainage pattern. Especially in the more benign types of 
DAVM, where non-invasive imaging (CT, MRI, and MRA) 
may not have adequate diagnostic sensitivity, the gold stan-
dard of identification, analysis, and classification of the 
lesion is DSA. Indication for IN treatment (Fig. 71.5), with 
the target of occlusion of the shunt area(s), performed either 

by transvenous application of coils into the affected sinus or 
transarterial application of glue, depends on the prognosis of 
the disease. The main indication for interventional therapy is 
a venous drainage into superficial cerebral veins, as this find-
ing harbours the risk of intracerebral haemorrhage, due to 
venous congestion.

a b

c d

Fig. 71.4 Arteriovenous malformation (AVM). A 30-year-old woman 
with acute homonymous hemianopia to the left. (a) T2-weighted (T2w) 
axial MRI showing the nidus of the AVM in the right occipital lobe. (b) 
DSA of the left vertebral artery in frontal view. Note the enlarged diam-
eter of the right posterior cerebral artery in comparison to the left, due 
to high arteriovenous shunt volume. (c) Corresponding unsubtracted 

view, where the way of the microcatheter to the nidus is apparent. Note 
the (radiologically marked) glue in the nidus. (d) Corresponding frontal 
view after neurointervention (transarterial glue application) demon-
strating a small, flow-related aneurysm (arrow) of the distal perimesen-
cephalic segment (P3) of the posterior cerebral artery (PCA), as the 
only pathological remnant
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 Arterial Thrombosis (Ischaemic Stroke)

Depending on the size of intraarterial thrombi, a main trunk of 
cerebral vessels may be occluded, leading to an infarction of the 
cerebral territory. On CT, the thrombus may be apparent due to 
its hyperdensity (positive vessel sign) (Fig.  71.6), sometimes 

with additional slight hypodensity of the affected vessel terri-
tory. The consequence of untreated basilar thrombosis is severe 
morbidity or even death of the patient. This is known too in the 
course of a thrombotic occlusion of the main trunk of the middle 
cerebral artery (MCA), as the natural history of brain swelling 
leads to brain herniation and death (so-called malignant infarc-

a

c

b

Fig. 71.5 Dural fistula. DSA of a 64-year-old man with pulsatile tin-
nitus of the left side. (a) Lateral view of the left occipital artery (arrows), 
showing the extent of the involved part of the sigmoid sinus with intra-
dural arteries, shunting the ipsilateral sigmoid sinus (star), and the 
jugular bulb. (b) Post-interventional corresponding view (transvenous 

coiling of the sigmoid sinus plus intraarterial glue). No AV shunts are 
seen, although some enlarged collaterals are still apparent (the white 
arrow marks the end of the catheter in the occipital artery). (c) 
Corresponding unsubtracted view, demonstrating the coils in the entire 
sigmoid sinus and glue in some feeding arteries
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tion). The target of IN intervention is the recanalization per-
formed with stent-assisted clot removal or direct aspiration of 
the thrombus (Fig. 71.7), more and more performed not with 
general anesthesia but with conscious sedation.

An increasing indication for IN intervention is stenting of 
intracerebral stenosis mainly of the basilar or middle cere-
bral artery (Fig. 71.8), to avoid total occlusion with subse-
quent fatal course of territorial infarction.

a

c d

b

Fig. 71.6 Thrombosis of the basilar artery. A 36-year-old man with 
acute vigilance deficit and horizontal nystagmus. (a) Native axial 
CT.  The hyperdensity (arrow) is due to the thrombus in the basilar 
artery (positive vessel sign). (b) 3D-CTA (pa view) demonstrating the 
closed distal part of the basilar artery. (c) DSA of the left vertebral 

artery with KM-stop of the basilar artery distal to the branching of both 
inferior cerebellar arteries (AICA) (small arrows). (d) Corresponding 
post-interventional view (aspiration of the thrombus) with complete 
filling of the arteries of the basilar territory (both superior cerebellar 
and posterior cerebral arteries)
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Fig. 71.7 Thrombosis of the MCA.  A 60-year-old man with acute 
hemiplegia of the left side (time window: 1.5 h). (a) Native CT with 
slight hypodensity of the right territory of the middle cerebral artery 
(MCA). Note the effacement of the grey and white matter distinction of 
the insular, basal ganglia, and fronto-temporal region with slight nar-
rowing of the cortical sulci, compared with the left hemisphere, as early 
signs of infarction. (b) CT perfusion map, demonstrating the different 
areas of perfusion parameters with a related mismatch: elongated mean 
transit time (MTT) (right), reduced cerebral blood flow (CBF) (left), but 
relatively small reduction of cerebral blood volume (CBV) (middle). (c) 

3D-CTA with complete occlusion of the left (MCA) (white arrow). 
Note the hypoplasia of the left anterior cerebral artery (ACA) (small 
black arrow). (d) DSA of the right ICA (ap view) with complete loss of 
vascularization of the media territory but filling of the small, hypoplas-
tic ACA and ipsilateral posterior cerebral artery (PCA) via posterior 
communicating artery (Pcom). (e) Corresponding post-interventional 
DSA (intraarterial application of r-tPA and aspiration of the thrombus) 
with recanalization of the media territory but (due to normalization of 
the intravascular pressure) lack of contrast in the ACA, which was seen 
in the filling of the contralateral ICA (not shown)

b

a c

ed

 vva
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Fig. 71.8 Acute occlusion of ACI T-bifurcation. A 78-year-old lady 
with acute, complete left hemiparesis. (a) Native CT 1.5 h after stroke 
onset, demonstrating the hyperdense thrombus in the M1 segment 
(hyperdense media sign). (b) Corresponding CT perfusion map. 
Different areas of perfusion parameters with great mismatch: elongated 
mean transit time (MTT) (right) and reduced cerebral blood flow (CBF) 
(left), but no reduction of cerebral blood volume (CBV) (middle). (c) 
DSA of the right ICA (ap view) with occlusion of the distal part of the 

ACI (arrow). Missing of the anterior cerebral artery (ACA) as well as 
the middle cerebral artery (ACM); only the ipsilateral posterior com-
municating artery (Pcom) and posterior cerebral artery (PCA) are con-
trasted. (d) Unsubtracted view, showing the placement of the stent 
retriever (arrows). (e) Post-interventional DSA of the right ACI, demon-
strating the complete recanalization of the entire ACM and 
ACA. Duration of the procedure: 30 min

a

b

c

 Concerns and Risks

As a substantial part of neuroradiological interventions  
timely IN is mandatory in every case, as we deal with lif-
threatening diseases with the demand of emergency proce-
dures (especially in patients with cerebral artery thrombosis 

or symptomatic vasospasm), which need immediate therapy. 
Although IN may provide life-saving treatment, many of 
these procedures are associated with significant risk of com-
plications, including rupture of a main artery and embolism 
from glue, particles, and coils.

71 Basics of Image Interpretation in Interventional Neuroradiology



462

Suggested Reading

Cognard C, Spelle L, Pierot L. Pial arteriovenous malformations. In: 
Forsting M, editor. Intracranial malformations and aneurysms. From 
diagnostic work-up to endovascular therapy. New York: Springer; 
2004. p. 39–100.

Gnanalingham KK, Apostolopoulos V, Barazi S, O’Neill K. The impact 
of the international subarachnoid aneurysm trial (ISAT) on the man-
agement of aneurismal subarachnoid hemorrhage in a neurosurgical 
unit in the UK. Clin Neurol Neurosurg. 2006;108:117–23.

Molyneux A, Kerr R, Stratton I, Sandercock P, Clarke M, Shrimpton J, 
et al. International Subarachnoid Aneurysm Trial (ISAT) of neurosurgi-
cal clipping versus endovascular coiling of 2143 patients with ruptured 
intracranial aneurysms: a randomised trial. Lancet. 2002;360:1267–74.

Müller Forell W, Engelhard K. Neuroimaging for the anaesthesiologist. 
Anesthesiol Clin. 2007;25:413–39.

Sayama CM, Liu JK, Couldwell WT. Update on endovascular therapy 
for cerebral vasospasm induced by aneurismal subarachnoid hemor-
rhage. Neurosurg Focus. 2006;21:E12.

Szikora I. Dural arteriovenous malformations. In: Forsting M, editor. 
Intracranial malformations and aneurysms. From diagnostic work-
 up to endovascular therapy. New York: Springer; 2004. p. 101–42.

Wanke I, Dörfler A, Forsting M. Intracranial aneurysms. In: Forsting M, edi-
tor. Intracranial malformations and aneurysms. From diagnostic work-
up to endovascular therapy. New York: Springer; 2004. p. 143–247.

Pan X, Liu G, Wu B, Liu X, Fang Y. Comparative efficacy and safety 
of bridging strategies with direct mechanical thrombectomy in large 
vessel occlusion. Medicine. 98(14):e14956.

Nordmeyer H, Chapot R, Haage P. Endovascular treatment of intracra-
nial atherosclerotic stenosis. RöFo - Fortschritte auf dem Gebiet der 
Röntgenstrahlen und der bildgebenden Verfahren.

Powers CJ, Dornbos D, Mlynash M, Gulati D, Torbey M, Nimjee 
SM, Lansberg MG, Albers GW, Marks MP. Thrombectomy 
with Conscious Sedation Compared with General Anesthesia: A 
DEFUSE 3 Analysis. Am J Neuroradiol.

Key Points
• Neuroradiological interventions concern life- 

threatening diseases and are frequently emergency 
procedures.

• Amendable to neuroradiologic intervention are 
patients with cerebrovascular aneurysms (coiling/
stenting), arteriovenous malformations (gluing/
coiling), cerebral artery thrombosis (clot removal), 
vascular stenosis (angioplasty, stenting), and cere-
bral vasospasm (intraarterial vasodilators).

• While often life-saving, many procedures are asso-
ciated with significant risk of complications, includ-
ing intracranial haemorrhage due to vascular injury 
and ischaemic stroke secondary to embolism from 
dislodged coils or glue.

• Neurointerventional procedures basically can be 
divided into occluding (coiling and glue) and open-
ing interventions (thrombus aspiration, intraarterial 
vasodilators).

• Although CT/CTA and MRI/MRA plus computer-
ized 3D reconstruction are emerging techniques, 
DSA remains the main diagnostic tool and gold 
standard in cerebrovascular diseases.

• Timely image interpretation by a specialized neuro-
radiologist is essential to assure the best possible 
and most immediate therapeutic intervention.

d e

Fig. 71.8 (continued)
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 Overview

Interventional neuroradiology, or endovascular neurosurgery, 
has blossomed in recent years as engineering advances have 
enabled physicians to treat neurovascular disorders in new and 
exciting ways. As a result, interventional neuroradiology has 
become an integral part of modern neuroanesthetic practice. 
Elective procedures include diagnostic angiography as well as 
therapeutic interventions for aneurysms, arteriovenous mal-
formations, fistulae, and occlusive cerebrovascular diseases. 
Emergent procedures include acute ischemic stroke interven-
tions, securing aneurysms in the setting of subarachnoid hem-
orrhage, endovascular vasospasm therapy, and treatment for 
medically refractory cerebral sinus thrombosis. The anesthetic 
care of these patients can be quite complex, requiring tight 
hemodynamic control to avoid injury to the central nervous 
system from hypo- or hyperperfusion, quick and smooth 
emergence to facilitate neurologic assessment, and extreme 
time sensitivity in emergent cases. The use of GA or varying 
degrees of sedation carries risks and benefits that must be con-
sidered in optimizing the care of an individual patient.

 Physical Environment

Interventional neuroradiology suites use biplanar fluoros-
copy, typically with one C-arm in an anterior-posterior plane 
and another C-arm positioned laterally (Fig. 72.1). This poses 
significant ergonomic challenges to the anesthesiologist as 
imaging devices, display monitors, and ultrasound devices 
surround the patient bed, which is in a fixed position. Access 

to the airway is invariably restricted, as the biplanar equip-
ment must rotate freely around the patient’s head. Anesthetic 
equipment must be positioned out of the way, usually at the 
level of the patient’s hip or feet, and a relatively long distance 
from the patient’s head. Extensions to breathing circuits and 
intravenous tubing require careful planning and experience, 
particularly during anticipated or emergent administration of 
critical anesthetic, vasoactive, and/or anticoagulant agents. 
The essential aspect of providing quality anesthetic care in 
the neurointerventional suite is the presence of experienced 
team members 24/7. This requires careful planning that is 
somewhat unique to and must be optimized at each 
institution.

 Radiation Safety

Radiation is a significant occupational hazard in the neuroin-
terventional suite. The two primary methods of protection 
from radiation are distance and shielding. Radiation intensity 
is inversely proportional to the square of the distance from the 
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source (https://en.wikipedia.org/wiki/Radiation_protection). 
Protective equipment should include a wraparound lead apron 
covering the thorax/abdomen/pelvis, thyroid shield, and eye 
protection. Leaded plexiglass shields (Fig.  72.2) should be 
available and positioned to reduce direct exposure to the fluo-
roscopy equipment. One study concluded that, when radia-
tion dose was measured at the forehead, the anesthesiologist 
was actually exposed to more radiation than the intervention-
alist (https://www.ncbi.nlm.nih.gov/pubmed/21285864). In 
addition, the number of medication interventions performed 
by the anesthesiologist was directly correlated to his or her 
exposure. Embolizations of cerebral aneurysms and arterio-
venous malformations are considered high-dose radiation 
procedures, as digital subtraction angiography (DSA) entails 
significantly more ionizing radiation than standard fluoros-
copy. Vigilance regarding cumulative radiation exposure is of 
great importance. Dosimeters should be utilized, and expo-
sure to the anesthesiologist should be kept lower than the 
annual limit for healthcare workers (https://www.osha.gov/

dte/library/radiation/ion_rad_20021007/index.html; https://
www.osha.gov/SLTC/etools/hospital/clinical/radiology/radi-
ology.html).

 Anesthetic Goals

Overall anesthetic goals for the patient undergoing any neu-
roradiologic intervention include anxiolysis, analgesia, 
immobility, hemodynamic control, and rapid emergence.

 Patient Comfort

Factors associated with patient discomfort include groin can-
nulation, contrast injection which may produce a burning 
sensation in the area of the arterial distribution, angioplasty, 
intravascular thrombus removal, and relatively long periods 
of motionless supine positioning on the angiography table 
with minimal padding for comfort. Therefore, for complex 
procedures or those of prolonged duration, deep sedation or 
general anesthesia is routinely used to ensure optimal patient 
comfort with prevention of patient movement. Important 
consideration when deciding between CS and GA is surgeon 
preference and experience/proficiency with a given proce-
dure, baseline neurologic deficits (ability of patient to coop-
erate with instructions and communicate with the team 
members), and patient comorbidities.

 Immobility

Motion artifact is a significant problem for image quality. 
During digital subtraction angiography (DSA) “road map-
ping,” the contrast-enhanced vascular anatomy is inverted to 
appear white (Fig. 72.3) and serves as an accurate guide for 
endovascular wires and catheters in small cerebral vessels – 
as long as the patient has not moved. The need for precise 
imaging, coupled with the risk of vessel injury, makes GA 
preferable in many procedures. The use of a low-dose inhaled 
anesthetic with intravenous opioid (e.g., remifentanil or suf-
entanil) infusion usually makes re-dosing of neuromuscular 
blockade unnecessary to ensure immobility. Note that a pres-
sor infusion is frequently necessary to offset the hypotensive 
effects of the anesthetic drugs.

 Hemodynamic Control

Hemodynamic goals are chosen based on the individual 
patient’s susceptibility to injury from hypo- or hypertension. 
This is subjective, so it is imperative that the neuroanesthesi-
ologist, neurologist (if involved), and interventional neurora-Fig. 72.2 Metal and plexiglass shield
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diologist communicate/agree regarding the targeted 
hemodynamic parameters. Assessment of the baseline blood 
pressure is critical, along with assessment of the potential to 
cause injury from hypo- or hypertension. For example, 
hypertension could have fatal consequences in the patient 
with acute aneurysmal rupture and subarachnoid hemor-
rhage undergoing coil embolization. One week later, that 
same patient with severe vasospasm coming for endovascu-
lar vasodilators or angioplasty could, on the other hand, suf-
fer ischemic strokes with any fall in blood pressure.

Beat-to-beat monitoring of arterial blood pressure is often 
critical for early recognition of complications, as well as for 
careful titration of vasoactive agents to a narrow target blood 
pressure range. In general, an arterial cannula should be 
placed for procedures in which intervention to the cerebral or 
spinal vasculature is anticipated. If time pressure does not 
allow arterial catheterization by the anesthesiology team, 
such as in acute stroke cases, the femoral sheath placed by 
the neurointerventionalist may be used to transduce arterial 
pressures until a radial arterial line can be placed.

 Choosing the Ideal Anesthetic Regimen

An obvious benefit of mild to moderate sedation is the ability 
to monitor neurologic function at various stages of the proce-

dure. In fact, some studies (discussed below) suggest that 
sedation may be preferable to GA for acute stroke interven-
tions. Due to the physical environment in the neurointerven-
tional suite, access to the airway is significantly impeded. 
Therefore, patients with difficulty maintaining their airways 
(due to obesity, posterior circulation stroke, cranial nerve 
dysfunction, etc.) are unlikely to tolerate a procedure without 
GA.  Aspiration risk is another consideration in emergent 
cases in non-fasted patients. Anesthetic agents for non-GA 
conscious sedation must be chosen to avoid significant respi-
ratory depression with subsequent hypoxemia and hypercap-
nia. Although a nasopharyngeal airway is often used in 
sedated patients in the operating room, most neurointerven-
tional procedures require significant levels of anticoagula-
tion, making bleeding into the airway a concern. Laryngeal 
mask airways can be used effectively in select GA cases 
(Table 72.1).

 Special Considerations in Interventional 
Neuroradiology: Emergency Cases

 Ruptured Cerebral Aneurysms (i.e., 
Aneurysmal Subarachnoid Hemorrhage)

Aneurysmal rupture with subarachnoid hemorrhage has a 
high mortality rate. Even among survivors, only ~1/3 are 
able to live independently after the event. Thus, the primary 
goal in the early management of patients with known intra-
cerebral aneurysms is the prevention of rupture – either via 
elective open cranial surgery or endovascular intervention. 
Endovascular interventions such as standard coil emboliza-
tion and flow-diverting stent devices are increasingly being 
used in lieu of surgery, in appropriate candidates. The choice 
of procedure is largely determined by the location and mor-
phology of the aneurysm. While these endovascular proce-
dures can be done under CS, GA allows for more precise 
blood pressure control and immobility and is preferred.

For the patient with spontaneous aneurysmal rupture 
and subarachnoid hemorrhage, hypertensive surges must be 
avoided to avoid recurrent bleeding. The most vulnerable 
time is usually during endotracheal intubation. Arterial line 
placement is therefore desired prior to induction. However, 
in some patients, arterial line placement may be difficult, 
and the danger of hypertension during line placement (and 
potential aneurysm rupture) must be balanced against the 
advantages of tight blood pressure control during endotra-
cheal intubation. An effective approach in appropriate 
patients is to induce anesthesia, mask ventilate, and place 
the arterial line prior to endotracheal intubation. As with 
other endovascular cases, hemodynamic goals should be 
agreed upon preoperatively. Target systolic blood pressure 
<140 mmHg is typically chosen. An antihypertensive agent 

Fig. 72.3 White “road map” obtained by inverting the contrasted angi-
ographic image
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Table 72.1 Commonly used anesthetic and hemodynamic drugs for interventional neuroradiology. A list of “clinical pearls” is included

Anesthetic drug Use Advantage Disadvantage
Midazolam Anxiolysis (premedication) or procedural 

sedation
Amnestic, anxiolytic May contribute to post-op 

confusion/delirium
Propofol Induction agent, procedural sedation; 

sedation/amnesia as part of the maintenance 
general anesthetic

No cerebral vasodilatation; suppresses 
cerebral metabolism without increasing 
cerebral blood flow/volume

Hypotension, use with 
phenylephrine; difficult to 
determine drug 
accumulation (unless using 
target-controlled infusers)

Nitrous oxide Avoid Exacerbation of injury from 
intra-arterial air emboli

Halogenated 
inhalational 
anesthetics

Sedation/amnesia as part of the maintenance 
general anesthetic (typically ~0.6 MAC)

Ease of use, ability to monitor end-tidal 
concentrations

Cerebral vasodilators, 
emergence issues (coughing/
bucking/etc.)

Remifentanil Potent analgesic (typically 0.1–0.3 mcg/kg/
min as part of a maintenance general 
anesthetic)

Facilitates smooth emergence (i.e., “remi 
wake-up”); no context sensitivity

Remifentanil-induced 
rigidity/respiratory arrest; no 
post-procedural analgesia, 
expense

Sufentanil Potent analgesic (typically 0.1–0.3 mcg/
kg/h as part of a maintenance general 
anesthetic)

Lower cost than remifentanil Context-sensitive sedative 
properties

Dexmedetomidine Adjunct to sedation or GA Facilitates hemodynamic control; reduces 
emergence hypertension and agitation

Bradycardia (can be 
remedied with 
glycopyrrolate), hypotension

Hemodynamic drug Use Advantage Disadvantage
Clevidipine Antihypertensive (dihydropyridine CCB) Titratable; ultrashort-acting selective 

arterial vasodilator (no venodilatation- 
minimal ICP effect)

Similar appearance to 
propofol (white liquid); 
more expensive than 
labetalol

Nicardipine Antihypertensive (dihydropyridine CCB) Titratable; selective arterial vasodilator (no 
venodilatation- minimal ICP effect)

More expensive than 
labetalol

Labetalol Antihypertensive (alpha and beta blocker) Ease of use, familiarity Often not sufficient to 
provide necessary 
hemodynamic control

Phenylephrine Pressor (alpha-agonist) bolus and/or 
infusion to offset anesthetic effects

Ease of use, familiarity No inotropy

Norepinephrine Pressor (alpha-agonist) bolus and/or 
infusion to offset anesthetic effects

Ease of use, familiarity Minimal inotropic effects

“Pearls” Use Dose
Remifentanil bolus Ablate the response to endotracheal 

intubation
1–2 mcg/kg IV bolus

Lidocaine paste Coat the endotracheal tube 2–5% paste applied liberally to ETT
Laryngotracheal 
analgesia (“LTA”)

Ablate the response to endotracheal 
intubation

4 ml topical (4% lidocaine)

Propofol + ketamine Non-GA sedation Ketamine (1–2 mg/ml) mixed with 
propofol, for example, 50 mg ketamine in 
50 ml (500 mg) propofol

Remifentanil 
wake-up

Smooth emergence/extubation from GA; the 
idea is to avoid coughing and agitation 
during emergence by turning off the 
inhalational anesthetic prior to the 
remifentanil

Increase the remifentanil infusion dose 
and turn off inhalational anesthetic; turn 
off the remifentanil when the end-tidal 
inhalational anesthetic is sufficiently low 
(and be sure to flush the IV line of any 
residual remifentanil prior to extubation)

Choosing anesthetic 
depth

Surgical stimulation is episodic, such as 
with cerebral vessel manipulation. Light 
anesthesia is sufficient for most of the 
interventional neuroradiology procedure; 
however, certain points in the procedure 
require deep anesthesia/analgesia 

It is generally safer to administer higher 
dose remifentanil infusion along with a 
pressor infusion, rather than administering 
low-dose remifentanil (i.e., close to the 
lower edge of the therapeutic window) 
without pressors

H. G. Nguyen et al.
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such as labetalol or nicardipine should be available during 
induction, as should a pressor, as intraoperative hypoten-
sion is a relatively common occurrence. Bolus remifentanil 
or sufentanil is very effective for ablating the response to 
noxious stimuli. Laryngotracheal analgesia with topical 
lidocaine is also very effective.

Finally, hydrocephalus is common following subarach-
noid hemorrhage and necessitates external ventricular cere-
brospinal fluid drainage (i.e., ventriculostomy). For patients 
with a ventriculostomy, intracranial pressure should be mon-
itored throughout the procedure, with intermittent cerebro-
spinal fluid drainage for intracranial pressure elevations 
(typically >20 mmHg). Overdrainage can place the patient at 
risk re-rupturing an unsecured aneurysm, while underdrain-
age can place the patient at risk for injury from high intracra-
nial pressure.

 Cerebral Vasospasm Refractory to Medical 
Therapy

Cerebral vasospasm is a commonly encountered complica-
tion of subarachnoid hemorrhage and can have devastating 
consequences. Vasospasm onset is ~5 days (but can be earlier 
or later) after the initial hemorrhage and can cause ischemic 
strokes (Fig.  72.4). Screening is with serial transcranial 
Doppler sonographic and clinical neurologic examinations. 
Continuous EEG can also be used to detect early hemispheric 
ischemia as a result of vasospasm. Treatment for symptom-
atic vasospasm (e.g., causing hemiparesis or aphasia) is with 
induced hypertension (i.e., hypertensive euvolemia). “HHH 
therapy” is no longer used as detailed in a separate chapter. 
When symptoms do not resolve with hypertension (e.g., nor-
epinephrine titrated to systolic blood pressure >160 mmHg), 
emergent endovascular intervention can be effective and 
even life-saving. Options for endovascular treatment include 
intra-arterial vasodilators and/or mechanical intervention 
with transluminal balloon angioplasty. The primary goal is to 
increase regional cerebral blood flow to prevent cerebral 
infarction.

GA is typically used, although not exclusively. The neuro-
anesthesiologist must maintain cerebral perfusion through-
out the case. Most patients will have a preexisting arterial 
line and central line, to facilitate the hypertensive therapy. 
The choice of balloon angioplasty or intra-arterial vasodila-
tors depends on the location of the vasospasm as determined 
by cerebral angiography, with transluminal balloon angio-
plasty possible in the proximal large vessels. In these cases, 
the anesthesiologist should monitor closely for intracranial 
bleeding from vessel rupture – manifesting as a rise in intra-
cranial pressure (if an ICP monitor is present), sudden hyper-

tensive episode (i.e., Cushing response; typically with 
bradycardia), and/or decline in level of consciousness/neuro-
logic exam.

Smaller vessels are less amenable to angioplasty and 
can only be treated with intra-arterial vasodilators. In 
these situations, a catheter is placed in the vascular terri-
tory of vasospasm, and the vasodilator is administered. 
The most commonly used vasodilators are verapamil, 
papaverine, nicardipine, and milrinone, administered 
either in small bolus doses or as infusions. Hypotension 
during these procedures is common, and infusion of a 
pressor or several pressors may be necessary to maintain 
blood pressure parameters defined with the neurointer-
ventionalist prior to treatment (generally in the systolic 
range 150–200mmHg). It is prudent to have bolus pressor 
syringes readily available (phenylephrine, vasopressin, 
dilute epinephrine). The largest blood pressure drops may 
be seen with the use of with use of intra- arterial nicardip-
ine. The effects of intra-arterial vasodilators are tempo-
rary, and repeated treatments are frequently necessary 
over a number of days.

Fig. 72.4 Severe vasospasm involving the distal internal carotid artery, 
proximal middle cerebral artery, and proximal anterior cerebral artery

72 Procedural Challenges in Interventional Neuroradiology
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 Acute Ischemic Stroke

Stroke is the third leading cause of death in the United States, 
with acute ischemic stroke accounting for ~4/5 of these cases. 
Prior to 2015, there was no high-level evidence to support the 
use of endovascular thrombectomy over intravenous throm-
bolysis in acute stroke cases. In 2015, five prospective random-
ized trials were published, all demonstrating the superior 
efficacy of endovascular thrombectomy over intravenous 
alteplase (i.e., tissue plasminogen activator or TPA) in patients 
with acute anterior circulation large vessel occlusion (LVO) 
strokes. Current standard of care is intravenous alteplase 
(within 4.5 h of stroke onset; with some exceptions) followed 
by emergent endovascular thrombectomy in patients with large 
cerebral vessel occlusion. For patients outside this treatment 
window, or in whom intravenous thrombolysis is contraindi-
cated (such as after cardiac surgery), endovascular thrombec-
tomy remains an option up to ~6  h after stroke onset. Two 
recent trials, DAWN and DEFUSE-3, demonstrated that this 
treatment window can be extended using CT or MR perfusion 
imaging to distinguish core infarct from ischemic penumbral 
regions Some patients can now be treated up to 24h after stroke 
onset. Nonetheless, ‘time is brain’ and the data is clear that 
each minute of delay between stroke onset and reperfusion cor-
relates with increased long term neurologic disability. In other 
words, the patient who is successfully treated at 16h after stroke 
onset would have been better off if treated at 10 h.).

Options for endovascular revascularization include 
thrombolysis, suction thrombectomy, angioplasty and stent 
revascularization, and mechanical revascularization with 
thromboembolectomy. At present, the stent-like clot retriev-

ers (Fig. 72.5) are preferred and are credited with the success 
of the five interventional stroke trials. New suction devices 
have shown similar success in recent trials.

Time from stroke onset to reperfusion is the critical issue 
(Fig. 72.6). It is estimated that patients lose 1.9 million neu-
rons per minute during a large vessel stroke (https://www.
ncbi.nlm.nih.gov/pubmed/16339467). “Door to groin time” 
(i.e., the time from hospital arrival to groin puncture) should 

Fig. 72.5 Stent retriever deployed in the middle cerebral artery of an 
acute stroke patient

Fig. 72.6 Acute middle cerebral artery (distal M1 segment occlusion) before and after endovascular thrombectomy
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typically be 90 min or less. To facilitate these goals, the anes-
thesiologist must obtain as much clinical history as possible 
prior to patient arrival in the interventional suite and ideally 
decide on the preferred choice of anesthetic in conjunction 
with the neurointerventionalist in advance. Monitored anes-
thesia care (i.e., “MAC”) using minimal sedation offers the 
benefit of allowing ongoing assessment of neurologic status 
and reduces the risk of hypotension with induction. 
Retrospective data suggest better clinical outcomes with 
sedation than with GA; however, three prospective random-
ized trials have been conducted in Europe to address this 
issue (ANSTROKE, GOLIATH, and SIESTA; www.clinical-
trials.gov). The German SIESTA trial was published in 
October 2016 (JAMA; PMID 27785516). One hundred fifty 
patients with anterior circulation acute ischemic stroke were 
randomized to GA or CS. Intravenous anesthetic agents were 
used. Careful attention was paid to maintenance of cerebral 
perfusion pressure (average SBP ~145 mmHg in both groups). 
There was no difference in neurologic outcome at 24 h (pri-
mary endpoint) or 3 months post stroke. The Swedish 
ANSTROKE trial was published in May 2017 (Stroke; PMID 
28522637). Ninety patients with anterior circulation acute 
ischemic stroke were randomized to GA or CS. Inhalational 
anesthetic agent plus remifentanil was used in the GA group 
and remifentanil alone in the CS group. Again, careful atten-
tion was paid to maintenance of cerebral perfusion pressure 
(average MAP ~91 mmHg in both groups). There was no dif-
ference in neurologic outcome at 24 h or 3 months (primary 
endpoint) post stroke. Interestingly, in both trials there was a 
delay associated with induction of general anesthesia but a 
shorter procedural time in the GA group resulting in no over-
all time delay. Finally, the 128 patient GOLIATH trial was 
published in April 2018 (JAMA Neurol; PMID 29340574). 
Similar to SIESTA, propofol and remifentanil/fentanyl were 

used in both groups. There was no difference in the GA and 
CS groups in regards to the primary outcome, change in 
median acute infarct size. Neurologic outcome at 3 months 
was actually better in the GA group. At present, anesthesiolo-
gists should be reassured that GA is safe for acute stroke 
intervention/thrombectomy provided that attention is paid to 
avoiding time delay and maintaining cerebral perfusion pres-
sure (target SBP 140–180 mmHg).

Permissive or induced hypertension is appropriate until the 
clot is evacuated (i.e., recanalization), at which point blood 
pressure should be reduced to a target agreed upon with the 
neurointerventionalist. In general, systolic blood pressures 
between 140 and 185 mmHg prior to clot evacuation and 130–
150 mmHg afterwards are acceptable. Pressors are generally 
required to maintain these hemodynamic goals, and while arte-
rial line placement is preferable, it should not delay the proce-
dure. Induction and maintenance of GA (if chosen) should be 
accomplished with drugs best suited to the hemodynamic goals 
and least likely to interfere with the immediate postoperative 
neurologic examination. Normocapnia should be the goal in 
order to avoid any cerebral oligemia from hyperventilation.

Currently the American Heart Association (https://www.
ahajournals.org/doi/full/10.1161/STR.0000000000000158) 
recommends an individualized approach to the choice of anes-
thetic type while avoiding time delay (each 30 min delay wors-
ens a 3-month outcome by ~10%; http://journals.lww.com/
jnsa/Fulltext/2014/04000/Society_for_Neuroscience_in_
Anesthesiology_and.1.aspx), and hypotension/hypoperfusion. 
Normocapnia, normothermia, and normoglycemia should be 
maintained. If GA is chosen, extubation as soon as possible 
after the procedure is optimal. Finally, keep in mind that poste-
rior circulation stroke patients frequently have cranial nerve 
dysfunction, obtundation, and difficulty maintaining their air-
ways and hence typically require GA. (Table 72.2).

Table 72.2 Antithrombotic therapy in interventional neuroradiology

Antiplatelet agents Purpose Monitoring Reversal
Aspirin Used preoperatively to avoid thrombotic 

complications
Antiplatelet effect monitored with 
platelet function assays

Platelet transfusion

Thienopyridine class P2Y12 
inhibitors (clopidogrel, 
ticlopidine, ticagrelor)

Used in combination with aspirin to avoid 
thrombotic complications in patients 
undergoing intra-arterial stent placement

Antiplatelet effect monitored with 
platelet function assays

Platelet transfusion

Glycoprotein IIB/IIIA 
inhibitors (tirofiban, 
abciximab, eptifibatide)

Used intraoperatively if dual-antiplatelet 
therapy is not initiated preoperatively; also 
used to treat intraoperative iatrogenic 
thrombi

Antiplatelet effect monitored with 
platelet function assays

Stop infusion; consider 
platelet transfusion

Anticoagulant agents Purpose Monitoring Reversal
Heparin Used intraoperatively to avoid catheter- 

induced microthrombi (used in most 
procedures)

Activated clotting time; 
intraoperative goal approximately 
2–3 times baseline; follow ACT and 
re-dose heparin ~hourly

Protamine

Direct thrombin inhibitors 
(bivalirudin, lepirudin, 
argatroban)

Anticoagulation in patients with 
contraindications to heparin (such as 
heparin-induced thrombocytopenia)

ACT Stop infusion; 
recombinant factor VIIa, 
4 factor prothrombin 
complex concentrate
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 Conclusion

Interventional neuroradiology is an essential component of 
neuroanesthesia practice. Systems for providing both emer-
gent and non-emergent anesthetic care should be optimized at 
each hospital. Familiarity with the interventional suite is 
essential, as is the understanding of the critical urgency (i.e., 
delay = injury) in acute stroke and other emergent endovascu-
lar cases. Choices regarding anesthetic type and hemodynamic 
goals should be determined in collaboration with the neuroin-
terventionalist prior to the case. Further trials regarding the 
comparative efficacy of CS vs. GA in acute stroke interven-
tions, along with new technologies for treating cerebrovascu-
lar disease, promise to make interventional neuroradiology an 
ever-evolving landscape for the neuroanesthesiologist. At 
present, anesthesiologists should be reassured that GA is 
acceptable for acute stroke interventions provided that time 
delay is minimized and blood pressure is maintained (140–
180 mmHg systolic).
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Neuroradiological Interventions
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 Contrast Reactions

 Overview

Intravascular contrast medium facilitates visualization of 
neurovascular structures. Administration of contrast agents 
can cause severe complications. For all settings the estimated 
incidence of any reactions is up to 15%. The incidence of 
life-threatening reactions is 1  in 1000–2000 examinations, 
and fatal reactions have been reported.

Reactions to contrast media are classified as anaphylac-
toid or chemotoxic. Anaphylactoid reactions occur at certain 
threshold levels and are not dose-dependent. Contrast can 
cause direct release of histamine from mast cells or can acti-
vate complement, but the exact mechanism of reaction is 
poorly understood. Anaphylactoid reactions present as nau-
sea, urticaria, bronchospasm, angioedema, laryngospasm, 
hypotension, or seizures. Patients at higher risk for anaphy-
lactoid reactions are those with a history of multiple aller-
gies, asthma, or previous reaction to contrast media.

Chemotoxic reactions result from chemical effects of the 
agent on the vessel or organ perfused. These reactions are 
dose-dependent (i.e., increased dose; repeated administra-
tion = increased likelihood). Types of chemotoxic reactions 
include fluid shifts due to the hyperosmolar nature of media 
and renal toxic effects (discussed further below). Patients at 
risk for these chemotoxic reactions are those with significant 
medical comorbidities. Patients with renal and cardiovascu-
lar disease are at particular risk due to the effects of fluid 
shifting and nephropathy.

 Prevention

Preparation is paramount to prevention and appropriate treat-
ment of contrast reactions. Administer contrast to patients only 
in settings equipped for cardiopulmonary resuscitation with 
skilled providers who know the patient’s medical history.

Patients at risk for anaphylactoid reactions should be pre-
treated with adequate hydration, corticosteroids, and 
histamine- blocking agents.

Patients at risk for chemotoxic reactions should be ade-
quately hydrated throughout and particularly after adminis-
tration of contrast. When possible, use lower osmolality, 
nonionic contrast media. The minimum amount of contrast 
medium necessary should be administered. Patients at risk 
for renal complications are discussed below.

 Crisis Management

Table 73.1 summarizes the key treatment strategies for con-
trast reactions.
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Key Points
• Contrast reactions can be classified as anaphylac-

toid or chemotoxic.
• Patients at risk for anaphylactoid reactions include 

those with multiple allergies, asthma, or previous 
reaction to contrast media; patients with medical 
comorbidities are at risk for chemotoxic reactions.

• In preparation, carefully evaluate the patient, and 
ensure that the facility is equipped for resuscitation 
and that skilled providers are readily available.

• Reactions can manifest as nausea, bronchospasm, 
hypotension, or seizures or as large fluid shifts (ana-
phylactic) and renal toxic effects (chemotoxic).

• Severe reactions should be treated quickly and 
aggressively according to the manifesting symp-
toms as some reactions can be fatal.
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 Contrast-Induced Nephropathy

 Overview

Contrast-induced nephropathy is one of the most common 
causes of renal failure in hospitalized patients. This nephrop-
athy increases morbidity and mortality of the primary dis-
ease, prolongs hospitalizations, increases costs, and may 
lead to long-term hemodialysis requirement. It occurs in 
1–15% of all patients undergoing invasive angiography pro-
cedures and in as many as 50% of patients with preexisting 
renal dysfunction or diabetes mellitus. Definition of nephrop-
athy is often a measured serum creatinine ≥25% above base-
line or ≥0.5 mg/dL above baseline.

Contrast agents produce renal dysfunction by several 
mechanisms. Contrast causes an initial dilation of renal vas-
culature followed by prolonged renal vasoconstriction, 
which reduces renal blood flow. Reductions in blood flow, as 
well as direct osmotic toxicity, can cause necrosis of medul-
lary epithelial cells. Subsequent oxidative radical formation 
injures the renal tubules. Additional mechanisms for 
nephropathy are thromboembolic events during arterial can-
nulation and catheter manipulation.

Patients at particular risk for contrast-induced nephropa-
thy are summarized in Table 73.2.

 Prevention

Multiple interventions have been employed to prevent 
contrast- induced nephropathy both in patients at risk and as 
global prophylaxis. While many agents have shown some 
benefit in various experimental models, few agents are 
proven to have benefits based on human randomized con-
trolled trials. The best prevention likely comes from adequate 
periprocedure hydration. Table  73.3 summarizes reported 
interventions, their mechanism, potential side effects, and 
results from related human trials to date.

 Crisis Management

The serum creatinine of patients at risk for contrast-induced 
nephropathy should be followed 24–48  h after the proce-
dure. Those at low risk may be followed for symptoms of 
renal dysfunction and evaluated subsequently for problems. 
Any dysrhythmia, difficulty in breathing, change in neuro-
logic status, weight gain, or other signs of fluid overload 
should be promptly evaluated. A small rise in serum creati-
nine may be followed by prolonged hospitalization and 

Table 73.1 Key treatment strategies for contrast reactions

Reaction Treatment Potential adverse effects
Nausea/vomiting Ondansetron or 

other 5HT3 agents
Migraine headache

Urticaria Diphenhydramine Drowsiness
Cimetidine or 
ranitidine

Bronchospasm – 
mild

Supplemental 
oxygen
Albuterol Tachycardia
Subcutaneous 
epinephrine

Tachycardia, hypertension, 
cardiac dysrhythmias

Bronchospasm – 
severe

Supplemental 
oxygen
Corticosteroid
Albuterol or 
terbutaline

Tachycardia

IV epinephrine Tachycardia, hypertension, 
potentially malignant 
cardiac dysrhythmia

Angioedema Secure airway Tachycardia, hypertension, 
potentially malignant 
cardiac dysrhythmia

Corticosteroid
Epinephrine

Laryngospasm Positive pressure 
ventilation
Succinylcholine Paralysis may require 

endotracheal intubation 
(provider skilled in airway 
management should be 
readily available)

Vagal reaction IV fluids Fluid overload
Elevate patient’s 
legs/Trendelenburg
Atropine Tachycardia, dysrhythmias

Hypotension – 
mild

IV fluids Fluid overload

Hypotension – 
severe

IV fluids Fluid overload
Epinephrine Tachycardia, hypertension, 

cardiac dysrhythmia
Seizures Diazepam or other 

benzodiazepines
Respiratory depression, 
sedation

Table 73.2 Patients at particular risk for contrast-induced nephropathy

Patient risk factors Chronic kidney disease
Left ventricular pressure ejection 
fraction  <40%
Urgent procedure
Congestive heart failure
Advanced age
Hypotension or shock
Low hematocrit
Diabetes mellitus
Hypovolemia

History of exposure to 
particular drugs

Nonsteroidal anti-inflammatory drugs
ACE inhibitors/angiotensin receptor 
blockers
Aminoglycoside antibiotics

Contrast-related factors Contrast volume
Ionic contrast
Viscosity
Contrast osmolarity
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repeat creatinine measurements. A significant rise in serum 
creatinine warrants immediate evaluation by a nephrologist 
as well as strict monitoring of acid/base status, serum elec-
trolytes, and volume status. Treatment should focus on elec-
trolyte and fluid derangements but may also involve some 
duration of hemodialysis or necessitate even renal trans-
plantation surgery in some cases.

 Arterial Hypertension

 Overview

Elevated arterial blood pressure is problematic in INR.  An 
acute rise in blood pressure can precipitate rupture of an aneu-
rysm and cerebral edema. In contrast, an acute increase in arte-
rial blood pressure at any time during the procedure may, 
among other things, indicate an acutely elevated ICP and 
requires immediate attention. The key to successful anesthetic 
management is a balance between adequate cerebral blood 
flow and prevention of aneurysm rupture or the precipitation 
of hypertensive encephalopathy/brain edema formation. A 
patient with an unsecured aneurysm requires precise blood 
pressure control to avoid rises that could precipitate rupture. 
Conversely, if an aneurysm rupture is suspected and the patient 
has a declining neurologic status, mean arterial pressure may 
need to be elevated to overcome a high intracranial pressure.

 Prevention

Preparation begins with detailed patient history and preopera-
tive evaluation. Because cerebral vessels are manipulated and 
blood pressure can change acutely, most providers advocate 
the use of invasive arterial monitoring. Since the neuroradi-
ologist places an arterial catheter for access, a separate arte-

Table 73.3 Reported interventions, mechanisms, effects, and clinical investigations

Intervention Mechanism Potential adverse effects
Results of clinical 
investigations

Hydration Increases renal blood 
flow

Volume overload Study results strongly support 
this intervention

N-Acetylcysteine (150 mEq in 850 mL D5. 
Infuse at 3 mL/kg/h for 1 h and then 1 mL/kg/h 
for 6 h)

Scavenging oxygen-free 
radicals

Flushing, itching, rash, congestive 
heart failure, GI side effects

Mostly supportive. May be 
more protective when given 
IV

Sodium bicarbonate (600 mg IV BID for 3 
doses)

Limits the production of 
oxygen-free radicals

Metabolic alkalosis Mostly supportive

Calcium channel blockers Increases renal blood 
flow

Excessive vasodilation Mixed results, but benefits 
may outweigh risks

Theophylline Increases renal blood 
flow

Arrhythmia, GI side effects, 
headache, tremor, restlessness, 
seizure

Mixed results

Fenoldopam Increases renal blood 
flow

Headache, dizziness, hypotension, 
flushing, tachycardia

Study results do not support 
this intervention

Dopamine Increases renal blood 
flow

Tachycardia, hypertension Not supportive

Atrial natriuretic peptide Increases renal blood 
flow

Volume overload Not supportive

Allopurinol Reduces effects of 
oxygen-free radicals

Skin rash, GI side effects, fatigue Not supportive

Periprocedural hemodialysis Removal of contrast 
media

Hypotension, electrolyte 
disturbance, bleeding

Mixed results

Furosemide Diuresis Hypotension, hypokalemia Not supportive
Prostaglandin E1 Increases renal blood 

flow
Flushing, peripheral edema, 
hypotension

Not supportive

HMG-CoA reductase inhibitors (Statins) Antioxidant, anti- 
inflammatory 
mechanism

Muscle aches, rhabdomyolysis, 
elevated LFTs

Mostly supportive

Key Points
• Patients at risk for renal disease must be identified, 

and prophylaxis prior to contrast administration 
should be strongly considered.

• When possible, low volume, nonionic, low osmo-
lality contrast should be used.

• The most effective prophylactic strategy remains 
adequate IV hydration prior to contrast exposure. 
Patients at higher risk likely also benefit from pre-
emptive intravenous application of N- acetylcysteine 
and sodium bicarbonate (see doses in Table 73.3).

• Other prophylactic measures have not produced 
consistent results or were harmful in human ran-
domized controlled trials or meta-analysis.

• Treatment should focus on monitoring, and treat-
ment of fluid, electrolyte, and acid/base disorders 
may require hemodialysis.
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rial catheter is not used by some. However, a preoperative 
arterial line facilitates a hemodynamically stable anesthetic 
induction as well as constant monitoring during periods when 
the femoral arterial pressure is not transduced.

 Crisis Management

The evidence to support a specific antihypertensive regimen 
is weak. Calcium channel blockers may be preferred in 
patients with aneurysmal subarachnoid hemorrhage as these 
drugs have been shown to improve long-term outcomes sec-
ondary to positive effects on cerebral vasospasm. Otherwise, 
blood pressure can be controlled with various antihyperten-
sive agents and/or inhalation or intravenous anesthetics. 
Table 73.4 summarizes several events or problems that may 
require immediate intervention to manipulate hemodynam-
ics accordingly.
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Table 73.4 Events/problems requiring manipulation of hemodynamics

Events/problems Patient presentation indication Therapeutic intervention/diagnostic intervention
Laryngoscopy/
endotracheal intubation

Tachycardia and hypertension Treatment with esmolol, lidocaine, opioid, IV antihypertensive 
agent, or deepened anesthesia

Cannulation of the 
femoral artery

Brief stimulating response Opioid or short-acting antihypertensive

Carotid occlusion trial To confirm cerebrovascular reserve in patients 
undergoing carotid occlusion

Induced hypotension may be necessary

Coil placement in 
wide-necked aneurysms

Repeated failed attempts Deliberate hypotension or brief cardiac standstill (adenosine) to 
facilitate placement are options

Embolization of brain 
arteriovenous 
malformations

To prevent embolization or acute hemorrhage 
from glue dislodging into a draining vein

Deliberate hypotension may facilitate glue placement

Acute rise in intracranial 
pressure

May present as hypertension and bradycardia 
(potential causes include aneurysmal rupture, 
brain edema, intraparenchymal hemorrhage)

Relieve elevated ICP via acute hyperventilation, osmotherapy, 
ventriculostomy, or emergent surgical intervention. Maintain 
high MAP to allow adequate CBF – cerebral perfusion 
pressure-guided

Aneurysmal rupture May manifest as an acute rise in arterial blood 
pressure

Evaluate for extravasation of contrast medium. Reverse 
anticoagulant. Consider emergency surgery

Cerebral edema Signs of intracranial hypertension Consider ICP measurement to guide therapy. Osmodiuretics, 
deepen anesthesia, maintain adequate perfusion pressure

Cerebral vasospasm Declining neurologic status days after 
subarachnoid hemorrhage

Medically induced hypertension, hypervolemia, hemodilution. 
Continue calcium channel blockers; statins. Consider balloon 
angioplasty and intra-arterial application of vasodilatory drugs

Key Points
• Precise control of blood pressure is crucial to pre-

vent rupture of an aneurysm and cerebral edema.
• Invasive arterial monitoring facilitates precise 

control.
• For ruptured aneurysms or brain edema, MAP 

needs to be elevated in order to allow for adequate 
CBF; consider ICP monitoring for CPP-driven 
therapy.

• To control hypertensive responses, multiple antihy-
pertensive or anesthetic agents can be used.

M. Aziz and A. M. Brambrink
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Specific Challenges During 
Neuroradiologic Interventions 
in Pediatric Patients

F. Cole Dooley and Timothy W. Martin

 Overview

Interventional radiology procedures performed on the brain 
and spinal cord of children may be diagnostic, therapeutic, or 
palliative and may be performed on either a “stand-alone” 
basis or combined with an open surgical procedure. Most 
procedures are performed with high-speed fluoroscopy and 
digital subtraction angiography for imaging and the use of 
microcatheters that permit superselective catheterization of 
blood vessels.

Although transarterial or transvenous routes can be used, 
including the umbilical vessels in neonates, the transfemoral 
arterial approach is selected most commonly. In children, 
these procedures are typically done under general anesthesia 
and require endotracheal intubation due to case duration and 
need for a motionless state. With endotracheal intubation, the 
airway and ventilation can be controlled to optimize cerebral 
perfusion and deal with possible periprocedural complica-
tions. Laryngeal mask airways are appropriate in some cases. 
Table  74.1 lists common neuroradiologic diagnostic and 
therapeutic procedures in children, and Table 74.2 lists pos-
sible complications that can occur during or following these 
procedures.

The anesthetic complications of loss of airway or intrave-
nous access, although not specific to neuroradiologic proce-
dures, may be more likely to occur during these cases due to 

frequent movement of the patient or radiologic equipment 
and the typical increased distance of the anesthesia provider 
from the patient. These complications are not discussed sep-
arately in this chapter but are included in Table 74.2 in the 
interest of creating awareness.
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Table 74.1 Common neuroradiologic procedures in children

Diagnostic procedures
Cerebral 
angiography

Catheter-based cerebral angiography useful in 
defining both intra- and extracranial vascular 
anatomy and pathology

Lumbar puncture 
(LP)

Guided LP for failed lumbar puncture in 
patients with spinal deformities or anomalies

Myelography Evaluation of congenital spinal anomalies, 
disc disease, and radiculopathy

Image-guided 
biopsies or 
aspirations

Biopsies or aspirations of intracranial masses

Therapeutic procedures
Vascular 
embolization

Intracranial aneurysm, cerebral arteriovenous 
malformation, spinal arteriovenous fistula, 
and malformations

Tumor embolization Meningiomas, glomus tumor, and 
nasopharyngeal angiofibroma

Thrombolysis Local intra-arterial lysis treatment for stroke

Table 74.2 Potential complications of pediatric patients during inter-
ventional neuroradiology procedures

Procedural complications
  Intracranial hemorrhage
  Occlusive complications/thromboembolic stroke
  Contrast reactions
  Contrast nephropathy
  Hematoma and hemorrhage from the vessel puncture site
Anesthetic complications
  Hypothermia
  Loss or disruption of airway or breathing circuit integrity
  Loss of intravenous access
  Protamine allergy
  Heparin overdose

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_74&domain=pdf
mailto:FDooley@anest.ufl.edu
mailto:tmartin@anest.ufl.edu
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 Prevention

Most of the complications that may occur in pediatric inter-
ventional neuroradiologic procedures can be prevented by 
thoroughly evaluating the patient’s coexisting disease (with 
particular attention to cardiac, pulmonary, and renal func-
tion) and allergy status, having a clear understanding of the 
planned procedure and anticipated movement of the patient 
and imaging equipment, and meticulous preparation of all 
medications (anesthetic and procedure related). Specific pre-
ventive measures will be described in the discussion of each 
potential complication.

 Crisis Management: Intracranial 
Hemorrhage

Intracranial hemorrhage from aneurysm or arteriovenous mal-
formation rupture may occur as a result of pathology of the 
vessels themselves, acute rise of blood pressure, or intracranial 
vessel injury, perforation, or dissection directly by vascular 
manipulation during the procedure. This may result in perma-
nent neurological disability or death (Tables 74.3 and 74.4).

 Crisis Management: Occlusive Complications

Occlusive complications can result from embolic material 
being dislodged from a thrombosed aneurysm site, intra-
procedural thrombosis, accidental embolization of occlu-
sive material to an unintended target site, or vasospasm 
induced by the vascular manipulation. These events can 
occur during or following the procedure and may compro-
mise cerebral perfusion leading to cerebral ischemic injury 
and infarction, and the development of new neurologic 
deficits.

Cyanoacrylate adhesives are embolic agents used in treat-
ing arteriovenous malformations that can cause arterial isch-
emia and microcatheter “gluing,” with compromise of the 
blood supply. Cyanoacrylate can also result in asymptomatic 
and symptomatic pulmonary emboli and possible respiratory 
failure.

Most of these complications are diagnosed when the 
patient recovers from the anesthetic (Table 74.5).

 Diagnosis

An occlusive site can be seen and confirmed by an angio-
gram (Table 74.6).

Table 74.3 Signs and symptoms of intracranial hemorrhage

Awake patients may complain of sudden headache, nausea, 
vomiting, progressive neurologic deficit, confusion, seizure, and/or 
loss of consciousness
Patients under anesthesia may have a seizure, bradycardia, and/or 
abrupt rise in mean arterial blood pressure
Extravascular extravasation of contrast agent seen during the 
procedure

Table 74.4 Management of intracranial hemorrhage

Communicate with the interventional radiologist; call for help
Secure the airway if patient is not intubated for the procedure
Hyperventilate with 100% oxygen to bring PaCO2 between 26 and 
30 mmHg. This will induce cerebral vasoconstriction and reduce the 
bleeding
Immediately stop heparin infusion
Immediately reverse heparin with protamine. Typically, 1 mg of 
protamine is administered for every 100 units of heparin. This may 
be done after checking the activated clotting time (ACT). Treat 
severe hypertension with caution to avoid lowering cerebral 
perfusion below a safe value
Initiate measures to lower ICP, including optimizing head position, 
diuresis, and ventricular drainage
Consider antiseizure medications
Order cross matching of blood for possible blood transfusion
Aneurysm perforation may be treated by endovascular placement of 
coils by the interventional radiologist or by emergency craniotomy 
through clipping of the aneurysm, though outcomes are usually poor

Table 74.5 Signs and symptoms of occlusive crisis

Change in the mental status in an awake patient pre- or 
postoperatively
Development of new neurologic deficits
Possible respiratory compromise or failure

Key Points
• Intracranial hemorrhage can be life-threatening or 

result in devastating neurological compromise.
• Ventilate with 100% O2 and keep pCO2 between 

26 and 30  mmHg to induce cerebral 
vasoconstriction.

• Reverse any active heparin with protamine.
• Lower the systemic arterial pressure while main-

taining adequate cerebral perfusion.
• Blood should be available for possible transfusion.
• Utilize measures to lower ICP (e.g., mannitol; 

ventriculostomy).
• Avoid anesthetic agents that may raise ICP.

F. C. Dooley and T. W. Martin
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 Crisis Management: Contrast Reactions

Contrast agents improve the visualization of anatomical 
structures that are not normally easy to see. They can be 
administered by intravenous, intra-arterial, or intrathecal 
routes. The most commonly used intravenous contrast agents 
are iodinated ionic and nonionic compounds.

Pediatric contrast reactions are usually anaphylactoid, 
with rates of 0.18–3% for low osmolality contrast media and 
3–13% for high osmolality contrast media. Most contrast 
reactions occur within 3–5  min of injection. Severe 
 hypersensitivity reactions are likely to occur in patients with 
a history of allergy, atopy, or asthma. Patients with a previ-
ous reaction have increased chances of recurrence on re- 
exposure (Tables 74.7, 74.8, and 74.9).

 Prevention of Contrast Reactions

Pretreatment prior to contrast administration is typically 
prescribed for patients with previous nonimmunologic- 

mediated radiocontrast reactions to contrast agents of the 
same class as planned. These patients are usually pre-
treated with antihistamines (H1 and often H2 antago-
nists) and corticosteroids according to locally established 
protocols that normally take several hours for implemen-
tation. However, despite premedication, a significant 
number of reactions still occur, and pretreatment has 
largely only been shown to decrease the frequency of 
mild reactions.

 Management of Contrast Reaction

The reactions can range from mild to life-threatening events 
and could be either anaphylactic or anaphylactoid reactions, 
which may not be clinically distinguished.

A mild reaction of short duration may be treated with 
antihistamine and intravenous fluid, whereas life-threatening 
reactions should be treated aggressively and immediately 
(Tables 74.10 and 74.11). Addition of an H2 antagonist has 
been shown to improve treatment of cutaneous symptoms 
better than an H1 antagonist alone.

Table 74.6 Management of occlusive crisis

Communicate with the interventional radiologist to determine the 
extent of occlusion; call for help as necessary
Secure the airway to maintain oxygenation and ventilation
Ventilate with 100% oxygen
Decrease the anesthetic depth
Maintain normocarbia to hypercarbia, to increase the cerebral blood 
flow
Induced hypertension to increase the cerebral blood flow, increase 
the MAP 30–40% above baseline to drive adequate flow through 
collaterals
Embolic material compromising the cerebral perfusion may be 
possibly retrieved by interventional radiologist
Failure to retrieve may require craniotomy by the neurosurgeon
Microcatheter imbedded in glue may be removed by snare or 
surgically
Thrombus revealed on angiogram may be treated by intra-arterial 
tissue plasminogen activator

Key Points
• Patient should be ventilated with 100% oxygen.
• Increase the arterial blood pressure to increase col-

lateral blood flow.
• Continuous infusion of heparinized saline should 

be used during the procedure to prevent thrombosis 
and maintain catheter patency.

• Removal of embolic material may be attempted by 
the radiologist or may require surgical 
intervention.

Table 74.7 Types of contrast reaction

Type of reaction Mechanism Remarks
Anaphylactic IgE mediated Rare, but 

life-
threatening

Anaphylactoid/
idiosyncratic

Non-IgE-mediated histamine 
and serotonin release/activation 
of the complement system

Reactions 
can be mild 
to severe

Nonanaphylactoid/
physio-chemotoxic/
nonidiosyncratic

Nonimmunological; dependent 
upon ionicity and osmolality, 
volume, and route of 
administration

Reactions 
are usually 
mild to 
moderate

Table 74.8 Clinical manifestations of contrast reactions

Pruritus, flushing, erythema, urticaria, angioedema, nausea, 
vomiting, abdominal pain, laryngeal edema, hoarseness, chest 
tightness, cough, dyspnea, wheezing, light headedness, syncope, 
tachycardia, dysrhythmias, and hypotension

Table 74.9 Signs of severe reactions under general anesthesia

Cutaneous Flushing
Urticaria
Erythema
Angioedema

Respiratory Wheezing
Cyanosis
Increase in peak airway pressure

Cardiovascular Tachycardia
Hypotension
Dysrhythmias
Cardiovascular collapse

74 Specific Challenges During Neuroradiologic Interventions in Pediatric Patients
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 Crisis Management: Contrast Nephropathy

Contrast nephropathy is the impairment of renal function 
occurring within 3  days following the administration of 
intravascular contrast agent. Creatinine increases 25% or 
0.5 mg/dl from the baseline within 72 h after the contrast is 
given. In most cases, the disorder is self-limited; however, 
the nephropathy can persist for weeks in some patients, lead-
ing to renal failure requiring dialysis.

As mentioned earlier, the commonly used contrast media 
are either ionic or nonionic. Ionic contrast agents have high 
osmolality (1400–2400  Osm/kg/H2O). Nonionic contrast 
agents have a lower osmolality (411–796  mOsm/kg/H2O). 
These agents are generally safer, have less toxicity, a lower 
incidence of adverse events, and are generally better tolerated.

The pathogenesis is probably related to intrarenal endothe-
lin and adenosine-induced vasoconstriction, leading to reduc-
tion in glomerular filtration rate and renal ischemia, impaired 
nitric oxide production, direct cellular toxicity, and oxygen-
free radical formation. Patients at risk of developing nephrop-
athy include those with preexisting renal disease, diabetes 
mellitus, heart failure, volume depletion, use of a high dose of 
contrast agent, use of high osmolality ionic contrast agent, and 
use of other nephrotoxic drugs (Tables 74.12 and 74.13).

Table 74.10 Treatment of mild contrast reaction

Stop the administration of contrast agent
Maintain adequate oxygenation and ventilation
IV fluids for volume expansion to treat hypotension
Antihistamines (diphenhydramine 0.5–1 mg/kg) to treat pruritus, 
flushing, erythema, urticaria
Bronchospasm may be treated with albuterol or terbutaline, and if 
refractory, with epinephrine
Epinephrine may be used to treat hypotension not responding to 
volume expansion
Hydrocortisone 1–2 mg/kg, then repeated after 4–6 h

Table 74.11 Treatment of severe contrast reaction

Stop the administration of contrast agent
Secure the airway and ventilate with 100% oxygen
Discontinue all anesthetic agents, since they are cardiovascular 
depressants
Epinephrine should be 10 mcg/kg body weight IV if patient has 
cardiovascular collapse. The dose may be repeated as needed. If 
patient is hypotensive, epinephrine 1–2 mcg/kg may be given and 
gradually increased every 30–60 s until blood pressure improves
Insert large-bore IV
Rapid intravenous fluid expansion
CPR if needed
Diphenhydramine 0.5–1 mg/kg IV
Hydrocortisone 1–2 mg/kg then repeated after 4–6 h
For persistent hypotension, start epinephrine 0.05–0.1 mcg/kg/min 
norepinephrine, or dopamine infusion may be used if the clinical 
condition demands
Invasive arterial line and venous catheter for monitoring and infusion 
of vasoactive drugs
For persistent hypotension, consider vasopressin
Arrange for PICU monitoring for 24 h, remaining mindful of 
bimodal distribution of airway-/hypotension-related effects, which 
may peak again up to 12 h after the original insult
Evaluate the airway for edema before extubation

Table 74.12 Prevention of contrast nephropathy

Use low osmolality contrast agent media
Use lowest possible dose of contrast agent
Contrast studies should be spaced more than 3 days apart whenever 
feasible
Discontinue nephrotoxic drugs if possible before the procedure
Hypovolemia should be corrected before the procedure, and the 
intravascular volume status of the patient should be optimized 
perioperatively
No current evidence supports use of N-acetylcysteine over 
appropriate intravenous hydration as prophylaxis for contrast 
nephropathy

Key Points
• Contrast reactions can be anaphylactic, anaphylac-

toid, or chemotoxic and usually cannot be distin-
guished clinically.

• Life-threatening reactions can occur; as such, all 
equipment, drugs, and staff should be available to 
aggressively treat the patient.

• Airway should be secured immediately, before 
angioedema develops.

• Epinephrine should be used to treat severe 
hypotension.

• Antihistamines and steroids are used to prevent his-
tamine, serotonin, and complement release.

Key Points
• Patients at risk for contrast nephropathy should be 

identified.
• Preexisting renal dysfunction should be corrected if 

possible.
• Nephrotoxic drugs should be avoided or stopped.
• Dehydration or hypovolemia should be corrected.
• Low osmolality contrast agent media should be used.
• Contrast studies should be spaced with a 3-day 

interval, whenever possible.
• Patients developing renal dysfunction need to be 

carefully monitored and treated.

F. C. Dooley and T. W. Martin
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 Crisis Management: Hemorrhage/Hematoma 
at Vessel Puncture Site

Bleeding may occur around the catheter site at the time of 
placement, during the procedure or after decannulation. 
Even small amounts of blood loss may be significant in 
infants (Tables 74.14 and 74.15).

 Crisis Management: Hypothermia During 
Neuroradiologic Interventions

Hypothermia is defined as core body temperature of less than 
35 °C. General anesthesia inhibits thermoregulation, and the 
cold temperature in the procedure room causes further heat 
loss. Heat is lost to the environment by conduction, convec-
tion, evaporation, and radiation, in addition to the depression 
of metabolic heat production during anesthesia (Tables 
74.16, 74.17, 74.18 and 74.19).

Table 74.13 Management and treatment of contrast nephropathy

Patients at risk for the development of nephropathy should be 
monitored by measuring serum creatinine levels before the 
procedure and once daily for 5 days post procedure
Any nephrotoxic drugs should be avoided and further contrast 
studies avoided in this period
The volume status of patients should be optimized, with careful 
monitoring of fluid input–output and weight gain
Patient needs to be hospitalized with monitoring of serum 
electrolytes, acid base balance, and volume status
Once the diagnosis of contrast nephropathy is established, the 
management is the same as with renal failure
Some patients will need hemodialysis

Table 74.14 Prevention of hemorrhage/hematoma at vessel puncture 
site

Avoid multiple attempts at catheter placement
Catheter site should be checked peri- and postoperatively for any 
bleeding
Tubing should have tight connections, and preferably, luer-locking 
connections should be used
Emergence of the patient should be smooth; coughing, straining, or 
emergence agitation should be avoided

Table 74.15 Management of hemorrhage/hematoma at vessel punc-
ture site

Application of direct pressure for 10–15 min and a temporary 
pressure dressing at the site after catheter removal will limit 
hematoma formation
Narcotics or propofol may be given to ensure smooth emergence
Antiemetic should be given to avoid nausea and vomiting on 
emergence
Residual heparin effect should be ruled out

Key Points
• Multiple attempts for catheter placement should be 

avoided.
• Catheter site must be regularly inspected.
• After catheter removal, application of manual pressure 

for 10–15 min followed by use of a pressure dressing.

Table 74.16 Etiology of hypothermia in children

Larger surface area-to-body mass ratio compared to adults results in 
more heat loss
Higher conductivity than adults, less subcutaneous fat
Evaporation is higher due to lower keratin content in skin
Reduced capacity for heat production
Significant heat loss from head, which forms nearly 20% of body 
surface area in neonates and infants. The head may remain exposed 
during the procedure
IR procedures may be of prolonged duration
Cool interventional radiology rooms
Use of room temperature fluids

Table 74.17 Diagnosis of hypothermia

Body temperature lower than normal, either in peri- or postoperative 
period
Temperature should be monitored according to ASA standards. 
Appropriate site for temperature monitoring depends on the clinical 
situation, with all sites presenting tradeoffs due to level of 
invasiveness and accuracy
Shivering may be present in older children although it will be absent 
in infants
Cutaneous vasoconstriction, piloerection
Delayed awakening, decreased level of consciousness

Table 74.18 Clinical implications of hypothermia

Increased blood viscosity, impaired platelet function, platelet 
sequestration in portal circulation, abnormal blood coagulation 
cascade, and increased blood loss
Left shift of oxyhemoglobin dissociation curve, increase in 
pulmonary vascular resistance, decrease in oxygen consumption, 
decreased in CO2 production, and VQ mismatch
Arrhythmias, bradycardia, prolonged PR interval, widened QRS 
interval, prolonged QT interval, ventricular fibrillation, and asystole 
when core body temperature is less than 30 °C
Delayed postanesthetic recovery

74 Specific Challenges During Neuroradiologic Interventions in Pediatric Patients
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 Crisis Management: Heparin Overdosage

Flush solutions containing heparin are used to maintain the 
patency of catheters during the procedure and to prevent throm-
boembolic complications. This is accomplished by using a 
pressurized infusion bag or syringe pump. The concentration of 
heparin is usually 10 units/ml for infants less than 10 kg in 
weight and 100 units/ml for patients over 10 kg. Massive doses 
of heparin can be given because an incorrect amount of con-
centrated heparin is used to prepare the flush solution. It is 
important to regulate the volume of flush solution to prevent 
fluid overload and provide an accurate dose of heparin.

The newborn has increased clearance of heparin because 
of an increased volume of distribution and accelerated metab-
olism. The half-life of unfractionated heparin is 25  min at 
term compared to 70 min in adults (Tables 74.20 and 74.21).

 Crisis Management: Protamine Reaction

Protamine is a specific heparin antagonist used to neutralize 
the effects of heparin at the end of a procedure or during the 
procedure in the event of unanticipated intracranial hemor-
rhage. The heparin–protamine complex does not have any 
anticoagulant activity. One hundred units of heparin are 
antagonized by 1 mg of protamine. Complications are rarely 
seen in interventional neuroradiology because the doses of 
heparin are small and rarely need to be neutralized. The most 
common complication seen with protamine administration is 
hypotension, and pulmonary hypertension and anaphylaxis 
are rare (Tables 74.22 and 74.23).

Table 74.20 Prevention of heparin overdosage

Recheck the concentration of the heparin vial before using it
Use a syringe infusion pump to regulate the volume infused
Record the total dose of heparin
Check baseline activated clotting time (ACT) and check ACT every 
hour for long procedures

Table 74.21 Management of heparin overdosage

If wrong concentration of heparin infusion is suspected or there is an 
unexpected hemorrhagic complication, heparin should be 
immediately stopped
ACT should be checked and heparin can be reversed with protamine
If bleeding has occurred, blood transfusion and supportive measures 
may be needed

Key Points
• Infants and particularly neonates are prone to hypo-

thermia during neuroradiologic interventions.
• Mild hypothermia may not impair postanesthesia 

recovery if the procedure is short.
• Moderate hypothermia causes prolonged drug effects, 

impaired coagulation, and hemodynamic effects.
• Hypothermia can be prevented or minimized by 

increasing the temperature in the procedure room, 
using forced air warming devices, and by intrave-
nous fluid warming in the setting of very small chil-
dren or for those procedures or patients that might 
require significant fluid volume resuscitation.

Table 74.19 Management of hypothermia

Increase the room temperature to reduce radiant heat loss
Use forced air warming blanket
Cover exposed portions of patient whenever possible; the head may 
be covered with a clear plastic bag
Use warm intravenous fluids
Use low flow of inhaled gases and humidifier
In postoperative period, warming lights may be used for neonates 
and infants

Key Points
• Term neonates have increased heparin require-

ments, whereas preterm neonates have reduced 
heparin requirements.

• The concentration of heparin must be rechecked 
before infusion.

• The infusion must be via syringe pump to regulate 
the volume and accurate dose of heparin.

• Heparin may be reversed with protamine depending 
on activated clotting time (ACT).

Key Points
• Protamine is given at the end of a procedure to 

reverse the effect of heparin.
• A protamine reaction can cause mild hypotension to 

severe cardiovascular collapse.
• It should be given slowly IV.
• The most common reaction is hypotension which 

can be treated with fluid volume, ephedrine, phen-
ylephrine, and antihistamines.

Table 74.22 Clinical presentation of protamine reaction

Hypotension: This usually occurs with rapid administration and is 
associated with tachycardia and flushing. This results from histamine 
release and the release of nitric oxide-related substances. This can be 
avoided by slow IV injection
Pulmonary hypertension: Protamine reaction with heparin can result 
in complement activation and thromboxane release, ending in 
pulmonary vasoconstriction, pulmonary hypertension, right heart 
failure, and systemic hypotension
Allergic reactions: The allergic reactions may range from 
anaphylactic reactions to anaphylactoid reactions. A true 
anaphylactic reaction occurs as a result of a specific antiprotamine 
IgE antibody that is seen in patients who use protamine zinc insulin 
or who have been previously exposed to protamine. Anaphylactoid 
reactions are the result of the heparin–protamine complex

F. C. Dooley and T. W. Martin
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 Crisis Management: Vein of Galen 
Malformations

Vein of Galen aneurysmal malformations (VGAM) are 
among the rarest of intracranial arteriovenous malformations 
and result from persistent dilation of the distal portion of a 
fetal venous structure responsible for cerebral tissue drain-
age. The end result is uneven distribution of circulatory vol-
ume that causes congestive heart failure due to work and 
volume overload, generally with the degree of cardiac failure 
reflecting the size of the shunt. Open surgical repair and 
transcatheter embolization are both options for medically 
refractory cases, with the latter offering a significant survival 
advantage over open repair. Embolization is usually per-
formed in staged procedures and presents unique challenges 
to the anesthesiologist, mainly related to management of an 
infant with heart failure in the setting of possible pulmonary 
hypertension. As the procedure is performed, additional dif-
ficulty can be encountered with migration of the embolizing 
coils to other organ systems, such as the pulmonary circula-
tion. The goal of this partial embolization is improvement in 
symptoms of heart failure, which occurs almost immediately 
as venous return and cardiac work are decreased.

Clinical presentation of vein of Galen malformations:

• Typically occur in the neonatal period with significant 
heart failure with cranial bruit or later in childhood with 
persistent headache.

• Heart failure severity varies proportionally with the 
degree of shunt present. Symptoms refractory to medical 
management are the primary indication for the transcath-
eter embolization technique. Medical therapy generally 
consists of diuretics, dopamine, and/or dobutamine.

• Partial embolization improves symptoms of failure as cir-
culatory volume and cardiac work improve.

Suggested Reading

Ashida Y, Miyahara H, Sawada H, Mitani Y, Maruyama K. Anesthetic 
management of a neonate with vein of Galen aneurysmal malfor-
mations and severe pulmonary hypertension. Paediatr Anaesth. 
2005;15(6):525–8.

Bochner BS, Lichtenstein LM.  Anaphylaxis. N Engl J Med. 
1991;324:1785.

Dillman R, Strouse PJ, Ellis JH, et al. Incidence and severity of acute 
allergic-like reactions to IV nonionic iodinated contrast material in 
children. AJR Am J Roentgenol. 2007;188:1643–7.

Lasser EC, Berry CC, Talner LB, et al. Pretreatment with corticoste-
roids to alleviate reactions to intravenous contrast material. N Engl 
J Med. 1987;317(14):845–9.

Levy JH.  Anaphylactic and anaphylactoid reactions. In: Lobato EB, 
Gravenstein N, Kirby RR, editors. Complications in anesthesiology. 
Philadelphia: Lippincott Williams & Wilkins; 2008. p. 701–11.

Singh J, Daftary A.  Iodinated contrast media and their adverse reac-
tions. J Nucl Med Technol. 2008;36(2):69–74.

Varma MK, Price K, Jayakrishnan V, et al. Anaesthetic considerations 
for interventional radiology. Br J Anaesth. 2007;99(10):75–85.

Table 74.23 Management and treatment of protamine reaction

Protamine should be given by slow IV injection
Hypotension can be treated with increased IV fluid volume, 
ephedrine, phenylephrine, and antihistamines
In case of severe reaction or cardiovascular collapse, protamine 
administration should be stopped, and the patient treated as for a 
severe anaphylactic reaction

Key Points

• Vein of Galen malformations frequently present in 
the neonatal period with heart failure.

• Transcatheter embolization techniques offer con-
siderable survival advantages for medically refrac-
tory cases when compared to open surgical repair 
and typically occurs in staged procedures.

• Care must be taken during anesthetic management, 
focusing on appropriate treatment of the infant with 
heart failure and commonly pulmonary hyperten-
sion. Management focuses on maintaining normo-
thermia, normal ventilation or hyperventilation for 
control of intracranial pressure, and avoidance of 
hypoxia.

• During embolization coil deployment, the anesthe-
siologist must remain vigilant for displacement of 
coils to unintended areas, such as the pulmonary 
circulation.
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Surgical Emergencies After 
Neurosurgery

Jason D. Walls and R. Alexander Schlichter

 Hemorrhage

 Overview

Despite apparent hemostasis at the end of a neurosurgical 
procedure, postoperative hemorrhage can occur, leading to 
serious and sometimes fatal complications. Given that the 
cranial vault is a rigid structure with a fixed total volume, 
bleeding after an intracranial procedure can lead to an 
increased ICP. Not only can this increase in ICP lead to 
changes in mental status but also to hematoma formation in 
extreme situations. In addition, heme can irritate brain paren-
chyma leading to seizure and vasospasm.

Although the vast majority of cases occur at the primary 
surgical site, in rare cases, intracranial hemorrhage can occur 
remote from the surgical site. Case reports describe both 
supratentorial and cerebellar hemorrhage after both supra-
tentorial and infratentorial procedures. Rapid intraoperative 
loss of significant amounts of cerebrospinal fluid (CSF) and 
intracranial hypotension appear to be major mechanisms for 
the development of this rare phenomenon. In addition, bleed-
ing related to neurosurgical procedures remote from the cra-
nium involves a unique set of complications. Hemorrhage 
after carotid endarterectomy (CEA) can lead to hematoma 
formation, compromising the airway and cerebral blood 
flow. Bleeding after spinal surgery can lead to significant 
blood loss, pressure on the spine, and spinal ischemia. The 
multiple etiologies of postoperative hemorrhage are summa-
rized in Table 75.1.

 Prevention

A thorough preoperative assessment of the patient can reveal 
potential risk factors for postoperative hemorrhage 
(Table 75.2). Perioperative preparation also plays an impor-
tant role: smooth emergence and extubation should be 
achieved by optimization of equipment and intraoperative 
medications, stable blood pressure (intra-arterial blood pres-
sure monitoring and antihypertensive medications), and 
aggressive anti-emesis. If intraoperative hypothermia was 
employed during aneurysm clipping, the patient needs to be 
rewarmed, as hypothermia can worsen coagulopathies. After 
massive red blood cell transfusions, plasma and platelets 
should be considered to prevent dilutional coagulopathy (see 
below). Careful positioning and transferring the patient from 
OR bed will prevent trauma or stress on the surgical site.

 Crisis Management

Crisis management strategies for addressing possible causes 
of postoperative hemorrhage are listed in Table 75.3.
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Table 75.1 Causes of postoperative hemorrhage

Inadequate surgical 
hemostasis

Bucking/coughing at extubation

Coagulopathy Emesis/retching
Uncontrolled hypertension Trauma to head when moving patient
Excessive CSF drainage Intraoperative mechanic brain shifting

Table 75.2 Risk factors for postoperative hemorrhage

Bleeding disorders (hemophilia) Cirrhosis
Antiplatelet therapy (aspirin, 
clopidogrel)
Systemic anticoagulation Postoperative nausea and 

vomiting (PONV)
Chronic hypertension Alcohol use
Respiratory disease (coughing) Tobacco use
Vascular disease Illicit drug use (cocaine, PCP, and 

opioids)
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If the patient has a suspected postoperative hemorrhage 
after a neurosurgical procedure, a full neurological exam 
should be performed and the neurosurgical team immediately 
notified. The intervention performed and imaging obtained 
depend on the severity of the exam. If a patient has a mild 
change in neurological exam, a conservative “watch and see” 
approach is appropriate. Any further changes in mental status 
or neurological exam warrant imaging, usually a CT scan. If 
major hemorrhage is suspected (loss of consciousness, obtun-
dation, loss of extremity function), immediate surgical reex-
ploration is likely required. Overall functional outcomes are 
directly related to early detection, rapid control, and limiting 
the volume of postoperative hemorrhage.

 Coagulopathy

 Overview

Coagulopathy is a serious complication that can lead to post-
operative hemorrhage and hematoma formation. Despite 
apparent adequate intraoperative hemostasis, a coagulopathy 
may still be present. If unrecognized and untreated, this 
coagulopathy has the potential to cause serious hemorrhage 
or hematoma leading to brain or spinal cord ischemia. 
Postoperative coagulopathy has many potential causes, 
including low levels of plasma clotting factors or platelets, 
breakdowns in enzymatic systems that insure proper coagu-
lation and platelet function, or hyperfibrinolysis. Risk factors 
are summarized in Table 75.4.

 Prevention

A proper history, physical, and laboratory tests are essential 
in preventing postoperative coagulopathy. Preoperatively, 
the patient needs to be questioned about known bleeding dis-
orders, easy bruising, abnormal bleeding (epistaxis), medi-
cations (clopidogrel, aspirin, Warfarin, non-vitamin K 
antagonist oral anticoagulants, and heparin), nutrition (vita-
min K deficiency), and alcohol use. Appropriate preoperative 
laboratory tests for coagulopathy include a platelet count, 
prothrombin time (PT), and partial thromboplastin time 

Table 75.3 Crisis management for hemorrhage

Risk factor Treatment Potential adverse effects
Hypertension Opioids Oversedation

Labetalol Bradycardia/hypotension
Esmolol Bradycardia
Nicardipine Hypotension

Emesis/retching Ondansetron Migraines
Haloperidol Oversedation

Extrapyramidal side 
effects
Sedation

Compazine Sedation/loss of airway
Promethazine
Propofol

Mental status 
changes

Reverse sedation Pain/delirium
Full neurological 
exam
CT scan
Surgical 
reexploration

Risks of surgery and 
anesthesia

Hypothermia Warming blankets Low risk for burns
Warm IV fluids Hypervolemia
Hot lights

Coagulopathy See Table 75.5
Hematoma 
formation

See Table 75.5

Table 75.4 Common risk factors for postoperative coagulopathy

Hereditary (hemophilia, von 
Willebrand’s)

Dilutional (massive 
transfusion)

Vitamin K deficiency (malnutrition) Hypothermia
Antiplatelet therapy Consumptive (ITP)
Heparin therapy Cirrhosis
Warfarin therapy Nitroprusside
Non-vitamin K antagonist oral 
anticoagulants
Disseminated intravascular 
coagulopathy

Hetastarch

Acute head injury Hyperfibrinolysis

Key Points
• Postoperative hemorrhage is a serious and some-

times fatal complication of neurosurgery.
• Although the majority of cases occur at the primary 

surgical site, remote site intracranial hemorrhage 
has been reported after both supratentorial and 
infratentorial surgeries.

• Patients should be evaluated preoperatively for risk 
factors that can lead to postoperative hemorrhage.

• Proper equipment and medications should be avail-
able to treat hypertension, prevent coughing, insure 

a smooth extubation, warm the patient, treat coagu-
lopathy, and prevent and treat PONV.

• Frequent and thorough neurological exams of the 
patient following surgery can detect changes that 
might indicate a possible hemorrhage. 
Communication with the neurosurgical team is 
important to determine if the patient needs further 
evaluation or reexploration of the surgical site.
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(PTT). Bleeding time, activated clotting time (ACT), fibrino-
gen level, and thromboelastogram are often not necessary 
but may be useful when available to follow the patient’s 
coagulation profile intra- and postoperatively. In patients 
with complex hereditary bleeding disorders, a hematology 
consult may be warranted to assist in perioperative coagula-
tion management.

If the patient is at an elevated risk for intra- or postopera-
tive coagulopathy, adequate large-bore venous access must 
be obtained prior to the start of surgery, including possible 
central venous access. Intra-arterial blood pressure monitor-
ing can be useful if large amounts of colloid are going to be 
transfused or frequent laboratory tests are drawn to follow 
the patient’s coagulation profile. Current type and cross-
match are necessary to insure appropriate amounts of packed 
red blood cells and fresh frozen plasma (FFP) are available 
during the surgical procedure.

 Crisis Management

Postoperative coagulopathy requires immediate and rapid 
intervention to prevent serious morbidity and mortality. 
Treatment is focused on using the appropriate medications 
and blood factors as well as correcting any other reversible 
causes of the coagulopathy. If the patient has an elevated PT/
INR, vitamin K intravenously should be considered as an ini-
tial therapy. Although vitamin K can correct an elevated INR 
within 24 h, its delayed onset of action will limit its ability to 
be the sole therapy in a coagulopathic patient at risk of post-
operative hemorrhage. Additionally, if the patient is hypo-
thermic, active warming should be implemented with a warm 
air blanket or hot lights. All fluids and blood products should 
be warmed prior to administration.

When postoperative coagulopathy requires blood deriva-
tives for correction, treatment options include FFP, platelets, 
cryoprecipitate, nonactivated prothrombin complex concen-
trate (PCC), or recombinant factor VIIa (rFVIIa). Using FFP 
to correct coagulopathy has a long history with established 
protocols and local practices. However, this therapy is not 
without complications including prolonged times to achieve 
adequate hemostasis, large volumes to deliver appropriate 
quantities of coagulation factors, and the potential for trans-
fusion related acute lung injury (TRALI). If large volumes of 
blood products are given, the patient’s fluid status needs to 
be monitored to prevent fluid overload, and diuretics should 
be used when indicated.

Recent reports describe improved hemostasis and faster 
INR correction with PCC, especially 4-factor PCC (4PCC), 
compared to traditional FFP administration in patients taking 
vitamin K antagonist (VKA) medications as well as those 
patients with coagulopathy related to TBI. Moreover, recent 
American guidelines recommend VKA reversal with 4PCC 

rather than FFP in patients with major bleeding. In a postop-
erative patient with prior VKA use and ongoing coagulopa-
thy, 4PCC should be considered as a potential therapeutic 
option. Although PCCs are historically associated with an 
increased risk of thrombotic complications, current formula-
tions and appropriate dosing regimens have lowered the 
overall risk of thromboembolism. Advantages of PCC over 
plasma include shorter time to administration, no need for a 
crossmatch, viral inactivation, and no risk of volume over-
load. However, PCCs are not recommended in patients with 
elevated thrombotic risks. Also, repetitive dosing can poten-
tially lead to an increased thrombotic risk due to accumula-
tion of prothrombin. Concurrent treatment with vitamin K is 
recommended to decrease the need for PCC repetitive dos-
ing. In the setting of acute coagulopathy and potential for 
hemorrhage leading to brain or spinal cord ischemia, the risk 
versus benefit must be weighed for the use of PCC.

Additional potential therapies for postoperative coagu-
lopathy include rFVIIa, desmopressin, and antifibrinolytics. 
rFVIIa has been found to be successful in patients with acute 
brain injury and intracerebral hemorrhage not responding to 
FFP or cryoprecipitate. The benefits of rFVIIa must be 
weight against the risk of potential thromboembolism. Until 
future research delineates the specific indications and safety 
profile of rFVIIa, the off-label use of this medication for 
management of postoperative coagulopathy should be 
reserved for cases of life-threatening hemorrhage not 
responding to conventional therapies. If bleeding is related to 
a qualitative platelet dysfunction, desmopressin 0.3 mcg/kg 
can be administered. The role of antifibrinolytics has been 
studied in the prevention of rebleeding, but not in the active 
treatment of coagulopathy.

With the advent of the targeted oral anticoagulant medica-
tions, specifically the non-vitamin K antagonists dabigatran 
(direct thrombin inhibitor), apixaban, and rivaroxaban (direct 
factor Xa inhibitors) and abciximab, a glycoprotein IIb/IIIa 
receptor antagonist, novel mechanisms of coagulopathy may 
be present in the postoperative period. Preoperative planning 
is probably the best way to avoid potential bleeding compli-
cations from these newer agents by following guidelines for 
appropriate withholding of therapy prior to elective proce-
dures. However, in patients who present with neurosurgical 
emergencies including trauma, holding therapy is not an 
option, and an alternative approach must be instituted. Unlike 
traditional VKAs (Warfarin), the oral non-vitamin K antago-
nist anticoagulants do not have a specific antidote. FFP and 
PCC have limited ability to reverse the clinical effect of these 
drugs. Additionally, alternative means to eliminate these 
drugs to prevent or correct coagulopathy are often not appro-
priate in the acute postoperative setting. For example, nearly 
60% of dabigatran can be removed with hemodialysis, but 
this therapy takes nearly 2 h to be effective once initiated. 
However, recent literature shows promising treatments for 
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coagulopathy and postoperative bleeding in surgical patients 
taking these newer oral anticoagulants. Idarucizumab is an 
antibody fragment specifically developed to reverse the 
effects of dabigatran. Recent reports show complete reversal 
of dabigatran within minutes of idarucizumab treatment. 
Future research needs to specifically look at idarucizumab in 
the neurosurgical patient taking dabigatran with periopera-
tive coagulopathy and bleeding. Treatment options are sum-
marized below in Table 75.5.

 Hematoma

 Overview

The combination of coagulopathy and hemorrhage can lead to 
hematoma formation. Subdural hematomas occur between the 
brain and the dura and are generally caused by rupture of a sinus 
or bridging vein. By expanding against other parts of the brain, 
a subdural hematoma can increase ICP and cause ischemia 
leading to changes in mental status, hypertension, and bradycar-
dia. Epidural hematomas are caused by rupture of meningeal 
arteries and place pressure on the adjacent spinal cord (or brain 
if intracranial) causing spinal ischemia and a change in neuro-
logical exam. Postoperative symptomatic spinal epidural hema-
tomas appear to be a rare event occurring in probably less than 
0.5% of all cases. Although the current literature varies on exact 
risk factors, studies suggest that multilevel spine surgery appears 
to present the highest risk. Other possible risk factors include 
previous spine surgery, increased daily alcohol consumption, 
high BMI, exaggerated blood pressure elevation after extuba-
tion, preoperative coagulopathy, elevated intraoperative blood 
loss, prior NSAID use, and advanced age.

Hematomas from neurosurgical procedures not involving 
the CNS, specifically following CEA, may also lead to post-
operative complications. Airway compromise can occur 
from direct pressure on the trachea or compression of the 
recurrent laryngeal nerve. Also, a decrease in cerebral blood 
flow can result from a regional hematoma following a 
CEA.  Often, the patient will present with neck swelling 
accompanied by a change in voice, difficulty swallowing, or 
a change in mental status.

 Prevention

The prevention of hematoma formation depends on preventing 
possible sources of bleeding. Strategies include the above for 
treating hemorrhage (Table 75.3) and coagulopathy (Table 75.5).

Table 75.5 Treatment options for correction of coagulopathy

Blood product
Clotting factors 
present Clinical use

Fresh frozen 
plasma

II, V, VII, IX, X, 
XI, antithrombin 
III, proteins C + S

Treating coagulopathy 
with elevated PT, PTT

Inadequate 
fibrinogen, vWF

DIC
Reversing heparin
Replacing deficient 
clotting factors except 
fibrinogen and VWF

Prothrombin 
complex 
concentrate (PCC)

Three-factor PCC 
(II, IX, X)

Treating congenital factor 
deficiencies

Four-factor PCC 
(II, VII, IX, X)

Reversal vitamin K 
antagonists

Cryoprecipitate VIII, XIII, vWF, 
fibrinogen

Replacement of these 
factors
DIC
Use if FFP is not 
reversing coagulopathy

Platelets Platelets Thrombocytopenia
Platelet dysfunction
ITP, TTP
Replacement for patients 
on antiplatelet drugs

Recombinant factor 
VII

Factor VII DIC
Hemorrhage in acute 
brain injury
Use when FFP, 
cryoprecipitate not 
reversing coagulopathy

Idarucizumab Antibody 
fragments to 
dabigatran

Dabigatran reversal

Key Points
• Postoperative coagulopathy can be caused by low 

plasma levels of clotting factors or platelets, by a 
breakdown in the enzymatic systems that insure 
proper coagulation and platelet function, or by 
hyperfibrinolysis.

• Bleeding disorders, easy bruising, current medica-
tions, nutrition, and alcohol use should be assessed 
preoperatively. Appropriate laboratory tests for coag-
ulopathy include a platelet count, PT, PTT, and INR.

• The appropriate blood components need to be given 
based on laboratory data, medication history, and 
clinical exam.

• Hypothermia should be avoided and aggressively 
reversed.

• Newer targeted oral anticoagulant medications (e.g., 
dabigatran, rivaroxaban) require further research 
and novel therapies to prevent perioperative hemor-
rhage. Idarucizumab, an antibody reversal agent of 
dabigatran, highlights promising new medical thera-
pies to treat perioperative coagulopathy.
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 Crisis Management (Table 75.6)

All hematomas should be treated as serious emergencies. If a 
hematoma formation is suspected, a quick but thorough neuro-
logical exam should be performed immediately. The neurosur-
gical team should be alerted and an operating room made 
available for possible surgical exploration. If the patient’s neu-
rological exam is stable, the neurosurgical team might initially 
obtain further imaging including a CT scan or MRI.  Rapid 
detection with prompt surgical evacuation appears to decrease 
overall morbidity and improve outcomes.
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Table 75.6 Crisis management in hematoma formation

Hematoma 
location Diagnosis Treatment
Intracranial Neurological 

exam
Observation

Neuroimaging Surgical evacuation
Carotid Neurological 

exam
Secure airway

Physical exam Surgical reexploration and 
evacuationAirway exam

Epidural Neurological 
exam

Observation

Neuroimaging Surgical evacuation

Key Points
• All hematomas should be treated as serious emer-

gencies requiring rapid evaluation and possibly 
prompt surgical evacuation.

• The combination of coagulopathy and hemorrhage 
potentiates hematoma formation.

• Hematomas following CEA can compromise the 
airway and cerebral blood flow.
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Postoperative Respiratory 
Complications

Yulia Obelez and Karen B. Domino

 Classification and Etiology

The full scope of postoperative respiratory complications 
includes an immense spectrum of disorders of diverse patho-
physiologic origin. Outside of classification as being associ-
ated with hypoxia or hypercarbia, they can be divided into 
obstructive and restrictive disease processes.

 Upper Airway Obstruction (Supraglottic 
and Glottic)

Upper airway obstruction is a relatively common early respi-
ratory complication that unless treated promptly, can become 
a life-threatening emergency. The major risk factors for its 
development are sleep apnea, residual anesthetic agents 
(including incomplete antagonism of neuromuscular block-
ing drugs), and trauma of the upper airway. Airway obstruc-
tion due to laryngospasm may be triggered by extubation 
during light anesthesia, accumulated secretions, and inade-
quate pain control. Cervical spine surgery may be associated 
with significant pharyngeal edema. Prolonged upper airway 
obstruction resulting from overflexion of craniocervical 
junction has been described after occipitocervical fusion in 
children.

 Lower Airway Obstruction (Subglottic; 
Obstructive Pulmonary Disorders)

Obstructive pulmonary diseases include asthma, emphy-
sema, chronic bronchitis, and bronchiectasis. Exacerbation 

of chronic obstructive lung disease, particularly chronic 
bronchitis, increases the risk of pulmonary infection. Severe 
disorders may lead to prolonged ventilatory support, increas-
ing the possibility of ventilator-associated pneumonia.

 Restrictive Pulmonary Disorders

Restrictive pulmonary diseases include interstitial pulmo-
nary disease, diseases of the chest wall, and neuromuscular 
disorders. They may be caused by airway trauma (pneumo-
thorax) or pulmonary parenchymal abnormalities with 
ventilation- perfusion (  V QA / ) mismatch (atelectasis, pulmo-
nary edema, acute respiratory distress syndrome (ARDS), 
and pneumonia). Any condition that leads to anatomical or 
functional exclusion of a number of the lung units from the 
gas exchange creates a predisposition to  V QA /  mismatch. 
The etiologic factors are presented in the Table  76.1. The 
predisposing factors are case-specific. Atelectasis may be 
caused by the low-volume ventilation, obesity, endobron-
chial intubation, and prolonged administration of 100% oxy-
gen. Aspiration may follow stomach distention and 
regurgitation or vomiting. Intracranial hypertension is a risk 
factor for development of neurogenic pulmonary edema. The 
pathophysiologic mechanisms and causes of arterial hypox-
emia and hypercarbia (hypoventilation) are summarized in 
Tables 76.2 and 76.3.

 Pathophysiology, Clinical Presentation, 
and Treatment

Upper Airway Obstruction
Obstruction to air flow develops when oropharyngeal tissues 
lose their baseline tone, swell, or confine the airway by active 
contraction. Mucus, blood, vomitus, or foreign body (e.g., 
tooth or throat pack) can also block the airway. Complete 
obstruction not only causes hypoventilation and arterial 
desaturation, but the forceful respiratory attempts against a 
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closed glottis may result in the rapid development of 
negative- pressure pulmonary edema.

The clinical picture of an upper airway obstruction is usu-
ally very obvious, unless the initial presentation was missed 
and respiratory distress progressed to apnea. Snoring, gurgling, 
and high-pitched stridorous sounds accompany the labored 
breathing. Nasal flaring and sternal or intercostal muscle retrac-
tions represent the use of the accessory muscles. In the case of 
a complete obstruction, no noise may be present since the 

effective respiration has ceased. Forced expiration efforts using 
accessory muscles may be observed with a foreign body in the 
airway or tracheomalacia. If conscious, the patient may appear 
diaphoretic and agitated. With the ongoing hypoxemia, agita-
tion may progress to stupor. Initially, hypoxemia and hypercar-
bia cause profound autonomic discharge resulting in tachycardia 
and hypertension; severe hypoxemia ultimately leads to a myo-
cardial failure and circulatory arrest.

If upper airway obstruction develops, start with oxygen 
treatment prior to any other intervention, and establish moni-
toring if not already present. Monitoring oxygen saturation, 
respiratory rate, and end-tidal CO2 during the event is cru-
cial. For differential diagnosis of airway obstruction, refer to 
Fig. 76.1. An arterial blood gas measurement is useful when 
the obstruction persists and reintubation is considered. If the 
cause of the upper airway obstruction cannot be easily found, 
fiber-optic laryngoscopy may be indicated to rule out vocal 
cord paralysis or the presence of a foreign body.

Head and neck surgery can drastically change intubating 
conditions and convert a previously “easy” airway into a dif-
ficult one. Conditions such as cervical spine fusion, halo 
traction device, and soft tissue edema can impede both bag- 
mask ventilation and intubation. Immediate availability of 
help and additional resources such as laryngeal mask airway, 

Table 76.1 Causes of ventilation-perfusion (  V QA / ) mismatch

Ventilation-perfusion ratio imbalance
Relative or absolute increase in dead space ventilation Relative or absolute increase in perfusion of poorly ventilated alveoli
Hypovolemia (blood loss, diuresis) Hypocapnia:
Decreased cardiac output (CHF, pharmacological 
vasodilatation)

  Mechanical hyperventilation (to treat increased ICP). May cause bronchospasm 
and suppress hypoxic pulmonary vasoconstriction

  Spontaneous as a response to pain or as a sign of respiratory distress
Pharmacological influence on the airways (atropine) Loss of alveolar space

Pulmonary edema:
  Postobstructive (negative pressure)
  Neurogenic
  Cardiogenic
  Transfusion-related acute lung injury (TRALI)

Pulmonary vasoconstriction (pulmonary embolism) Acute lung injury/acute respiratory distress syndrome (ARDS)
Aspiration pneumonitis
Pneumonia

Supine position Atelectasis
Pneumothorax

Abdominal obesity Modest decrease of hypoxic pulmonary vasoconstriction by volatile agents with 
increase of intrapulmonary shunt fraction

Table 76.2 Pathophysiologic mechanisms of arterial hypoxemia

Arterial hypoxemia

Decreased PiO2

Alveolar 
hypoventilation Impaired alveolar-capillary diffusion

Ventilation- 
perfusion mismatch Pulmonary shunt

Unlikely in monitored 
environment

See Table 76.3 Very rare within clinically significant limits, 
usually accompanies restrictive lung disease

See Table 76.1 An extreme example of 
 V QA /  mismatch where 
VA = 0

Table 76.3 Causes of alveolar hypoventilation

Mechanisms of alveolar hypoventilation
Obstructive 
mechanisms

Impaired regulatory 
mechanisms Restrictive mechanisms

Supraglottic: 
tongue/soft 
tissues

CNS suppression 
by trauma/swelling

Parenchymal lung 
abnormalities (pneumonia, 
ARDS)

Glottic: 
laryngospasm

CNS suppression 
by residual 
anesthetics/opioids

Pleural abnormalities 
(effusion, pneumothorax)
Muscle weakness (cervical 
spine injury, residual 
neuromuscular blockade)

Subglottic: 
bronchospasm

COPD Thoracic cage 
abnormalities (obesity, flail 
chest)
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videolaryngoscope, and emergent cricothyrotomy supplies is 
crucial when encountering a “can’t ventilate, can’t intubate” 
situation that calls for initiation of American Society of 
Anesthesiologists Difficult Airway Algorithm.

Lower Airway Obstruction
The airway smooth muscle contraction is regulated by 
release of (a) acetylcholine by vagal nerves, (b) catechol-
amines by adrenal glands, and (c) histamine by mast cells. 
Adequate anesthesia with selection of appropriate opioids 
may prevent excessive vagal stimulation from intubation and 
surgery. Acetylcholine leads to contraction of smooth muscle 
by release of intracellular Ca2+. β2 agonists administration 
can effectively block this mechanism. Anesthetic agents that 
possess histamine-releasing qualities should be avoided if 
possible.

Clinical manifestations in the postoperative period include 
dyspnea, tachypnea, expiratory wheezing, prolonged expira-
tory time, and hypercapnia. Intubated patients may have 

increased peak airway pressure and steep expiratory slope on 
capnogram.

Differential diagnosis of disorders associated with dys-
pnea is represented in Fig. 76.2.

First line of bronchospasm treatment consists of 100% 
oxygen, inhaled β2 agonists, and anticholinergic agents. If 
these treatments fail, adjuncts such as intravenous ketamine, 
magnesium, and inhaled oxygen-helium mixtures can be 
employed. Steroids may be given to decrease an inflamma-
tory response.

COPD exacerbation may manifest itself as worsening of 
respiratory symptoms, increased dyspnea, cough, sputum pro-
duction, and oxygen desaturation. Clinical presentation may give 
important cues for diagnosis; nevertheless, similar symptoms 
may accompany other clinical conditions, so additional tests 
such as chest X-ray and arterial blood gases are often needed.

When diagnosis is confirmed, short-acting bronchodila-
tors and systemic corticosteroids should be administered. 
Short-term noninvasive positive ventilation could be used as 

Fig. 76.1 Differential diagnosis and treatment of upper airway obstruction
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a ventilator weaning strategy and may reduce mortality and 
rates of ventilator-associated pneumonia.

Since any mode of positive pressure ventilation increases 
the risk of barotrauma and pneumothorax, implementation of 
preventive strategies is helpful. This includes utilizing 
pressure- controlled ventilation, minimization of the peak 
inspiratory pressure, prevention of air trapping and auto- 
PEEP by optimization of the expiratory time, and synchroni-
zation of the pressure assistance with the patient’s respiratory 
efforts. Continuous monitoring is necessary for quick detec-
tion and treatment of positive pressure associated 
complications.

Postoperative Pulmonary Complications 
with Restrictive Mechanism
While idiopathic restrictive pulmonary disorders such as pul-
monary fibrosis are uncommon, many serious postoperative 
respiratory complications such as pneumonia, pulmonary 
edema, and ARDS also are restrictive by nature. Their inci-
dence is particularly high in trauma patients, with ARDS rate 
reported as high as 20% in patients with traumatic head 
injury. Hypoxia resulting from respiratory failure may aggra-

vate secondary brain injury, significantly increasing risk of 
dying or developing permanent vegetative state.

Anesthesia- and surgery-related events such as hypoventila-
tion due to altered consciousness or muscle weakness, decrease 
in functional residual capacity (FRC) with supine position and 
muscle relaxation, and oxygen reabsorption from alveoli all 
contribute to development of atelectasis, the most common cul-
prit of postoperative hypoxemia and one of the main mecha-
nisms contributing to development of acute lung injury.

Most of serious pulmonary complications are associated 
with development of ventilation-perfusion (  V QA / ) 
mismatch.

The severity of  V QA /  mismatch may be established based 
on the response to O2 treatment. In the case of mild to moder-
ate  V QA /  mismatch, PaO2 will increase with oxygen treat-
ment. However, in the extreme of  V QA /  mismatch, when 
some areas of the lung receive zero ventilation (true shunt), 
oxygen will not have much effect on PaO2. The higher is the 
shunt fraction, the less the response to oxygen will be.

The shunt magnitude is estimated by the shunt equation:

 
 Qs Qt CcO CaO CcO CvO/ / ,� �� � �� �2 2 2 2  

Fig. 76.2 Differential 
diagnosis of disorders 
associated with dyspnea

Y. Obelez and K. B. Domino



497

CvO2 represents the venous oxygen content and is calcu-
lated accordingly as CvO2  =  Hb  (g/
dL)  ×  1.34  ml  O2/g  Hb  ×  SvO2  +  PvO2  ×  (0.003  ml  O2/
mm  Hg/dL). It could be measured in the blood aspirated 
through the distal port of pulmonary artery catheter.
 V QA /  mismatch can worsen in patients with brain injury 

as a result from hypothalamus-regulated regional perfusion 
redistribution, pulmonary microembolic events, and 
 surfactant depletion. Following release of inflammatory 
mediators and infection contribute to development of pulmo-
nary structural parenchymal abnormalities.

The clinical presentation depends on the primary pathol-
ogy, though hypoxia is the universal feature. Aspiration may 
present with cough and wheezing. In severe cases pulmonary 
edema will manifest itself with respiratory distress, cyanosis, 
tachypnea, copious frothy secretions, or hemoptysis. 
Pneumonia is diagnosed in the presence of a new or pro-
gressing infiltrate on the chest radiograph in a combination 
with either fever over 38 °C, or leukocytosis or leucopenia, 
or an isolation of a pathogenic microorganism. The differ-
ence between obstructive and restrictive lung disease is pre-
sented in the Table 76.4.

Treatment starts with oxygen administration. A shunt of 
15–30% requires various levels of oxygen support, and shunt 
over 30% causes profound hypoxemia that usually requires 
mechanical ventilation and positive end-expiratory pressure. 
If atelectasis is present, chest physiotherapy should be the 
first line of treatment (e.g., incentive spirometry, chest per-
cussion), and if that does not help, consider the noninvasive 
positive pressure ventilation (NPPV), namely, continuous 
positive airway pressure (CPAP) and bi-level positive airway 
pressure (BiPAP). The advantages of NPPV over traditional 
ventilation through endotracheal tube include elimination of 
intubation-related stress and trauma, decreased incidence of 
ventilator-associated pneumonia, shorter hospital stay, and 
lesser expenditures. NPPV is more effective in a relaxed and 
cooperative patient. It is contraindicated when respiratory 
arrest, hemodynamic instability, increased aspiration risk, 
facial fractures, severe hypoxemia, or impaired mental status 
is present. If NPPV trial failed, or could not be employed, 
intubation and invasive positive pressure ventilation should 
be performed. ARDS patients may benefit from pressure and 
volume limitation that prevent further lung injury. Positive 
end-expiratory pressure (PEEP) >5 cmH2O and prone posi-
tion may be utilized in severe cases. When infection is sus-
pected, respiratory tract and blood cultures should be 
obtained followed by a broad-spectrum antibiotic regimen.

 Prevention

Preexisting pulmonary disease, older age, and prolonged 
surgery are the major independent risk factors for postopera-
tive pulmonary complications and extubation failure. Thus, 
preoperative medical management of chronic medical condi-
tions as well as minimizing the surgical and anesthesia time 
are important. Thorough preoperative evaluation is para-
mount; history should include activity tolerance, presence of 
symptoms indicative of infectious symptoms, medications, 
and comorbidities. Risk of postoperative COPD exacerba-
tion increases with positive history of previous treated 
events. In such patients, severity of air flow impairment 
could be evaluated with spirometry. However, routine pul-
monary function testing is currently not recommended.

Regimen of inhaled corticosteroids in combination with 
short-acting β2 agonist is beneficial for patients with asthma. 
Patients that have been treated with systemic corticosteroids 
within 6 months before the surgery should receive systemic 
corticosteroid (hydrocortisone) coverage (stress dose) intra-

where  Qs Qt/  is a shunt fracture in %, CcO2 is the end- 
capillary blood and ideally equals PAO2, and CaO2 is the arte-
rial oxygen content.

PAO2 is calculated using alveolar gas equation: [PAO2 = Fi
O2 × (PB – PH2O) – PACO2]

CaO2 is calculated as:

Table 76.4 Obstructive versus restrictive lung disease

– Obstructive lung disease Restrictive lung disease
Risk, incidence, 
epidemiology

Risk increases with 
preexisting lung disease 
and prolonged surgery

Risk increases with 
obesity, high spinal 
cord injury, chest wall 
deformities, intrinsic 
restrictive lung disease, 
and long surgery, 
residual neuromuscular 
blockade

Etiology, 
pathophysiology

Increase of airway 
resistance due to (a) 
narrowing of the airways 
with inflammation, 
secretions, compression 
or contraction of the 
smooth muscles, and (b) 
dynamic compression of 
the airways with the 
forceful expiration, 
when pleural pressure 
exceeds airway pressure

Decrease of lung 
expansion and increase 
of work of breathing 
due to (a) intrinsic 
increase of elastic lung 
recoil or (b) extrinsic 
obstacle to chest 
expansion (pleural 
effusion, obesity, chest 
wall deformity, muscle 
weakness)

Clinical 
presentation

Dyspnea, cough, 
wheezing, prolonged 
exhalation, distress

Rapid shallow 
respirations, respiratory 
distress, dry cough, 
muscle weakness in 
cases of neuromuscular 
disorders

 CaO Hb g dL mlO gHb SaO PaO mlO mmHg dL2 2 2 2 21 34 0 003� � �� � � �� �/ . / . / / .
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operatively with tapering it down postoperatively. In COPD 
patients, smoking cessation 2 to 4 weeks preoperatively is 
one of the most effective ways of preventing possible exacer-
bation by decreasing secretions and airway hyper-reactivity. 
Pharmacologic treatment may consist of combination of 
bronchodilators, anticholinergic drugs, and inhaled cortico-
steroids. Prophylactic antibiotic administration, usually 
second- generation cephalosporins, may be useful in pneu-
monia prevention. However, the most significant reduction in 
the infection risk comes from prevention and aggressive 
treatment of postoperative atelectasis. Reduction in 
ventilator- associated pneumonia, especially in patients with 
traumatic brain injury, may be achieved by upright position-
ing and oropharyngeal hygiene.

Ventilation-perfusion misbalance prevention mostly con-
sists of maintaining optimal ventilation and perfusion. 
Preservation of euvolemia, treatment of hypotension, and 
deep venous thrombosis/pulmonary embolism prophylaxis 
will help to avoid hypoperfusion. Moderate levels of PEEP 
are beneficial for atelectasis prevention. Postoperative lung 
expansion with incentive spirometry, chest physical therapy, 
postural drainage, and continuous positive airway pressure 
are useful for prevention of the uneven ventilation.  V QA /  
matching is improved in the prone position compared to the 
supine position. Volutrauma can contribute to lung injury and 
should be avoided. Tidal volume should be limited to 6–7 ml/
kg in high-risk patients, and airway plateau pressure should 
not exceed 20 cm H2O.

The best prevention of postoperative upper airway 
obstruction is a thorough assessment prior to extubation. An 
awake and alert patient with no signs of respiratory depres-
sion or excessive swelling of the airway has a low chance for 
airway obstruction. A “leak” test should be performed prior 
to extubation in prone cases and in those who have received 
a significant amount of crystalloid solutions. Discussion 
with the surgeon regarding possible upper airway compro-
mise is particularly important in prone cervical spine and 
posterior fossa cases.

Strength is one of the important parameters to be tested 
prior to extubation. Forced vital capacity of 10 ml/kg of ideal 
body weight, 5-second head lift, and handgrip have been tra-
ditionally employed for clinical strength assessment. 
However, they require full patient’s cooperation. Negative 
inspiratory force is reliable in the absence of cooperation; 
value of 30 cm H2O is considered adequate for most patients.

The most accurate assessment of neuromuscular blockade 
reversal and strength recovery is achieved by neuromuscular 
monitoring with train-of-four (TOF) ratio determination. 
Adductor pollicis TOF >0.9 reliably indicates full recovery 
of the pharyngeal function. Implementation of quantitative 
TOF ratio measurement is more objective and superior to the 
qualitative method.
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Key Points
• Assess pulmonary function prior to the surgery, pri-

marily based upon history and physical examina-
tion. Chest X-rays, spirometry, and arterial blood 
gases are not routinely recommended for the preop-
erative evaluation; use only when indicated.

• Chronic lung disease, particularly chronic bronchi-
tis, is a risk factor for postoperative infection. 
Preexisting restrictive lung disease combined with 
postoperative respiratory depression by opioids and 
anesthetics may lead to severe hypercapnia and 
respiratory failure.

• Plan for extubation ahead of time. Extubate the patient 
only if all of standard extubation criteria are met.

• Airway obstruction may lead to rapid deterioration. 
Give oxygen immediately and restore assisted ven-
tilation as soon as possible. If the obstruction was 
not relieved by the therapeutic maneuvers such as 
chin lift, jaw thrust, or supraglottic airway, do not 
hesitate to insert an LMA or reintubate. You can 
always remove the endotracheal tube later.

• Prophylactic administration of albuterol and possi-
bly ipratropium bromide helps reduce reflex-
induced bronchospasm associated with endotracheal 
intubation.

•  V QA /  mismatch and shunt are the most common 
reasons for decreased PaO2 (think atelectasis). 
Oxygen will help in the case of  V QA /  mismatch, 
but oxygenation will not improve with true shunt.
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Neurologic Emergencies After 
Neurosurgery

G. S. Umamaheswara Rao and Radhakrishnan Muthuchellappan

Neurosurgical operations are sometimes associated with 
unexpected postoperative complications which may be emer-
gent in nature. The overall complication rate of neurosurgi-
cal procedures is approximately 14%, but these are commonly 
systemic complications (e.g. bleeding requiring transfusion, 
need for mechanical ventilation). Brain oedema, elevated 
intracranial pressure (ICP), seizures, intracranial haemor-
rhage, ischemic infarction, and cranial nerve palsies are 
more common neurologic complications.

In this chapter the authors try to summarise acute neuro-
logical problems in the postoperative period that confront 
neuro-anaesthesiologists and intensivists. These complica-
tions are discussed under the headings of (A) General 
Complications, (B) Specific Complications, and (C) 
Complications Related to Specific Surgical Procedures.

 General Complications

 Hypotension

Hypotension following neurosurgery could be due to blood 
loss, injury to the vital structures like the hypothalamus or 
brainstem, or acute withdrawal of steroids. Correction of 
hypotension involves assessment of blood loss and replace-
ment of adequate blood products. If the patient has been on 
corticosteroids for brain oedema treatment, inadvertent miss-
ing of the dose during prolonged surgery is a possibility. 
Acute intravenous administration of hydrocortisone will 
quickly correct hypotension, but it could take hours to cor-
rect associated electrolyte abnormalities. Hypotension 
caused by injury to the hypothalamus or brainstem has to be 
treated with inotropes or vasopressors.

 Airway Obstruction

Persistent anaesthetic (sedatives, analgesics, neuromuscular 
blockers) effect is the most common cause of airway obstruc-
tion. Other neurological causes are unconsciousness due to 
postoperative raised ICP, injury to brain structures, nasal 
packing following transsphenoidal surgery, tongue swelling 
after posterior fossa surgery (particularly when using an 
oral-pharyngeal airway), and pharyngeal and laryngeal 
oedema after transoral surgery for craniovertebral anoma-
lies. Tracheal intubation should be carried out immediately 
in order to prevent hypoxia and also to avert intracranial 
problems associated with laboured breathing.

 Hypoventilation

The causes for postoperative hypoventilation are persistent 
anaesthetic effect and injury to the vital brain centres. 
Mechanical ventilation is required until such time as the 
patient’s spontaneous respiration is restored.

 Polyuria

Polyuria may be due to excess fluids administered during the 
surgery. Alternatively, it may be due to diabetes insipidus 
(DI) following surgery on pituitary. DI may be transient or 
permanent. Diagnosis is established by measuring the serum 
sodium and osmolarity and urinary sodium and osmolarity 
and urinary specific gravity. High serum sodium with low 
urinary sodium levels and a low urinary specific gravity con-
firms DI. Administration of Pitressin or nasal spray of des-
mopressin is the treatment along with appropriate 
maintenance of fluid and electrolyte balance. This condition 
has to be differentiated from cerebral salt wasting which is 
characterised by excessive urinary sodium loss and 
hyponatremia.
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 Hypothermia

Postoperative hypothermia generally results from improper 
temperature maintenance intraoperatively. Hypothermia in 
the intraoperative and postoperative periods is associated 
with increased cardiac risk, coagulation problems, postop-
erative infections, and poor wound healing. It is also a cause 
of delayed awakening from anaesthesia and generalised 
reduced metabolism of pharmacologic agents. Intraoperative 
and postoperative use of forced air warming blanket would 
resolve the problem. Rarely, hypothalamic injury may be a 
cause of postoperative hypothermia.

 Hyperthermia

Fever frequently develops after intraventricular neuroendo-
scopic procedures in children. Fever in the early postopera-
tive period of subarachnoid haemorrhage is associated with 
development of delayed cerebral ischemia (DCI) and a poor 
outcome. Reactivation of herpes simplex virus encephalitis 
must be considered in neurosurgical patients who develop 
postoperative seizures and fever. Excision of lesions in thala-
mus or hypothalamus and hemispherotomy may lead to 
hyperthermia.

 Specific Complications

 Postoperative Seizures
Postoperative seizures can happen because of cortical injury, 
intraparenchymal haematoma, acute hydrocephalus, pneu-
mocephalus, and prior history of seizures, following epilepsy 
surgery and cerebral ischemia.

Incidences and predictive factors for occurrence of postop-
erative seizures have been inconsistent among authors. In 
general intra-axial primary and metastatic brain tumours, age 
≥60 years, total tumour/oedema volume ≤64 cm3, complete 
resection, diencephalic location, and high-grade tumours had 
significant predictive value for postoperative seizures. Among 
patients with meningiomas, with a 40% risk of preoperative 
seizures, the risk factors for postoperative seizures are preop-
erative seizures, tumour location, and extent of tumour 
removal. Among patients who underwent surgery for glio-
mas, DNA repair protein O6-methylguanine-DNA methyl-
transferase (MGMT) expression (P = 0.05), epidermal growth 
factor receptor (EGFR) expression (P = 0.001), and anaplas-
tic oligodendroglioma/anaplastic oligoastrocytoma (AO/
AOA) (P = 0.038) are independent factors predicting postop-
erative seizure. Patients with lower MGMT and EGFR 
expression and higher AO/AOA showed more frequent post-
operative seizures. Postoperative seizure had no statistical 
correlation with survival and progression-free survival.

Following posterior fossa surgery too, the incidence of 
seizures was 5.9% in patients who were on antiepileptic cov-
erage. The seizures occurred within 2 weeks postoperatively 
and were generalised tonic-clonic in nature. Risk factors for 
developing seizures included acoustic schwannoma, medul-
loblastoma and astrocytoma, intraoperative venous air embo-
lism, pneumocephalus and sitting position, and preoperative 
ventriculoperitoneal shunt.

Intraoperative and postoperative drugs may be responsi-
ble for postoperative seizures. Nefopam, used to control 
postoperative pain, causes focal, generalised, myoclonic 
type of seizures, or status epilepticus, and the occurrence of 
seizures is not dose-related. Seizure rate with a 2 g cefazolin 
intraoperative irrigation was 32.9%.

There is little evidence to suggest that antiepileptic drug 
(AED) treatment administered prophylactically is effective 
in preventing post-craniotomy seizures.

Non-convulsive status epilepticus (NCSE) is a condition 
where electrical seizures occur with subtle or no overt clini-
cal manifestations. It is an important cause for prolonged 
postoperative unconsciousness. It can be diagnosed by an 
electroencephalogram (EEG), and early treatment is associ-
ated with better prognosis.

 Haematomas
Postoperative intracranial haematoma can result in perma-
nent neurological deterioration. Various types of haemato-
mas are reported following intracranial surgeries – extradural 
haematoma (EDH), subdural haematoma (SDH), operative 
site haematoma, and remote site haematoma.

Extradural Haematoma
The incidence of EDH, in a single surgeon’s experience, is 
0.8%. A haematoma volume >40 mL manifests with symp-
toms and requires intervention. Remote EDH occurs follow-
ing supratentorial surgery and transsphenoidal surgery 
especially when there is a sudden leakage of a large volume 
of cerebrospinal fluid (CSF) from ventricles/lumbar CSF 
drainage. The majority of EDHs occur within 6 h after the 
primary surgery.

Postoperative EDHs are also described after surgery for 
acute traumatic SDH.  Surgical decompression of SDH 
results in a sudden decrease in ICP, which facilitates forma-
tion of EDH on the contralateral side. Postoperative EDH 
has also been described following burr-hole craniotomy and 
closed system drainage for chronic subdural haematoma. 
When the skull bone is thinned out as seen in long-standing 
meningioma, even placing skull pin headrest can cause an 
acute EDH.

Subdural Haematoma
Supratentorial subdural haematomas have been reported fol-
lowing microvascular decompression. The authors advocate 
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against excessive CSF aspiration to avoid this complication. 
Four cases of SDH following deep brain stimulation (DBS) 
lead implantation have been reported out of 500 DBS proce-
dures. Two patients were clinically symptomatic. The other 
two cases were discovered on routine postoperative imaging. 
There are reports of SDH as a cause of postoperative cogni-
tive dysfunction or headache, especially when dura was torn 
accidentally in spinal surgery. Acute SDH has occurred after 
transsphenoidal decompression of a pituitary adenoma fol-
lowed by a lumbar drain to manage postoperative CSF 
rhinorrhoea.

Intraparenchymal Haematoma
Risk factors for postoperative intracranial haematoma 
include preexisting medical comorbidities such as hyperten-
sion, coagulopathies and haematological abnormalities, 
intraoperative hypertension and blood loss, tumour bed 
bleeding, venous obstruction, subdural bleed from ruptured 
veins (because of excessive brain relaxation), and deficien-
cies in haemostasis.

Epidermoid cysts seem to have greater predilection to 
cause postoperative haematomas. Out of the 428 surgically 
treated epidermoids, the incidence of postoperative haemor-
rhage and delayed postoperative haemorrhage were 5.61% 
and 4.91%, respectively, significantly higher than the figures 
for postoperative haemorrhage in all intracranial tumours, 
which is 0.91%.

Remote Intracranial Bleed
In a report of 2500 cranial surgeries, 5 patients developed 
remote ICH (0.002%). This complication has been described 
in patients undergoing transsphenoidal surgery, neuroendos-
copy, and burr-hole evacuation for chronic SDH. The postu-
lated mechanism is excessive CSF drainage resulting in 
traction on the veins. Patients present with headache, neuro-
logical deficits, and deterioration.

 Postoperative Brain Swelling
Postoperative brain swelling may occur because of brain 
oedema or hyperemia. Brain swelling raises the ICP and 
leads to herniation. The patients may progressively become 
cognitively depressed or unconscious and develop lateralis-
ing signs like hemiparesis and pupillary dilatation. 
Postoperative ICP monitoring may help to identify the con-
dition. When it fails to respond to mannitol or hypertonic 
saline, decompressive craniectomy is the most appropriate 
care option.

 Prolonged Postoperative Unconsciousness
After excluding anaesthetic and metabolic causes for pro-
longed unconsciousness following anaesthesia, one must 
look for common neurological causes like postoperative hae-
matoma and seizures/non-convulsive status epilepticus. An 

immediate CT scan would be helpful in ruling out a haema-
toma. An EEG would rule out non-convulsive status epilep-
ticus. Injury to the vital areas of the brain such as brainstem 
and hypothalamus is another cause. Other causes for pro-
longed postoperative unconsciousness are as follows.

Intracranial Hypotension
Intracranial hypotension, caused by excessive CSF leak, has 
been recognised as a cause of prolonged unconsciousness 
after neurosurgery.

Intracranial hypotension following lumbar drain-assisted 
skull-base surgery has been reported during surgery for a 
spheno-orbital meningioma and osteosarcoma of the orbit. 
Severe postural headache and a deteriorating consciousness 
level were observed in the early postoperative course. 
Neuroimages demonstrated epidural fluid collections, severe 
midline shift, and tonsillar sag compatible with intracranial 
hypotension. Epidural blood patch completely reversed the 
clinical and radiologic findings.

Intracranial haematomas occur due to intracranial hypo-
tension after cervical spine surgeries. Bilateral intracranial 
extradural haematomas following excision of the C4 subdu-
ral schwannoma and cerebellar haematoma after removal of 
the C2–C5 subdural schwannoma have been reported. In 
both the cases, spinal dura was partially removed together 
with the tumour, and the dural sac could not be repaired, 
resulting in large amounts of intraoperative CSF loss. 
Likewise, intracranial hypotension has been reported, 
3 weeks after a lumbar puncture in a patient who underwent 
an elective craniotomy for an aneurysm. In that situation, 
lumbar blood patch resulted in a dramatic improvement in 
the patient’s status.

Pseudohypoxic Brain Swelling
Pseudohypoxic brain swelling (PHBS) is characterised by an 
early postoperative clinical deterioration, in association with 
typical CT or MRI changes (hypodensities or altered intensi-
ties in basal ganglia and/or thalamus). These changes are 
induced by suction drainage of the operative wound.

Tension Pneumocephalus
Skull pin penetration and lumbar CSF drain can result in 
excess accumulation of air within cranial cavity leading to 
tension pneumocephalus and prolonged postoperative 
unconsciousness. It is also seen after surgery in the sitting 
position.

Pharmacologic
Postoperative coma has been described in children who 
received intrathecal baclofen pump. The aetiology is likely 
to be inadvertent bolus of baclofen given into the subarach-
noid space. Valproate intolerance resulted in immediate post-
operative coma. Recovery occurred in 1–5 days.
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Sustained increase in the cerebral state index within 6 h 
predicts awakening from coma.

 Postoperative Visual Loss
Postoperative visual loss is a complication that is reported 
mostly after spinal surgery in prone position. A retrospective 
study addressing this problem included patients from 1993 
to 2002 who underwent spine surgery and had ischemic optic 
neuropathy (ION), central retinal artery occlusion (CRAO), 
or non-ION non-CRAO perioperative visual impairment. 
The overall incidence of visual disturbance was 0.094%. 
Spine surgery for scoliosis correction and posterior lumbar 
fusion had the highest rates of visual loss of 0.28% and 
0.14%, respectively. Paediatric patients (<18 years) were 5.8 
times and elderly patients (>84 years) were 3.2 times more 
likely than patients 18–44 years of age to develop non-ION 
non-CRAO visual loss. Patients with peripheral vascular dis-
ease and hypertension and those who received blood transfu-
sion were more likely to develop non-ION non-CRAO vision 
loss. ION was present in 0.006% of patients. Hypotension, 
peripheral vascular disease, and anaemia were the strongest 
risk factors for development of ION.

 Postoperative Autonomic Dysfunction
Acute postoperative autonomic dysfunction is rare. However, 
there is a report of a patient with cerebellar haematoma and 
acute hydrocephalus who underwent a vermian and partial 
right cerebellar hemisphere resection and had postoperative 
orthostatic hypertension. On standing the patient’s systolic 
BP rose over 60 mmHg with a fivefold increase in plasma 
noradrenaline. The condition improved after 8  weeks. 
Transient impairment of cerebellar autonomic modulation or 
dysfunction of the baroreflex medullary circuit might have 
resulted in orthostatic hypertension. Autonomic disturbance 
due to hypothalamic injury that resulted in postoperative 
death has been reported after craniopharyngioma surgery.

 Complications Related to Specific Surgical 
Procedures

 Epilepsy Surgery
A common emergency problem in the postoperative period 
following seizure surgery is refractory seizures requiring 
anaesthetics and elective ventilation. An association has been 
found between acute postoperative seizures and poor out-
come in both temporal and extra-temporal paediatric epi-
lepsy surgeries.

 Posterior Fossa Surgeries
Surgeries closer to the brainstem can sometimes lead to rapid 
deterioration, and the causes include acute hydrocephalus, 
cerebellar haematoma, damage to the major venous system 

and haemorrhagic infarcts, brainstem stroke, and tumour bed 
haematoma. In a retrospective study of 500 patients, overall 
complication rates were 31.8%. But serious complications 
like cerebellar oedema and haemorrhage occurred only in 
patients who underwent surgery for cerebellopontine angle 
tumours. Mortality rate in this series was 2.6%.

Spinal extramedullary haemorrhage spreading to the 
entire spinal regions, just sparing the cauda equina, has been 
reported in a patient who underwent a posterior fossa tumour 
removal in the prone position.

 Transsphenoidal Pituitary Surgery
CSF leaks and diabetes insipidus are common complications 
following pituitary surgery through transnasal endoscopic 
route. Ischemic complications involving anterior communi-
cating artery and basilar artery are reported. Patients who 
develop vascular complications have a poorer outcome and 
remain unconscious. In a case report, the patient developed 
progressive loss of consciousness in the immediate postop-
erative period due to a huge haematoma in the operative site 
causing a stroke due to bilateral internal carotid artery com-
pression. Sudden massive haemorrhage during endoscopy is 
difficult to control. One safe option would be to pack the 
operative site and re-explore after 24–48 h.

Two cases of neurological deterioration and coma after 
the transsphenoidal decompression of a pituitary adenoma 
with marked suprasellar extension and invasion of the third 
ventricle are reported. Emergency ventricular shunting led to 
prompt neurological improvement.

Negative pressure pulmonary oedema has been reported 
in the immediate postextubation period following transnasal 
transsphenoidal surgery, which required intubation and 
mechanical ventilation.

 Neuroendoscopic Procedures
In a recent review on endoscopic third ventriculostomy 
involving 250 patients, overall complication rate was 3.6%, 
and 2% were serious. When the surgeon approaches the floor 
of the third ventricle and tries to create a communication, 
there is a potential for injury to basilar artery or perforators 
of the circle of Willis. This can lead to torrential bleeding 
with haemodynamic instability, cranial nerve palsies, and 
parenchymal infarcts. Sometimes this procedure can lead to 
fatal subarachnoid haemorrhage which can manifest a few 
hours later postoperatively. Bleeding can result in accumula-
tion of blood in the ventricles requiring external ventricular 
drain and shunt at a later period. Rarely, the patient can pres-
ent with pseudoaneurysm of the injured vessel later. The 
incidence of internal carotid artery injury following 
 endoscopic skull base surgery is reported as 0.3% with no 
direct mortality. Major complications following endoscopic 
biopsies of ventricular tumours have an incidence of 2.2%.
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 Decompressive Craniectomy
Complication rates of 89 patients who underwent decom-
pressive craniectomy over a 5-year period were analysed in a 
study. Neurological deterioration occurred, which is aetiol-
ogy specific at different times of presentation – contralateral 
epidural/subdural haematoma at 1.5 ± 0.9  days, contusion 
expansion at 2.2 ± 1.2 days, epilepsy at 2.7 ± 1.5 days, exter-
nal herniation at 5.5 ± 3.3 days, and CSF leak at 7 ± 4.3 days. 
Patients with poor GCS and elderly patients are susceptible 
to these complications.

 Ventriculoperitoneal (VP) Shunt Procedures
Shunt obstruction and malfunction can result in recurrence 
of symptoms of raised ICP.  In tuberculous meningitis it is 
very common due to high protein content in the CSF. Rarely 
patients can have neurological deterioration at the end of sur-
gery due to operative site haematoma. CSF leak can result in 
meningitis and ventriculitis which have a bad prognosis. 
Sudden drainage of CSF through lumbar drain can result in 
cardiovascular instability due to cerebral herniation. Even 
after immediate resuscitation and clamping of the drain, it 
might take up to 48 h to reverse the herniation.

 Cranioplasty
With increasing number of patients undergoing decompres-
sive craniectomy for head injury and malignant stroke 
infarcts, the requirements for cranioplasty are also increas-
ing. Two case series reported on 348 and 108 patients who 
underwent decompressive craniectomy. Common complica-
tions noted include seizures, reoperation for haematoma 
evacuation, hydrocephalus, and infections.

 Vascular Procedures

Moyamoya Disease
Intracranial to extracranial anastomosis done to prevent 
stroke per se can result in stroke and delayed awakening. 
Patients with preoperative infarcts and poor cerebrovascular 
reserve are more prone to develop the ischemic complica-
tions. In a review of patients with adult Moyamoya disease, 
who underwent direct bypass surgery over 6 years, ischemic 
complications occurred in 4 of 79 (5.1%) patients. In patients 
with advanced Moyamoya disease and involvement of the 
posterior cerebral artery, intentional hypotension could result 
in ischemic stroke in the hemisphere contralateral to the one 
operated on.

In 165 surgically treated adult-onset Moyamoya disease 
patients, there were 19 (7.7%) perioperative ischemic com-
plications (4 infarctions with neurological sequelae and 15 
reversible ischemic neurological deficits with a new lesion). 
Multiple preoperative ischemic episodes, presence of a low- 
density area on CT scanning, and a high signal intensity on 
diffusion-weighted magnetic resonance imaging were sig-

nificantly correlated with perioperative ischemic 
complications.

Intracranial Aneurysm
One of the main complications following aneurysm clipping 
is ischemia resulting in neurological deficit. Poor SAH grade 
and brain herniation are the risk factors. Intraoperative moni-
toring by microvascular Doppler, indocyanine green video-
angiography, and intraoperative neuromonitoring can prevent 
this complication.

Other complications of aneurysmal subarachnoid haem-
orrhage are loss of consciousness due to seizures, hydro-
cephalus, and vasospasm.

Predictors of Postoperative Neurological 
Deterioration Following Aneurysm Surgery
The subjects of the Intraoperative Hypothermia for Aneurysm 
Surgery Trial (IHAST), which was a multicentre randomised 
clinical trial that enrolled 1001 patients, were analysed for 
postoperative deterioration. Acute postoperative neurologi-
cal deterioration was observed in 42.6% of the patients. New 
focal motor deficit accounted for 65% of postoperative neu-
rological deterioration, while 60% was accounted for by the 
National Institutes of Health Stroke Scale score change and 
51% by Glasgow Coma Scale score change. Factors associ-
ated with postoperative neurological deterioration included 
age, Fisher grade on admission, ventriculostomy prior to 
aneurysm surgery, timing of surgery, systolic blood pressure 
during surgery, ST-segment depression during surgery, his-
tory of abnormality in cardiac valve function, use of inten-
tional hypotension during surgery, duration of anterior 
cerebral artery occlusion, intraoperative blood loss, and dif-
ficulty of aneurysm exposure. Of the 426 patients with post-
operative neurological deterioration, only 46.2% had a good 
outcome (GOS score of 1) at 3 months, while 77.7% of those 
without postoperative neurological deterioration had a good 
outcome.

 Surgery for Parkinsonism
The results of a retrospective study of 796 patients with par-
kinsonism are as follows: the overall complication rate was 
15.3% of 884 operations. Permanent complications occurred 
in 3.6% of patients. Intracranial haemorrhage occurred in 24 
operations (2.7%). In seven of them, the patients required 
craniotomy and haematoma evacuation and sustained a dis-
abling motor deficit (0.8%). Intracranial haemorrhage 
occurred more often in patients who underwent microelec-
trode recording and had a history of chronic hypertension. 
Hemiparesis without intracranial haematoma occurred in 12 
operations (1.4%); microelectrode recording was the risk 
factor. In 55 operations (6.2%), patients developed postop-
erative confusion. This occurred more often in elderly 
patients and those with advanced disease. In 17 operations 
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(1.9%), patients required observation in the intensive care 
unit because of postoperative hypotension.

 Spine Surgeries
Airway obstruction occurs sometimes following cervical 
spinal surgery. The causes are upper airway collapse, retro-
pharyngeal haematoma, and even surgifoam expansion. 
Oesophageal and pharyngeal perforations occur during cer-
vical spine surgery.

Intracranial complications are reported after spinal sur-
gery. One review had 1113 consecutive patients. Neurologic 
change warranted either a CT or an MR imaging in 59 (4.2%) 
patients. Six patients (0.4%) had subdural hygroma (four 
patients), remote cerebellar haemorrhage (one patient), or 
subdural haematoma (one patient). The haematomas pre-
sumably resulted from dural dynamic changes secondary to 
cerebrospinal fluid loss and intracranial hypotension. In 
another series of 1077 patients who underwent lumbar spinal 
surgery, 4 intracranial haematomas occurred.

To conclude, neurosurgical procedures are sometimes 
associated with life-threatening complications in the postop-
erative period. Clinicians must be able to recognise them in 
time and take appropriate steps so that the damage done to 
the patient is minimised.
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Key Points
• Systemic complications are more common than the 

neurologic complications in the postoperative neu-
rosurgical patient.

• Systemic complications can worsen the neurologi-
cal insult, e.g. opioid-induced postoperative 
hypoventilation can worsen brain oedema.

• Some of the neurologic complications are life-
threatening and need reexploration, e.g. intracranial 
haemorrhage.

• Diagnostic imaging studies are required to diagnose 
life-threatening intracranial complications.
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Hemodynamic Complications After 
Neurosurgery

Jeffrey Yoder, Umeshkumar Athiraman, 
and René Tempelhoff

 Neurogenic Pulmonary Edema

 Overview

Neurogenic pulmonary edema (NPE) may result following 
multiple different types of neurologic injury and results in 
significant morbidity and mortality in affected patients. 
Insults such as traumatic brain or spinal cord injury, intracra-
nial hemorrhage, intracranial hypertension, epileptic seizure, 
and SAH are all associated with the development of NPE. 
Tachypnea, tachycardia, hypoxemia, and diffuse bilateral 
pulmonary infiltrates are typical findings. Pulmonary vascu-
lar congestion, accumulation of protein-rich alveolar fluid, 
and intra-alveolar hemorrhage often result in significant 
hypoxemia. Treatment is primarily supportive.

NPE usually happens during the initial 24–48 h after injury 
and is usually a self-limited phenomenon. Multiple patho-
physiologic mechanisms have been proposed, although this 
process is not completely understood. Trigger zones consist-
ing of specific vasomotor centers have been identified in the 
brainstem and hypothalamus. Injury to these regions and 
increased ICP are thought to elicit NPE through destabiliza-
tion of pulmonary autonomics, massive catecholamine surge, 
and release of other vasoactive substances. Rapid sympathetic 
activation, as well as increased pulmonary capillary permea-
bility, results in intra-alveolar exudates. Neurogenic stunned 
myocardium and cardiac failure may also contribute to the 
formation of pulmonary edema in some patients.

 Prevention

There are no proven prophylactic measures to prevent NPE in 
man. In laboratory animals, lesions which produce NPE are 
much less likely to do so when the animal is concurrently 
anesthetized with high concentrations of volatile anesthetics. 
It is possible that tight hemodynamic control and blunting of 
the response to catecholamines may limit the generation of 
NPE. Treatment of the underlying condition (such as surgical 
clipping of an aneurysm) may also improve NPE outcome.

 Crisis Management (Table 78.1)
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Key Points
• NPE may be elicited by multiple different injuries 

to the CNS.
• Significant hypoxemia may develop, and morbidity 

is high.
• Treatment is supportive.

Table 78.1 Presentation/assessment/intervention

Presentation Assessment Intervention
Tachycardia Check vital signs Treatment is supportive
Tachypnea/
dyspnea

Arterial blood gas – 
hypoxemia is the most 
common finding

Supplemental oxygen and 
mechanical ventilation if 
required

Hypoxemia Chest X-ray – 
typically diffuse 
bilateral infiltrates

Hemodynamic support as 
necessary

Respiratory 
failure

Differentiate from 
other causes of 
pulmonary edema. 
Consider TTE to 
assess cardiac 
function

Self-limited, expect clearance 
within 24–48 h. Rule out 
other etiology if the edema 
persists after 48 h. NPE is 
mostly a diagnosis of 
exclusion

Assess need for 
mechanical 
ventilation
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 Pulmonary Embolism

 Overview

Patients undergoing craniotomy or major spine surgery are at 
increased risk for the development of deep venous thrombo-
sis (DVT) and venous thromboembolism (VTE). Specific 
risk factors include immobility secondary to neurologic defi-
cit and/or prolonged surgery, malignancy, advanced age, 
venous stasis, and avoidance of pharmacologic DVT prophy-
laxis due to concern of increased risk of bleeding. A state of 
relative hypercoagulability has been described following 
many neurologic events.

The reported incidence of lower extremity DVT and 
VTE varies based on patient population, risk factors, type 
of screening, and presence and type of prophylaxis. DVT is 
unfortunately quite common in the neurosurgical patient 
population with a reported incidence as high as 20–40% 
during hospital stay. Clinically significant VTE is more 
rare, with a reported incidence of <5% in most studies, 
although it is thought that the majority of VTE are “silent.” 
Practices that support the routine use of PICC lines also 
observe an increased frequency of DVT and VTE in the 
upper extremity.

 Prevention

Various prophylactic measures against DVT are employed 
in hospitalized patients. Commonly used techniques 
include elastic stockings, intermittent pneumatic com-
pression (IPC) devices, subcutaneous unfractionated hep-
arin, and low- molecular- weight heparin. Elastic stockings 
and IPCs are generally the only prophylactic measures 
taken during the perioperative period due to concerns that 
heparin could increase the risk of bleeding. In recent 
meta-analysis of mixed neurosurgical patients, IPCs 
appear of similar efficacy to low-molecular-weight hepa-
rin in prevention of VTE during the immediate periopera-
tive period. However, it is likely that patients with multiple 
risk factors might benefit from a combined regimen. 
During surgery, patients should be positioned such that 
venous return is not impeded (avoidance of excessive flex-
ion of the hips/knees in prone patients). Postoperatively 
medical prophylaxis should be resumed as soon as it is 
deemed safe to do so by the surgical team. Concerns about 
the appropriate timing of pharmacologic thromboprophy-
laxis remain particularly high for patients after intracra-
nial hemorrhage due to their high risk for both rebleeding 
and thrombus formation. Currently, clinical practice of 

DVT prophylaxis in this patient population is guided by 
personal experience rather than by scientific evidence, 
secondary to a paucity of reliable data. The avoidance of 
PICC lines in the absence of pharmacologic prophylaxis 
may be an important consideration to reduce the incidence 
of upper extremity DVT.

 Crisis Management (Table 78.2)

Table 78.2 Presentation/assessment/intervention

Presentation Assessment Intervention
Tachycardia Check vital signs Supportive care
Tachypnea/
dyspnea

Assess oxygenation 
and ventilation, 
check for change in 
ETCO2 in intubated 
patients

Supplemental oxygen 
and/or mechanical 
ventilation as necessary

Hypoxemia ABG – typically 
shows hypoxemia. 
PaCO2 may be 
significantly higher 
than EtCO2

Hemodynamic support if 
required

Increased 
gradient between 
EtCO2 and PaCO2

Differentiate from 
other causes of 
hypoxemia including 
pulmonary edema, 
atelectasis, etc.

Consider IVC filter 
placement (particularly if 
LE venous Doppler 
studies demonstrate clot)

Anxiety Chest X-ray – often 
negative in PE

Consider anticoagulation 
(heparinization) 
depending upon type and 
duration out from 
surgical procedure

Hemodynamic 
instability

PE protocol CT (or 
V/Q scan in patients 
with significant renal 
impairment)

Consider intravascular 
clot retrieval by skilled 
interventional radiologist

Consider lower 
extremity Doppler’s 
(may influence 
decision for early 
IVC filter if positive)

Key Points
• Neurosur.gical patients are at high risk for DVT.
• IPC and/or compression stockings are the most 

commonly employed prophylaxis during the peri-
operative period.

• Clinically significant VTE present with hypoxemia 
and tachycardia.

• IVC filter placement should be considered in 
patients with VTE and DVT, given bleeding risk 
from early anticoagulation.
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 Blood Pressure Dysregulation

 Overview

Blood pressure lability is common in postoperative neuro-
surgical patients and may result from a variety of neuro-
genic, cardiogenic, or systemic causes. Emergence 
hypertension, pain, and agitation are common. Cushing’s 
response to raised ICP or cerebral ischemia can result in 
significant increases in blood pressure. Patients with spinal 
cord lesions whether acute (spinal shock) or chronic (auto-
nomic hyperreflexia) may develop blood pressure instabil-
ity in the perioperative period. Seizures may result in labile 
blood pressures. Following carotid endarterectomy (CEA), 
many patients experience blood pressure dysregulation, as 
a result of baroreceptor dysfunction. Hypertension is a 
dreadful complication post CEA due to the increased risk 
of reperfusion injury.

Systemic causes of hemodynamic instability are numer-
ous and include hypovolemia, anemia, and pulmonary embo-
lism. Myocardial infarction, arrhythmias, and cardiac failure 
can also present with significant hemodynamic instability.

Careful attention to blood pressure must always be paid in 
order to ensure adequate perfusion pressure to critical organs 
such as the brain and myocardium, but hypertension cannot 
be allowed to go unchecked. Emergence from anesthesia is 
frequently accompanied by postoperative hypertension and 
cerebral hyperemia. There is a significant association 

between postoperative hypertension and intracranial hemor-
rhage; thus this response should be controlled by beta- 
blockers and other antihypertensives.

 Prevention

Postoperative blood pressure lability may be limited by care-
ful intraoperative management of blood pressure, volume 
status, and hematocrit. Significant emergence hypertension 
should prompt early treatment with beta-blockers (which 
have the advantage of not effecting ICP) and other antihyper-
tensives, as well as effective treatment of pain and agitation. 
Dexmedetomidine has shown promise in preliminary studies 
in reducing hypertensive events in the perioperative period in 
patients undergoing craniotomy.

 Crisis Management (Table 78.3)

Table 78.3 Cause/assessment/intervention

Cause Assessment Intervention
Pain Check vital signs, neurologic assessment, 

and pain score
Supportive care for patient

Agitation Assessment of volume status, recent drugs 
administered, hematocrit

Identify and treat underlying cause (if possible)

Emergence hypertension Consider underlying etiology – neurogenic, 
cardiogenic, metabolic

Antihypertensive therapies

Elevated ICP   β blockade (i.v. esmolol 10–50 mg, metoprolol 
1–5 mg, labetalol 5–20 mg)

Cerebral ischemia   Hydralazine (5–15 mg i.v.)
Seizure   Nicardipine (0.25–2 mcg/kg/min i.v. infusion)
Spinal cord injury Antihypotensive therapies
Baroreceptor dysfunction   Treat significant bradycardia with anticholinergics
Essential hypertension   Ephedrine (5–10 mg i.v.)
Drug effect   Phenylephrine (0.25–2 mcg/kg/min i.v. infusion)

Caution in the context of bradycardia
Hypovolemia/anemia   Norepinephrine (0.02–0.2 mcg/kg/min i.v. infusion)
Myocardial infarction/cardiac failure
Arrhythmia
Pulmonary embolism

Key Points
• Postoperative blood pressure instability can present 

secondary to multiple neurogenic or cardiac causes.
• Blood pressure should be carefully regulated in the 

postoperative period to ensure effective perfusion to 
organs and reduce the risk of hemorrhage.
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 Bradycardia

 Overview

Bradycardia is frequently noted in neurosurgical patients 
during the perioperative period. Identification of cause is 
important for effective therapy. This response may be elic-
ited by multiple neurogenic, cardiac, or metabolic factors.

The conditions which elevate the intracranial pressure 
such as tumor, edema, intracranial hemorrhage, or acute 
hydrocephalus can result in brain herniation which may result 
in the Cushing’s triad of bradycardia, hypertension, and irreg-
ular respiration. Bradycardia may also occur in association 
with spinal cord injury (SCI), such as acute spinal shock sec-
ondary to transection of sympathetic pathways or autonomic 
dysreflexia in chronic SCI patients. Bradycardia may also be 
seen with seizures and can be triggered via reflex pathways 
such as the baroreceptor or trigeminal cardiac reflex.

Cardiac etiologies of bradycardia may include nodal or 
conduction deficits, as well as other arrhythmias. Myocardial 
ischemia and cardiac failure can also precipitate bradycardia. 
Metabolic causes are numerous. Many drugs may produce 
bradycardia through direct or indirect effects. Electrolyte 
disturbances may be precipitated by diuretics or hyperosmo-
lar therapy. Endocrine disorders such as hypothyroidism 
may also contribute to bradycardia.

 Prevention

As significant bradycardias are not infrequent in neurosur-
gical patients, resuscitative drugs, particularly atropine, 
should always be readily available. Patients at high risk for 
such complications include those after surgeries on/and 
around the brain stem or the cerebral pontine angle and 
those after endovascular carotid stenting. In high-risk cases 
or when bradycardias are frequently noted, prophylactic 
administration of anticholinergics such as glycopyrrolate 
may be beneficial.

 Crisis Management (Table 78.4)

 Myocardial Infarction

 Overview

Postoperative myocardial infarction (MI) is fortunately a 
rare event. Often affected patients have preexisting medical 
comorbidities such as coronary artery disease or its risk fac-
tors such as smoking, diabetes, or others. Coronary insuffi-
ciency can lead to infarction when stress of surgery is 
superimposed. Independent of surgery, severe brain injury 
states may also cause significant elevations in catechol-
amines which can precipitate ischemia and infarction. EKG 
changes suggestive of myocardial injury or stress occur in up 
to 80% of patients following subarachnoid hemorrhage. 
While these patients often exhibit elevation of cardiac 
enzymes and regional wall motion abnormalities, this form 
of myocardial injury is more commonly neurogenic stress 
cardiomyopathy than traditional myocardial infarction. The 
myocardial dysfunction will recover within 2–4  weeks. 
Neurogenic cardiomyopathy is associated with non-coronary 
distribution wall motion abnormalities, diffuse ST changes 
on EKG and takotsubo’s appearance of the left ventricle.

In patients with risk factors or known coronary artery dis-
ease, preoperative optimization is often limited to medical 
therapies. Invasive coronary interventions typically require 
anticoagulation and wait times for stent stabilization. Given 
the often urgent nature of neurosurgery and the risk of sig-
nificant complications with surgical bleeding, coronary 
intervention may not be feasible or able to effectively reduce 
risk. These limitations can also complicate management of 
active myocardial ischemia in the patient immediately postop 

Table 78.4 Cause/assessment/intervention

Cause Assessment Intervention
Increased ICP Check vital signs, 

including BP and 
oxygenation, and 
neurologic 
assessment

Anticholinergics (e.g., 
glycopyrrolate 0.2–1.0 mg 
IV or PO; atropine 1 mg 
i.v. for significant 
bradycardia) – avoid lower 
doses in adult patients due 
to risk of paradoxical 
bradycardia

  Edema
  Hemorrhage

  Hydrocephalus Check rhythm 
strip (p wave, 
narrow/wide 
complex)

  Pneumocephalus 
(tension)

Vagal Evaluate for cause Support hemodynamics 
and oxygenation

Spinal cord injury   Drug 
administration

Identify/treat underlying 
cause (if possible)

Cardiac, nodal/
conduction deficits

  Reflex Consider temporary 
pacing (transvenous) in 
refractory cases

Drug effect   Cardiac
Metabolic   Increased ICP

Consider imaging 
(head CT)

Key Points
• Bradycardia is frequent and has multiple potential 

etiologies in neurosurgical patients.
• Bradycardia may be a sign of impeding clinical 

deterioration of the patient.
• Treatment involves identifying cause, anticholiner-

gics, and pacing in refractory cases.
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from brain or spine surgery. Furthermore in patients with 
preexisting coronary stents, perioperative discontinuation of 
aspirin and/or clopidogrel may precipitate acute coronary 
syndromes from in-stent thrombosis.

 Prevention

Guidelines for preoperative cardiac evaluation are published 
by the American Heart Association and frequently updated. 
Currently, diagnostic testing (such as stress testing) is 
 recommended only in high-risk patients, and only if results 
will significantly affect the surgical decision or perioperative 
management. Urgent surgeries generally should be delayed 
for medical optimization in patients with active cardiac con-
ditions such as myocardial ischemia, decompensated heart 
failure, or significant arrhythmias. Patients with a history of 
coronary artery disease should be evaluated to ensure that 
they are medically optimized, such as effective beta- blockade 
and heart rate control. Perioperatively, patients with signifi-
cant risk of cardiac ischemia should be carefully monitored 
and their hemodynamics aggressively controlled. Prevention 
of tachycardia and maintenance of an effective blood pres-
sure are the primary goals.

 Crisis Management (Table 78.5)

 Hypovolemia
Obviously the results of intentional fluid restriction during 
the surgery compounded by the use of osmotic diuretics 
such as mannitol usually manifest itself in the postopera-
tive period by relative hypotension and tachycardia. It can 
also be due to other etiologies such as insufficiently com-
pensated intraoperative blood loss and other rarer condi-
tions, but requiring attention are the onset of diabetes 
insipidus and cerebral salt-wasting syndrome. In general, 

adequate amount of intravenous fluids should be given in 
the postoperative period to prevent extreme hypovolemia in 
an effort to maintain an adequate cardiac output and opti-
mal cerebral blood flow. However, in patients whose elas-
tance curve of the brain is already overwhelmed, any fluid 
therapy will only worsen the situation. This is particularly 
true after treatment of subarachnoidal hemorrhage that is 
often followed by a dangerous period of vasospasm of the 
vessel bearing the aneurysm or even in a different territory. 
This complication is best managed by increasing both the 
intravascular volume and the cerebral perfusion pressure in 
an attempt to “push” the CBF.

 Diabetes Insipidus

 Overview

Central or neurogenic diabetes insipidus (DI) is a condition 
characterized by the excessive excretion of dilute urine in the 
presence of normal or high plasma osmolality. It is caused 
either by the decreased secretion or action of AVP (arginine 
vasopressin) also called ADH (antidiuretic hormone). ADH 
is produced in the supraoptic and paraventricular nuclei of 
the hypothalamus and stored in the posterior lobe of the pitu-
itary gland for release when needed. DI after neurological 
surgery can be transient or permanent and may be caused by 
various conditions affecting the hypothalamus and posterior 
pituitary unit. Early diagnosis and management of DI is criti-
cal as it might lead to severe dehydration, hypovolemia, and 
hypotension if left untreated.

Table 78.5 Presentation/assessment/intervention

Presentation Assessment Intervention
Chest pain and/or 
dyspnea

Check vital signs 
with attention 
toward HR, BP, 
and oxygenation

Limit tachycardia – treat 
pain, β blockade as 
tolerated (i.v. metoprolol)

ECG abnormalities 
(ST segment 
depression or 
elevation)

Obtain 12 lead ecg Ensure adequate 
oxygenation

Hemodynamic 
instability

Obtain labs for 
serum troponin-I, 
Hgb/Hct, and 
electrolytes

Ensure an adequate blood 
pressure (for coronary 
and cerebral perfusion)

Arrhythmia or 
cardiac failure

Consider nitrates 
(however, these may 
increase CBF and ICP in 
at risk patients)
Early cardiology 
consultation for 
discussion of 
anticoagulation and/or 
invasive intervention

Key Points
• In neurosurgical patients, preoperative cardiac opti-

mization is predominantly medical.
• Avoidance of tachycardia and maintenance of ade-

quate coronary perfusion pressure are primary goals 
to prevent myocardial ischemia.

• Beta-blockade and other supportive care are first-
line therapies.

Treatment of MI in the early postoperative period 
with antiplatelet agents and heparinization is compli-
cated by the increased risk of bleeding.
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 Prevention

There are no proven ways to prevent DI. Having a high sus-
picion when dealing with patients who are at risk and treat-
ing them promptly is important in preventing hemodynamic 
complications.

 Crisis Management (Table 78.6)

 Cerebral Salt-Wasting Syndrome (CSW)

 Overview

It is a disorder of sodium and water homeostasis caused 
by cerebral disease in the setting of normal kidney func-
tion. It can be caused by several conditions such as sub-
arachnoid hemorrhage, head trauma, intracranial or 

metastatic neoplasm, carcinomatous or infectious menin-
gitis, encephalitis, and central nervous system surgery. It 
is characterized by hyponatremia in association with 
hypovolemia. This condition has to be differentiated 
from syndrome of inappropriate antidiuretic hormone 
(SIADH) as both conditions share many clinical and lab-
oratory findings and the treatment is entirely different. 
The mechanism beyond CSW is not clear, but the follow-
ing are postulated: (1) disruption of sympathetic neural 
input to the kidney and (2) natriuresis induced by natri-
uretic peptides. Prompt diagnosis and treatment of CSW 
is essential as it might lead to severe hemodynamic 
complications.

 Prevention

There are no proven ways to prevent CSW. Prompt diagnosis 
and treatment of the patients at risk is important in prevent-
ing hemodynamic complications.

 Crisis Management (Table 78.7)

Table 78.6 Presentation/assessment/intervention 

Presentation Assessment Intervention
Large amount 
of very dilute 
urine

Hourly urine 
measurement in the 
perioperative period. 
24-h urine collection 
for the determination 
of urine volume is the 
gold standard

Early intervention with 
isotonic fluids such as 
normal saline until the 
patient is euvolemic and 
then plasma osmolality is 
corrected with hypotonic IV 
fluids (5% dextrose in 
water/half normal saline)

Serum electrolytes for 
sodium concentration: 
elevated

Serum sodium should be 
corrected slowly at the rate 
of 0.5 mEg/l every hour

Urine specific gravity: 
1.005 or less

Desmopressin is the drug of 
choice and alternatives 
include synthetic 
vasopressin. Desmopressin 
(DDAVP) can be 
administered through 
different routes, namely, by 
nasal inhalation, IV, SC 
injection, or oral tablet. The 
doses usually range from 1 
to 2 μg qd or bid by 
injection, 10–20 μg bid or 
tid by nasal spray, or 
100–400 μg bid or tid orally

Plasma/urine 
osmolality: greater 
than 287 mOsm/kg/
less than 200 mOSm/
kg

Key Points
• DI can occur after multiple neurological 

interventions.
• DI can result in significant hemodynamic 

instability.
• Prompt diagnosis and treatment of DI is critical.

Key Points
• CSW can occur after multiple neurological 

interventions.
• It is essential to differentiate between the CSW and 

SIADH as the management is different.
• Prompt diagnosis and treatment of CSW is critical 

to avoid significant hemodynamic instability.

Table 78.7 Presentation/assessment/intervention

Presentation
 Polyuria, dehydration, and hypotension
  Signs of hyponatremia: lethargy, apathy, disorientation, muscle 

cramps, anorexia, agitation
Assessment
 Urinary sodium level >40 mEg/l
 Urinary osmolality: high
 Serum osmolality: low
 Central venous pressure: low
 Extracellular fluid volume: low
 Brain natriuretic peptide level: high
Intervention
  Isotonic or hypertonic solutions are given to treat the 

hyponatremia based on the acuity and the level of symptom 
presentation

 Rapid correction of serum sodium >12 mmol/d should be avoided
  Fludrocortisone (0.1–1 mg/day) a mineralocorticoid has been used 

to restore the extracellular fluid volume status

J. Yoder et al.
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Endocrinologic Emergencies After 
Neurosurgery

Ola Harrskog and Robert E. Shangraw

 Overview

Severe and potentially life-threatening endocrine conditions in 
neurosurgical patients most often are secondary to dysfunc-
tion of the hypothalamic-pituitary-adrenal axis. The pituitary 
gland, frequently called the “master endocrine gland,” is con-
fined within a bony space – the sella turcica – and is subdi-
vided, both anatomically and functionally, into anterior 
(anterior pituitary) and posterior (neurohypophysis) compo-
nents. The anterior pituitary has a vulnerable portal blood sup-
ply. The posterior portion connects to the hypothalamus via 
long sensitive nerve endings. This arrangement makes the 
pituitary especially susceptible to traumatic brain injury, brain 
edema, space-occupying intracranial lesions, and surgery.

Hormones secreted by the pituitary regulate metabolic 
homeostasis, fluid and electrolyte balance, and circulatory 
stability. The anterior pituitary secretes six hormones: growth 
hormone, adrenocorticotropic hormone (ACTH), thyroid- 
stimulating hormone (TSH), follicle-stimulating hormone 
(FSH), luteinizing hormone, and luteotropic hormone. Control 
of the anterior pituitary comes from the hypothalamus, via 
releasing factors secreted into the hypothalamic- hypophyseal 
portal system. There is a negative feedback control system, by 
which end products of anterior pituitary activity inhibit corre-
sponding stimulatory hormone secretion by anterior pituitary 
and the upstream releasing factor secretion by the hypothala-
mus, to maintain homeostasis. ACTH released from the anterior 
pituitary stimulates the adrenal cortex to release cortisol and to 
a much lesser extent mineral corticosteroid (aldosterone) and 
androgen dehydroepiandrosterone (DHEA). Circulating corti-
sol feeds back to both the pituitary and hypothalamus to reduce 
stimulatory activity. Cortisol is vital to cellular homeostasis and 
metabolism and is needed for both catecholamine-mediated and 

angiotensin-mediated maintenance of vascular tone, which is 
essential for hemodynamic stability.

The posterior pituitary secretes antidiuretic hormone 
(ADH), also known as vasopressin, and oxytocin. Its func-
tion is more directly regulated by the hypothalamus through 
neural connections. Through ADH secretion, the posterior 
pituitary (neurohypophysis) regulates both intravascular vol-
ume and serum osmolarity. ADH is a nonapeptide which acts 
on aquaporin 2  in the renal collecting tubule to increase 
water permeability and, in turn, retain water from the urinary 
space (antidiuretic effect). Physiologic control of ADH 
secretion is maintained via osmoreceptors located in the 
hypothalamus that increase ADH secretion in response to 
hyperosmolarity (most often hypernatremia). ADH plays a 
vital role in maintaining salt and water balance. ADH also 
has direct vasoconstrictor activity and is an effective non- 
catecholamine pressor agent when administered in pharma-
cological dosage. Its role in maintaining normal vascular 
tone under physiological conditions is less clear.

 Anterior Pituitary Insufficiency

Severe illness, trauma, or other insults trigger a metabolic 
“stress” response, mediated in large part by the neuroendocrine 
system. Under some circumstances, the stress response can be 
maladaptive and may need to be inhibited. During anesthesia, 
the stress response may be altered if not prevented.

Adrenal insufficiency, the inability to mount an appropri-
ate level of cortisol secretion, can be relative or absolute. An 
intact hypothalamic-pituitary-adrenal axis, with cortisol as 
the centerpiece, is essential to maintaining stable 
 hemodynamics during stress. Patients who receive pre-exist-
ing glucocorticoid treatment are at risk for developing an 
absolute adrenal insufficiency secondary to adrenal gland 
atrophy. If, as in most cases, the glucocorticoid supplement 
is low, it cannot provide the higher glucocorticoid concentra-
tion needed during a stress state. Less common causes of 
absolute adrenal insufficiency are congenital adrenal 
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hypoplasia or destruction of the adrenal gland secondary to 
infection (e.g., Addison’s disease) or surgery. The common 
endpoint of these conditions is an inability to increase corti-
sol production in response to stress.

Relative adrenal insufficiency is associated with critical ill-
ness, especially sepsis, and with head trauma, systemic inflam-
matory response, advanced age, and certain drugs. Among 
drugs associated with relative adrenal insufficiency, the seda-
tive-hypnotic etomidate deserves special mention. Since its 
US release in 1972, etomidate has been known to attenuate the 
hypercortisolemic response to surgery. Although it was ini-
tially thought to produce a “stress-free” surgery, etomidate 
directly inhibits cortisol synthesis by the adrenal gland. 
Etomidate infusion in the intensive care unit is associated with 
increased mortality secondary to adrenal suppression, and 
even a single induction dose of etomidate can suppress cortisol 
secretion for 4–12 h. Etomidate exposure is an important risk 
factor for relative adrenal insufficiency in critically ill, septic 
patients, and is associated with higher mortality in these 
patients unless supplemental steroids are administered. 
Physiological doses of glucocorticoids improve outcome in 
septic patients, but supraphysiological doses provide no defi-
nite advantage. For non-septic high-risk patients, the value of 
any glucocorticoid administration on outcome is less clear.

 Incidence

Adrenal insufficiency, as indexed by cortisol response, has 
an incidence of 30–40% in the general critically ill popula-
tion and about 25% after traumatic brain injury. The underly-
ing medical condition and the magnitude of stress stimulus 
are important for defining relative risk.

 Prevention
Patients with a history of current or recent (within 2 months) 
glucocorticoid therapy should be considered at risk for rela-
tive adrenal insufficiency, even if signs or symptoms are 
absent. A daily dose of prednisolone 7.5 mg, or its equiva-
lent, for 2 weeks or longer is sufficient to suppress the adre-
nal stress response; and hyporesponsiveness can persist for 
2  months after steroid therapy has been discontinued. 
Depending on the anticipated stress event, one should con-
sider supplemental prophylactic glucocorticoid administra-
tion (“stress steroids”). Reasonable choices before major 
surgery are hydrocortisone 100 mg q 8 h × 3 doses or dexa-
methasone 8–10 mg with the same dosing regimen.

 Clinical Presentation
An unstressed patient with an underlying adrenal insuffi-
ciency may be asymptomatic, with no revealing signs. 
Clinical signs, if present, are constitutional and vague: 
asthenia, muscle weakness, anorexia, abdominal pain, or 

other referred gastrointestinal complaints. More pronounced 
insufficiency can lead to hypoglycemia, hyponatremia, and/
or hyperkalemia. The electrolyte abnormalities may induce 
severe muscle weakness.

Diagnosis of a relative adrenal insufficiency, where the 
signs and symptoms are vague, requires a high level of sus-
picion. Superimposition of physiological stress (e.g., 
trauma, infection, surgery) or sudden cessation of chronic 
steroid intake can trigger an acute crisis. In an acute adrenal 
crisis, the patient often develops a profound and refractory 
hypotension in addition to muscle weakness and hypoglyce-
mia. Hypotension in this setting is due to a confluence of 
impaired catecholamine synthesis, hyporesponsive beta- 
adrenoreceptors, and an inability of vascular smooth muscle 
to contract in response to either circulating catecholamines 
or angiotensin. Differential diagnosis of refractory arterial 
hypotension without obvious cause should include suspi-
cion of acute adrenocortical insufficiency.

 Patient Assessment
A random cortisol concentration level is the definitive diag-
nostic test. The serum specimen should be collected before 
empirical steroid therapy commences; otherwise, timing is 
not important. Critically ill patients do not exhibit predictable 
diurnal cycling of cortisol secretion. In general, a cortisol 
value >35 μg/dL is normal in the critically ill patient with 
normal adrenal function, whereas a value <15 μg/dL is con-
sistent with adrenal insufficiency. Intermediate results may 
indicate further testing. If the results are borderline, the corti-
cotrophin stimulating test may help to identify patients who 
may benefit from chronic glucocorticoid supplements. Serial 
measurements of serum electrolytes and glucose concentra-
tions are indicated to detect hyponatremia, hyperkalemia, 
and/or hypoglycemia. Urine electrolytes concentrations are 
also useful because high urine sodium excretion may occur 
despite functional hypovolemia. An arterial blood gas will 
reveal whether there is an accompanying metabolic or respi-
ratory acidosis.

 Crisis Management
Treatment of an acute Addisonian crisis is often empirical 
because the turnaround time for serum cortisol analysis is often 
on the order of 24 h. Hydrocortisone 100 mg IV q 8 h or dexa-
methasone 10 mg IV q 8 h are both good choices. Hemodynamic 
support, fluid administration, and vasopressor(s) are given as 
necessary. Other potential causes for  hypotension, such as 
myocardial dysfunction (ischemia, infarction) or sepsis, should 
be evaluated and ruled out. If hypotension is, in fact, precipi-
tated by adrenal insufficiency, the patient will become quickly 
responsive to inotropes such as ephedrine or epinephrine within 
an hour after steroid supplementation.

If it appears that a critically ill patient may have an adrenal 
insufficiency, treatment with stress doses of hydrocortisone 
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should be given. Patients with suspected relative adrenal insuf-
ficiency should be treated with titrated doses, i.e., in most non-
septic patients, the equivalent of dexamethasone 2–10  mg 
should suffice. Because cortisol is much more potent as a glu-
cocorticoid than as a mineralocorticoid, the volume deficit in 
patients with adrenal crisis is rarely more than 10% of the total 
body water. Normal saline is the usual fluid for volume expan-
sion. Hypoglycemia, which is usually mild, is treated by titra-
tion of glucose 5% added to the normal saline infusion.

 Monitoring

Frequent electrolyte, glucose, and arterial blood gas mea-
surements are important. Invasive hemodynamic monitoring 
via arterial line and central venous line may be necessary to 
guide treatment in unstable patients.

 Posterior Pituitary (Neurohypophysis) 
Dysfunction

Posterior pituitary dysfunction most often presents as disor-
ders of water and salt balance. These are common in patients 
with traumatic brain injury or disease in the area of the hypo-
thalamus and the pituitary gland. Dysfunction of the neuro-
hypophysis can result in either overproduction or 
underproduction of ADH. Some extracranial diseases, such 
as pulmonary diseases (e.g., oat cell carcinoma) or extra- 
neural neoplasms, are associated with ectopic production of 
ADH. Three conditions have important implications for salt 
and water homeostasis in patients with cerebral disease pro-
cesses: diabetes insipidus (DI), syndrome of inappropriate 
ADH secretion (SIADH), and cerebral salt-wasting syn-
drome (CSWS). It is extremely important to recognize these 
conditions and their pathophysiology early to maximize the 
potential for recovery.

 Diabetes Insipidus (DI)

DI is a syndrome characterized by polyuria, polydipsia, and 
excessive thirst. Patients with DI experience excessive loss 
of free water into the urine causing increased concentration 
of solutes throughout the body and hemodynamic instability 
secondary to hypovolemia. DI is divided into two subtypes, 
(1) nephrogenic and (2) central (or neurogenic).

Nephrogenic DI is due to failure of the kidney to appro-
priately respond to physiological levels of ADH in the circu-
lation and involves dysfunction of aquaporin 2, the intrinsic 
receptor that increases renal collecting tubule permeability 
to water. Central DI, the more common subtype in the neuro-

surgical patient, results from insufficient ADH secretion by 
the posterior pituitary gland.

Normally, up to 12% of glomerular filtrate is reabsorbed 
under the influence of ADH.  Complete absence of ADH 
results in profound loss of free water (~20 L/24 h) into the 
urine, leading to polyuria of extremely low urine osmolality. 
ADH deficiency is more commonly incomplete, with vol-
ume of hypotonic urine 5–10 L/24 h. DI is usually transient 
but can be permanent.

 Incidence

Transient DI after traumatic brain injury occurs in up to 50% of 
patients and is permanent in up to 10% of all cases. After trans-
sphenoidal hypophysectomy, 18% of patients are affected at 
least transiently, and 2% require long-term treatment. In gen-
eral, any prolonged episode of increased intracranial pressure, 
such as intracranial hemorrhage or a tumor, can impair ADH 
secretion by the neurohypophysis, independent of etiology.

 Clinical Presentation
Onset of polyuria is usually sudden after trauma, regional sur-
gery, or sella radiotherapy. If the patient is awake and alert, this 
will manifest as polydipsia. If the patient is not fully conscious, 
however, inadequate fluid intake may result in hypovolemia 
and hypernatremia. Replacement of lost water with a balanced 
intravenous salt solution leads to apparent sodium accumula-
tion, and serum hypernatremia worsens. Severe hypernatremia 
induces central nervous system dysfunction, presenting pro-
gressively as delirium, confusion, somnolence, and finally 
coma. Marked interindividual variability in CNS response to 
hypernatremia precludes assigning trigger sodium concentra-
tions at which specific symptoms will occur. Caution should be 
exercised during correction of hypernatremia because too rapid 
correction of hyperosmolality can produce cerebral edema.

 Patient Assessment
Fulminant DI produces copious and very hypotonic (50–
200 mOsm/kg) urine. Incomplete DI is still characterized by 
polyuria, but urine sodium concentration can be high (up to 
700 mOsm/kg), especially if the patient is hypovolemic and/or 
if intravenous saline has been given. The most important find-
ing is that urine osmolality is inappropriately low compared to 
plasma osmolality (ratio less than 2). If plasma Na >145 mmol/L 
and plasma osmolality >300 mOsm/kg, in concert with diluted 
polyuria (>3.5 L/24 h), the most likely diagnosis is DI. Free 
water deficit can be estimated by the equation: Water defi-
cit = 0.6 × premorbid weight (− kg) × (1 – 140/[Na]mEq/L).

The definitive test to discern central DI from nephrogenic 
DI is to assay serum ADH concentration. ADH is low in cen-
tral DI but normal in nephrogenic DI (Table 79.1).
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 Crisis Management
Interventional goals are to (1) correct intravascular volume 
and total body water deficits, (2) replace ongoing water 
losses, (3) reduce ongoing water losses, and (4) prevent 
hyperosmolality. Given these guidelines, treatment is indi-
vidualized based on the severity and anticipated duration of 
the dysfunction. In an awake patient with an intact thirst 
mechanism (with free access to water), observation and 
monitoring may suffice.

If DI is prolonged or diuresis outstrips practical oral 
water intake, modified ADH (desmopressin, DDAVP) is the 
agent of choice to restore more normal renal water reab-
sorption. DDAVP can be administered by oral, nasal, or 
intravenous route. For acutely ill patients, parenteral 
administration is preferred, and the recommended dose is 
1–4  μg q 8–12  h. Alternatively, unmodified vasopressin 
may be used, to help retain free water, but its short half-life 
limits utility.

Intravenous fluid replacement should maximize free 
water and limit sodium concentration because the goal is to 
compensate for loss of free water. Aqueous glucose (D5%W) 
is usually the first choice in patients who cannot take in ade-
quate oral fluid to cover the losses and deficits. Careful gly-
cemic management is warranted to prevent iatrogenic 
hyperglycemia risking consequent brain injury.

 Syndrome of Inappropriate Antidiuretic 
Hormone Secretion (SIADH)

SIADH is a condition of excessive ADH secretion. High 
ADH concentration in plasma pathologically increases renal 
free water reabsorption, leading in turn to hypervolemia and 
hyponatremia. Concomitant renal sodium excretion may be 
normal or increased. The neurohypophysis is the source of 
excessive ADH secretion in disease states such as intracra-
nial infection, trauma, bleeding, or infection. Alternatively, 
tumors of extra-neural origin, such as oat cell lung carci-
noma, can also be a pathologic ectopic source of ADH.

 Incidence

In patients suffering traumatic brain injury, the incidence of 
SIADH is reported to be 2.3–37%. Single case series place 
the incidence of SIADH at 12.8% after transsphenoidal 
hypophysectomy and 6.9% after major spine surgery.

 Clinical Presentation
CNS manifestations of SIADH-induced hyponatremia are 
usually mild as long as plasma Na+ concentration 
>125  mmol/L.  Plasma Na+ concentration <120  mmol/L is 
associated with increased risk of pronounced CNS signs and 
symptoms. The mildest presentation is headache, which may 
progress to nausea, confusion, coma, and seizures. The sen-
sitivity of patients to hyponatremia depends in large part to 
the speed with which it unfolds. Very rapid progression of 
hyponatremia raises the risk of cerebral edema and its conse-
quent events. Some individuals may tolerate a chronic serum 
sodium concentration <115 mmol/L without clinical symp-
toms if the onset is gradual, such as over months.

 Patient Assessment
Patients with SIADH have hypotonic hyponatremia in context 
with urine osmolality greater than plasma osmolality. Sodium 
excretion in urine exceeds 20 mmol/L, while serum osmolality 
is <280  mOsm/kg. Circulatory instability is unlikely unless 
the patient has a history of congestive heart failure, which 
could be exacerbated by hypervolemia. Symptomatic hypona-
tremia is typically produced by coincidence of overhydration 
(positive 6–8 L) and a sodium deficit of 200–400 mmol.

 Crisis Management
The treatment strategy depends upon presence or absence of 
clinical manifestations. If the patient is asymptomatic, the 
condition is treated by fluid restriction and identification of 
precipitating factor(s). If CNS manifestations are present, 
serum sodium concentration must be increased to target 
 approximately 130 mmol/L, but at a rate less than or equal to 
1–2 mmol/L/h. Normal (0.9%) saline or hypertonic saline 3% 
is administered to correct hyponatremia at a rate that does not 
exceed urinary losses. Too rapid correction of hyponatremia 
carries the risk of brain demyelination (central pontine 
myelinolysis) . On the other hand, if the patient has seizures, 
it is important to treat not only the seizures but also to begin 
prompt treatment of cerebral edema and a more rapid correc-
tion of hyponatremia, usually with bolused hypertonic saline 
3%. Mannitol (500 mL, 20%) is a reasonable alternative to 
increase serum osmolality in the setting of seizures. A recent 
addition to the therapeutic armamentarium to consider is 
administration of vasopressin receptor antagonist (e.g., 
conivaptan), to increase plasma free water content, although 
clinical experience with this class of drug to date is limited.

Table 79.1 Summary of differences in volume status and laboratory 
tests in the postoperative time period in neurosurgical patients

Dysfunction

Body water 
(fluid status, 
CVP)

Urine 
output

Serum-
[Na+]

Urine-
[Na+]

Serum-
[ADH]

CSWS ↓ ↑ ↓ ↑ ↑ or →
SIADH ↑ or → ↓ or → ↓ ↑ ↑
Central DI ↓ ↑↑ ↑ ↓ or → ↓
Nephrogenic 
DI

↓ ↑↑ ↑ ↓ or → ↑ or →

CSWS cerebral salt-wasting syndrome, SIADH syndrome of inappropri-
ate release of antidiuretic hormone release, DI diabetes insipidus, ↓ 
lower than normal, ↑ higher than normal, → no difference from normal
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 Cerebral Salt-Wasting Syndrome (CSWS)

CSWS also causes hyponatremia in patients suffering neuro-
logical disease. CSWS and SIADH have many similar labora-
tory characteristics. They differ, however, in that patients with 
SIADH are euvolemic or slightly hypervolemic, whereas 
those with CSWS are hypovolemic. The molecular mecha-
nism by which CSWS causes excessive urinary sodium loss 
in the setting of intracranial disease is unclear. One hypothe-
sis is that as-yet unidentified natriuretic factor(s) is/are 
released by the injured or dysfunctional brain. Candidates for 
the diuretic factor include atrial natriuretic peptide (ANP) and 
brain natriuretic peptide (BNP). Circulating ADH concentra-
tion is normal in patients with CSWS, in contrast to elevated 
ADH concentration in patients with SIADH.

 Incidence

The incidence of CSWS following traumatic brain injury is 
0.8–34.6%, but remains unknown in other clinical states.

 Clinical Presentation
CSWS usually appears in the 1st week after a brain insult, 
whether trauma, tumor, infection, or surgery. It usually per-
sists for a few weeks and is self-limited. Clinical characteris-
tics are polyuria, increased urinary sodium loss, 
hyponatremia, and hypovolemia. Differentiating between 
SIADH and CSWS can be challenging, but must be estab-
lished before beginning clinical treatment.

 Patient Assessment
The main clinical challenge is to distinguish CSWS from 
SIADH.  Plasma ADH concentration in CSWS is either 
within normal limits or may be increased as part of the physi-
ological response to hypovolemia. Distinguishing features of 
the syndromes affecting salt and water balance are summa-
rized in Table 79.1.

 Crisis Management
Once the diagnosis of CSWS is made, treatment goals are to 
maintain adequate fluid hydration plus replace sodium 
losses. This regimen contrasts from treatment of SIADH, the 
other major etiology featuring hyponatremia, which restricts 
fluid intake, perhaps coupled with promoting free fluid loss 
with vasopressin antagonist (vaptan - class) therapy. Vaptans 
are contraindicated in the setting of CSWS. Exacerbating the 
pre- existing hypovolemia of CSWS, either by limiting fluid 
intake or pharmacologically stimulating free water loss, risks 
hypoperfusing an already compromised brain. Hypovolemia- 
induced mechanisms of worsened CNS status are cerebral 
vasospasm, ischemic cerebral infarction, or myocardial isch-
emia and secondary diminished cardiac output leading to 

systemic hypoperfusion. Since a major endpoint of CSWS 
therapy is to preserve or expand intravascular volume, inva-
sive hemodynamic monitoring including arterial and central 
venous pressure (CVP) monitoring may be indicated, even if 
the patient appears to be hemodynamically stable. 
Concomitantly, hyponatremia must be corrected, with either 
isotonic or hypertonic (3%) saline infusion. Infusions should 
be guided by frequent measures of plasma electrolyte con-
centrations. Severe CSWS may indicate addition of a miner-
alocorticoid supplement to the treatment plan.
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Key Points
• The hypothalamic-pituitary-adrenal axis underlies 

most critical endocrine conditions in the neurosur-
gical patient.

• Stress increases the requirement for cortisol, and 
stressed patients at risk for insufficient cortisol 
response should receive glucocorticoid supplement.

• Short-term steroid treatment has few negative 
effects and may be life-saving in the neurosurgical 
population.

• The patient at risk for adrenal insufficiency with 
circulatory instability should be treated empirically 
with steroids.

• Patients with intracranial injury should have serum 
electrolytes, urine electrolytes, plasma glucose, body 
weight, and water balance monitored frequently to 
detect postoperative endocrine problems early.
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Postoperative Paralysis, Skin Lesions, 
and Corneal Abrasions After 
Neurosurgery

Martin H. Dauber and Steven Roth

 Postoperative Paralysis

 Overview

Paralysis is the loss of voluntary control of skeletal muscle 
function caused by failure of nerve conduction of electrical 
impulse. This can occur centrally or be a result of peripheral 
nerve problems, and the differential diagnosis is critical in the 
postoperative period. Paralysis following intracranial surgery 
may be anticipated as a result of resection of tumor in prox-
imity to the motor cortex. Similarly, following peripheral 
nerve resection, an element of local paralysis may manifest.

Preexisting paresis or paralysis poses the greatest risk fac-
tors for paralysis presenting in the PACU.  Many of these 
patients will indeed be weak or paralyzed after the surgery. A 
preanesthetic history and physical should thoroughly docu-
ment the degree of neurologic impairment of all patients. 
This is particularly so in neurosurgical spine and intracranial 
procedures where, due to their typical long duration, it is 
common for the anesthesia team present upon emergence to 
be different from the team which started the case.

It is rare to have any paralysis in the PACU patients, in gen-
eral, and the incidence may be higher in patients following neu-
rosurgery. This elevated risk is due to three primary factors:

 1. Location and nature of surgical site
 2. Patient position during surgery (full or partially prone, 

sitting, lateral, etc.)
 3. Long duration

The location of surgery may increase the risk for central 
paralysis, whereas the other factors may elevate risk for 
peripheral neuropathies. It is these peripheral neuropathies 
that are most under the control of the anesthesiologist.

 Prevention

Surgical attention to the possibility of paralysis both in the 
head and in the spine is the key to preventing the paralysis seen 
in the PACU that is related to surgical site. Details of this are 
beyond the scope of anesthesia practice, except in the broadest 
sense. Peripheral neuropathies leading to paralysis, however, 
are very much the concern of anesthesiologists. Although 
studies have failed to confirm with scientific certainty the rela-
tionship of positioning to peripheral neuropathies, the 
American Society of Anesthesiologists issued a practice advi-
sory for the prevention of perioperative neuropathies.

 Crisis Management and Assessment

Immediate diagnosis of paralysis upon emergence is the 
shared responsibility of the nurses caring for the PACU 
patient as well as of the neurosurgical and anesthesia teams. 
Centrally related paralysis needs to be differentiated from 
peripherally caused problems. Timely diagnosis is critical in 
these cases as certain causes indicate immediate surgical 
intervention. As soon as the finding of paresis or paralysis is 
revealed, both the surgeons and anesthesiologists need to be 
aware; the surgeons so they can pursue diagnosis or reex-
ploration and the anesthesiologists so they can facilitate the 
emergency anesthetic.

Peripheral neuropathies are less likely to be surgical 
emergencies, unless they are as a result of arterial embolic 
phenomenon. Accordingly, the affected extremity must be 
examined for pulses, pain, and pallor.

Hemodynamic stability and oxygenation status are always 
important in the PACU and even more so in the patient who 
may be required to go back to the operating room. Raising 
systemic arterial blood pressures to the high end of normal 
may increase perfusion to neural cells at ischemic risk, 
thereby protecting them and minimizing permanent injury. 
In the setting of presumed spinal cord injury, as the cause of 
new paralysis/paresis, high-dose corticosteroids have been 
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advocated by many, though there is little evidence upon 
which to base this. Methylprednisolone 30  mg/kg intrave-
nously bolused over 15 min followed by a 23 h infusion of 
5.4 mg/kg/h is the recommended dose.

Anemia and electrolyte imbalance must be aggressively 
addressed to rule out these as causes or contributing factors. 
Aggressive transfusion of red blood cells should be per-
formed to raise hemoglobin concentrations over 10  g/dL, 
although the critical hematocrit has not been determined for 
this patient population. Depending on neurosurgical impres-
sions, emergency imaging, such as MRI, may be indicated, 
and this may require the presence of the anesthesiologist if 
the patient has not made adequate progress toward recovery.

 Skin Lesions

 Overview

Dermatologic complications following neurosurgical proce-
dures seem to occur with higher frequency than following 
surgery to other systems. However, there is sparse literature 
to support this impression. Since skin lesions can be painful, 
alarming for patients and others to see, and potential sources 
of infection, they can be troublesome. Nonetheless, skin 
problems following these cases can be divided into three 
broad categories:

 1. Minor abrasions
 2. Deep dermal damage
 3. Complete skin disruption

Most of these injuries occur through excess pressure over 
long time periods. Iatrogenic skin disruption during removal of 
electrodes or tape may also occur. This section discusses these 
various types of injuries and their diagnosis and treatment.

 Presentation and Treatment

In the PACU after the basic recovery issues are handled; the 
nurse who performs the complete secondary survey will 
identify any dermal lesions. Additionally patients may com-
plain of pain or burning sensation at affected areas. Erythema, 
bleeding, and tenderness may be present. In cases of com-
plete skin disruption due to the skin’s adherence to tape or 
the like, immediate diagnosis is important, as salvage of 
autogenous skin is possible. If the removed skin can be 
located, it should rapidly be cleaned and then replaced in situ 
and secured with staples and sutures. A loose Vaseline dress-
ing can then be applied. Infection is extremely rare eliminat-
ing the need for prophylactic antibiotics.

 Prevention

Neurosurgical procedures are often performed in positions 
that put patients at risk for dermal damage and have a long 
duration, further exacerbating any problems. Intraoperative 
attention to positioning can be the most protective mecha-
nism against perioperative skin changes. Soft surfaces should 
be provided in any area of contact with the patient and bed, 
supports, or other equipment. Pressure at boney prominences 
should be minimized as much as possible. Many use gel- 
filled pads where contact pressure is high, such as under the 
iliac crests and knees in prone patients. There are many pil-
lows and other devices to position the head for prone cases 
that are nonabrasive, in addition to the other purported ben-
efits. The female breasts should be positioned midline toward 
the head to allow adequate perfusion which primarily comes 
from the internal thoracic and internal mammary arteries.

Anesthesiologists often use tape and adhesives that may 
cause complete skin disruption upon removal. Additionally, 
neurosurgical patients are often subject of peripheral neuro-
logical monitoring, and neurophysiologists need to be atten-
tive to this risk. Some patients, such as the elderly or those 
with “fair skin,” may be more susceptible.

Key Point
• Postoperative paralysis is a potentially devastating 

complication of neurosurgical procedures that may 
first manifest in the PACU. Central or surgical field- 
related etiologies are the most likely, though periph-
eral neuropathies can cause more localized 
paralysis. Anesthesiologists must be aggressive in 
the maintenance of hemodynamics and oxygen- 
carrying capacity to prevent further deterioration of 
paresis or paralysis. Operating room care and early 
PACU diagnosis in the event of problems can lead 
to improved outcomes.

Key Point
• Skin lesions can be a nuisance-type complication 

following any surgery, and neurosurgical patients 
seem to be at higher risk. Proper equipment to aid 
positioning and meticulous attention to the comfort 
of the anesthetized patient as well as protection of 
the skin may decrease the incidence. Visible skin 
lesions never threaten life but can cause disfigure-
ment that is permanently bothersome to the patient 
who suffers this problem.
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 Corneal Abrasions

 Overview

A corneal abrasion is a painful scrape or scratch of the sur-
face of the clear part of the eye known as the cornea. This 
transparent window covers the iris, the circular-colored por-
tion of the eye. The cornea has many nerve endings just 
under the surface, so that any disruption of the surface may 
be painful. Anytime a foreign body contacts the eye, an abra-
sion is a possibility, particularly under general anesthesia 
when the eye does not have its protective reflexes. Corneal 
abrasions may also occur during anesthesia when the eye is 
not taped closed properly and the cornea becomes dry 
because the patient will not blink during anesthesia. The true 
incidence of corneal abrasions is not well documented for 
neurosurgical patients, but due to the exposure of the face 
and eyes to potential contact, it is assumed to be higher than 
for non-neurosurgical patients. In addition, during craniot-
omy or during prone cases, the anesthesiologist is unable to 
monitor the eyes during the case to make sure the eyes 
remain completely closed during the entire case. Some 
patients also experience an itching sensation in their eyes 
upon awakening. In an attempt to alleviate the discomfort, 
the still drowsy patient may try rubbing the eyes, which can 
easily result in corneal damage. The neuroanesthesiologist 
should be aware of any preexisting vision-related problems.

 Crisis Management

 Presentation
Following a neurosurgical procedure, a patient may com-
plain of:

 1. Sensation of a foreign body in the eye
 2. Tearing of the eyes
 3. Blurred vision or distortion of vision
 4. Photophobia, especially to bright lights
 5. Spasm of the periocular muscles causing squinting

Any or all of these findings should lead to consideration 
of the possibility of a corneal abrasion. Although many advo-
cate for immediate ophthalmologic evaluation, this can be 
difficult in some settings especially later in the evening when 
many neurosurgical cases are arriving in PACU.

 Assessment
There are two principal parts of the diagnosis of corneal 
abrasion:

 1. Ruling out the presence of a foreign body
 2. Fluorescein ophthalmoscopic examination of the cornea

Patients with corneal abrasions will be in pain, and this 
may make a proper examination difficult. The clinician 
must be relentless in his pursuit of diagnosis, nonetheless. 
The use of topical 1% tetracaine to the eye prior to exam 
has been recommended but has been associated with the 
potential for worse healing. The upper and lower eyelids 
must be inverted and the fossae inspected. Then with either 
a drop of ophthalmic fluorescein (0.25%) or a fluorescein 
strip applied to the eye, an examination of the cornea can be 
performed under cobalt blue-filtered light. An abrasion will 
show as a disruption of the regular smooth surface of the 
cornea.

 Management
If a foreign body is present on the eye, removal by irrigation 
may be possible. If not readily performed, emergency oph-
thalmologic consultation should be sought. In the case of a 
corneal abrasion:

 1. Antibiotic eyedrops or ointment (such as erythromycin, 
tobramycin, or ciprofloxacin) may be applied. Some oph-
thalmologists advocate the addition of steroids to reduce 
inflammation and to avoid potential scarring.

 2. The eye should not be patched. Recent evidence shows 
that patching the eye does not help and may actually have 
a negative impact on the healing process.

 3. Mydriatics are no longer indicated.
 4. Analgesics appropriate to patient’s overall postoperative 

condition.
 5. Follow-up examination by ophthalmologist after 24 h to 

assess the degree of healing and prognosticate about 
potential long-term sequellae.

 Prevention

It is probably more true of the prevention of corneal abra-
sions that of many other iatrogenic injuries, that concern 
for the potential is the cornerstone of prevention. Many 
techniques have been advocated over the years, yet none 
has proven itself. Taping of the eyes early in peri-induc-
tion period may decrease the eyes’ exposure to foreign 
bodies such as ID tags, endotracheal tube pilot balloons, 
or laryngoscopes.

For craniotomies many use lubricants (lanolin based) to 
protect the corneas as well as to dilute any surgical prep solu-
tion that may enter under the tape. For prone cases where 
large volume shifts may occur, some use hypertonic 3% 
saline ointment (e.g., Muro 128). Transparent adhesive med-
ical dressings (e.g., Tegaderms) are occasionally put over the 
eyes for their protection, but skin abrasions have been noted. 
There is no foolproof method for absolute prevention that is 
standard of care.

80 Postoperative Paralysis, Skin Lesions, and Corneal Abrasions After Neurosurgery



524

Suggested Reading

Cheney FW, Domino KB, Caplan RA, Posner KL. Nerve injury associ-
ated with anesthesia. Anesthesiology. 1999;90:1062–9.

Roth S, Thistead RA, Erickson JP, Black S, Schreider BD. Eye injuries 
after nonocular surgery; a study of 60,965 anesthetics from 1988–
1992. Anesthesiology. 1996;85:1020–7.

Key Points
• Corneal abrasions can be bothersome to patients 

emerging from neurosurgical procedures. Although 
the incidence is low, these patients may be at higher 
risk because of the non-face-up positions that they 
may be in. Most anesthesia-related corneal abra-
sions heal within 24  h though rarely can persist 
ophthalmoscopically for 3–4 months. Attention to 
prevention and rapid treatment and analgesia can 
improve the care of these patients.

• Although many anesthesia-related complications 
are noted in the operating room during the adminis-
tration of general anesthesia, some are not noted 
until later. During emergence from anesthesia in the 
PACU, major complications such as paresis or 
paralysis and minor ones such as corneal abrasions 
and skin lesions may manifest. Rapid attention to 
these complications can prevent further deteriora-
tion and possibly good outcomes.
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Postoperative Pain Management 
in Patients After Neurosurgical 
Operations

Mary Newton and Tacson Fernandez

 Introduction

Despite the diversity of neurosurgical procedures and the 
multiplicity of pain presentations in this population, effec-
tive and safe pain relief is possible for the vast majority of 
patients.

Sound knowledge of the underlying pathophysiology 
relating to the specific neurosurgical condition and an under-
standing of the associated complications are essential for 
optimizing safe post-operative analgesia.

Many neurosurgical conditions are highly dynamic. A 
decrease in the Glasgow Coma Scale (GCS) must be carefully 
investigated as many neurosurgical complications may require 
urgent surgical and/or therapeutic intervention (Table 81.1). A 
deterioration in GCS must not be attributed solely to a relative 
opioid ‘overdose’ until other causes have been excluded.

Analgesia for major spinal surgery may be especially 
challenging. Many of these patients suffer from chronic pain 
and may present with a combination of nociceptive and neu-
ropathic pain. A significant number of these patients may be 
on opioid medication and/or a combination of drugs preop-
eratively, which may have effects on cognitive function, 
alertness, and wake-up times following anaesthesia. Acute 
on chronic pain is typically more difficult to manage than 
isolated acute pain.

Neuraxial opioids, alone or in combination with local 
anaesthetics, can be very effective following spinal surgery. 
However, the approach requires careful considerations; 

neuraxial local anaesthetic/opioids may be contraindicated 
if there is a significant risk of an intraoperative dural tear 
which could result in unpredictable amounts of local anaes-
thetic/opioid reaching the cerebrospinal fluid (CSF). In 
some centres, administration of opioids (particularly those 
that are long-acting and water soluble) into the CSF would 
commit the patient to high dependency (HDU) care post-
operatively. Additionally, local anaesthetic-induced motor 
block may mask neurological deterioration secondary to 
spinal cord compression by, for example, haematoma or tis-
sue swelling. If this analgesic technique is used, it is impera-
tive that the patient is monitored by nursing staff familiar 
with its use in this specialized population of patients. There 
must be a strict local protocol for action to be taken in the 
event of onset of reduced limb power.

Increasing or uncontrolled pain post-operatively requires 
reassessment and consideration of alternative causes 
(Table 81.2), for example, a surgical complication or neuro-
pathic pain.
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Table 81.1 Common causes of post-operative/post-procedure 
decrease in GCS

Common neurosurgical 
conditions

Potential causes of decreasing 
Glasgow Coma Scale (GCS)

Subarachnoid haemorrhage 
(SAH) (post-clipping/
post-coiling)

Re-bleed
Acute hydrocephalus
Cerebral vasospasm
Seizure

Traumatic brain injury (TBI) Reaccumulation of haematoma
Haemorrhage into contusion
Oedema
Seizure

Craniotomy Haematoma (subdural/
intracerebral, etc.)
Oedema
Seizure
Air encephalocoele
Infection – e.g. meningitis, etc.
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 Prevention

Pain is the fifth vital sign and requires regular evaluation in 
combination with appropriate intervention to maximize 
pain relief. Effective management of acute post-operative 
pain reduces the incidence of chronic pain; additionally, it 
aids early mobilization and may decrease morbidity associ-
ated with immobility (e.g. venous thrombosis and pulmo-
nary atelectasis). Education of patients and clinical staff is 
vital to optimize acute post-operative pain management.

 Pain Scores

Pain is a subjective experience and most measures of pain 
are based on self-report. Numerous pain scales exist. 
Descriptive scales, where pain is described as ‘none, mild, 
moderate or severe’ are easy to use. Numerical scores are 
less easy to use but are more accurate at assessing the 
response to an intervention. The most popular numerical 
scale is the visual analogue score (VAS); it consists of a 
100  mm line where 0  mm correlates with no pain and 
100 mm correlates with ‘worst pain possible’. The patient 
is asked to mark the line to ‘score’ their pain. VAS ratings 
of >70 mm are indicative of ‘severe pain’. Because of the 
subjective nature of pain scales, most clinicians may have 
observed patients who report very high pain scores but 
who, at the same time, do not demonstrate typical physio-
logical evidence of pain (e.g. tachycardia, hypertension).

 Education

Education of patients preoperatively can help to reduce anxi-
ety, post-operative pain, and other associated symptoms. 
Ideally, it should begin preoperatively with information 
about the planned surgical procedure, expected pain relating 
to it, the hospital’s pain-scoring system (see below), and the 
importance of effective analgesia to aid early mobilization to 
reduce the clinical risks associated with immobility. Patients 
should be made aware of the analgesic modalities available 
to them; this information will need to be reinforced repeat-
edly in the preoperative and early post-operative phase.

All clinicians involved in the post-operative care of neu-
rosurgical patients need ongoing education in acute pain 
management and specific considerations for this patient 
group. Familiarity with the operative procedure and associ-
ated complications is particularly important. Clinical staff 
must be familiar with the hospital’s pain-scoring system and 
the application of this to optimize analgesia. Standardized 
prescriptions for analgesia used in conjunction with fre-
quent assessment of pain scores can improve post-operative 
pain management.

 Recommended Analgesic Regimes

The World Health Organization (WHO) pain ladder 
(Fig. 81.1) describes a simplistic guide to the optimization 

Table 81.2 Post-operative complications which may increase pain

Complication Cause of pain
Subarachnoid haemorrhage 
(SAH) (post-clipping/
post-coiling)

Re-bleed
Hydrocephalus
Infection

Traumatic brain injury (TBI) Wound infection
Reaccumulation of haematoma

Craniotomy Haematoma (e.g. subdural/
intracerebral)
Air encephalocoele
Low ICP headache/CSF leak
Infection – e.g. meningitis

Spinal decompression/fusion Nerve root compression by disc 
remnant/haematoma/oedema
Neuropraxia (C2 root especially 
common)
Infection
Malpositioned instrumentation
Muscle spasm

Intradural/intramedullary spinal 
cord surgery

Wound infection
Haematoma formation
Meningitis
Low ICP headache/CSF leak

Fig. 81.1 WHO pain ladder. (Source: www.who.int/cancer/palliative/
painladder/en)

M. Newton and T. Fernandez
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of analgesia. Urgent action is required for patients in severe 
pain which frequently requires all three steps of the pain 
 ladder to be initiated simultaneously, in combination with 
pharmacological adjuncts (Tables 81.3 and 81.4) and non-
pharmacological adjuncts (e.g. reassurance, explanation of 
the cause of the pain and the intended management of it, 
careful positioning, cool/warm packs, and eye shades). 
Prompt action in the provision of good pain relief reduces 
anxiety. Anxiety is known to exacerbate pain.

Table 81.5 is a guide to appropriate post-operative pre-
scribing of multimodal analgesia in our unit where com-
monly performed neurosurgical procedures are categorized 
according to the predicted pain (VAS) in the post-operative 
period. Details of the timed introduction of multimodal anal-
gesia for intracranial surgery are shown in Table 81.3 and for 
non-intracranial surgery in Table 81.4.

 Preventive Analgesia

This describes a reduction in post-operative pain following 
the administration of a drug that has an effect longer than 
the expected duration of that agent. There is no evidence to 
support the best timing of this therapy in the perioperative 

period. The use of NMDA receptor antagonists has been 
advocated as preventive analgesic regime in the context of 
abdominal, gynaecological, orthopaedic, and dental sur-
gery. However, general concerns remain regarding the use 
of ketamine in neurosurgical patients because of its effect 
on intracranial pressure. Studies have suggested a similar 
benefit following the use of gabapentin which would be 
more suitable in the context of neurosurgical interventions. 
Likewise pregabalin has also been found to be beneficial. 
Scalp blocks may provide effective and long-standing anal-
gesia post- craniotomy; they are safe and simple to perform. 
As mentioned above, great care needs to be taken with the 
use of neuraxial opioids and local anaesthetic in spinal sur-
gery. Potential preventive analgesic therapies that could be 
considered in expected ‘Major’ and ‘Complex Major Pain’ 
patient groups are shown in Table 81.6.

 Relative Contraindications for Commonly Used 
Analgesics in the Neurosurgical Population

 NSAIDs
The use of NSAIDs in neurosurgical patients is controver-
sial. There are no published studies about their use in this 

Table 81.3 Guidelines for multimodal analgesia following intracranial surgery – timing and analgesic considerations

Post- operative period
Recommended analgesia (aim for 
pain score ≤3) Analgesic considerations Evaluation of analgesia

Immediate (1–60 min) Intravenous (i.v.) paracetamol 
+/− i.v. morphine

Severe pain post-craniotomy 
refractory to paracetamol and small 
amounts of i.v. morphine should 
prompt formal exclusion of 
complications

Frequent reassessment of

Remember adjuncts (e.g. position, 
cool packs)

  Pain score
  Response to intervention
  Re-evaluate analgesic doses

Early (60 min–6 h) Regular i.v. paracetamol 1 g 
6-hourly

Paracetamol i.v. 6-hourly for first 
48 h post-op for painful surgery

Frequent reassessment of

Regular oral or PCA morphine Continuing severe pain – exclude 
complications

  Pain score
Remember adjuncts (e.g. position, 
cool packs)

  Response to intervention
  Re-evaluate analgesic doses

Intermediate (>6–24 h) Regular i.v. paracetamol 1 g 
6-hourly

Paracetamol i.v. 6-hourly for first 
48 h post-op for painful surgery

Frequent reassessment of

Oral or PCA morphine ∗NSAIDs see particular cautions 
relating to use in neurosurgical 
patients

  Pain score

Remember adjuncts (e.g. position, 
cool packs)

Continuing severe pain – exclude 
complications

  Response to intervention

Consider regular: oral/rectal/i.v. 
NSAIDs∗

  Re-evaluate analgesic doses

Late (>24 h) Regular i.v. paracetamol 1 g 
6-hourly

Paracetamol i.v. for first 48 h post-op 
for painful surgery

Frequent reassessment of

Oral or PCA morphine ∗NSAIDs see particular cautions 
relating to use in neurosurgical 
patients

  Pain score

Remember adjuncts (e.g. position, 
cool packs)

Continuing severe pain – exclude 
complications

  Response to intervention

Consider regular: oral/rectal/i.v. 
NSAIDs∗

Consider introduction gabapentin 
100 mg three times/day or pregabalin 
25 mg twice daily and titrate 
according to response

  Re-evaluate analgesic doses

+/− gabapentin Reduce analgesia as pain improves 
(opioids first)
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population. Theoretically, they increase the risk of post- 
operative bleeding due to their inhibitory effect on platelet 
function; thus neurosurgeons have great concerns regarding 

their use, particularly in the context of craniotomies and 
spinal surgery. Following elective supra-tentorial surgery, it 
is highly unusual for patients to present with an intracranial 

Table 81.5 Some common neurosurgical procedures are listed according to the predicted pain (VAS) in the post-operative period to guide appro-
priate post-operative prescribing of multimodal analgesia

Predicted pain 
scores without 
analgesia

Examples of surgical 
procedures in this 
category

Regular paracetamol 
(acetometophen)

Regular 
NSAIDa

Regular oral or PCA 
morphine

‘Rescue’ 
opioid if 
required

Consider 
pharmaceutical 
adjunct (Table 81.4)

Minor pain (VAS 
1–3)

Carpal tunnel Yes Yes No Yes No

Intermediate pain 
(VAS 3–6)

Craniotomy/lumbar 
microdiscectomy

Yes (i.v. first 24 h 
post-op)

≥6 ha 
post-op

Yes Yes No

Major pain (VAS 
7–10)

Lumbar/cervical 
laminectomy

Yes (i.v. first 48 h 
post-op)

≥6 ha 
post-op

Yes (if no PCA 
consider slow-release 
morphine preparation)

Yes (not 
with PCA)

No

Complex major 
pain (VAS 7–10)

Posterior spinal fusion, 
thoracic discectomy

Yes (i.v. first 48 h 
post-op)

≥6 ha 
post-op

Yes (if no PCA 
consider slow-release 
morphine preparation)

Yes (not 
with PCA)

Yes

aIf no neurosurgical or medical contraindication

Table 81.4 Guidelines for multimodal analgesia following non- intracranial surgery – timing and analgesic considerations

Post-op period and recommended analgesia 
(aim for pain score ≤3) Analgesic considerations Evaluation of analgesia
Immediate (1–60 min) Midazolam – useful post-spinal surgery if other 

analgesia unsuccessful. Use very low dose (0.5 mg)  
and be aware of intense synergism with opioids

Frequent reassessment of

  Intravenous (i.v.) paracetamol Clonidine – slow i.v. increments (15 μg) to maximum 
150 μg. Monitor BP carefully

  Pain score

  +/− i.v. morphine Ketamine – dysphoria unlikely with very low bolus  
dose (0.1 mg/kg)

  Response to intervention

If severe pain persists consider Dexamethasone (4–8 mg) – may be helpful for acute 
neuropathic pain. Continue 4 mg four times daily for 
48 h. Caution in diabetes

  Re-evaluate analgesic doses
  Low-dose midazolam Severe pain?
  Clonidine Consider post-op complications
  Low-dose ketamine
For acute neuropathic pain consider
  Dexamethasone
Early (60 min–6 h) As above As above
  As above but substitute i.v. morphine for 

regular oral or PCA morphine
  Paracetamol i.v. 6 hourly for first 48 h post-op for 

painful surgery
Intermediate (6–24 h) As above As above
  As above   ∗ NSAIDs see particular cautions relating to use in 

neurosurgical patients (above)
Consider regular   Gabapentin – depending on age start at 100–300 mg 

three times daily or pregabalin at 75–150 mg/twice 
daily

  Oral/rectal/i.v. NSAIDs∗   Clonidine – start at 50–100 μg orally twice daily
If severe pain persists consider
  Gabapentin
  Clonidine
Late (24 h) As above As above
  As above   Benzodiazepine – low dose for 48–72 h, e.g. oral 

diazepam 2 mg three times daily
  Severe pain?

  If high opioid requirement consider 
switching to slow-release formulation

  Consider post-op complications

Consider regular   Consider reduction in analgesia as 
pain improves (opioids first)  Oral benzodiazepine for muscular wound 

pain
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haematoma if they have regained their preoperative status 
by 6 h post-surgery. In our institution, we have applied this 
finding to our entire neurosurgical population and intro-
duce NSAIDs after 6 h, if the post-operative course of any 
type of elective surgery has been uncomplicated and there 
is nothing to suggest a clotting disorder. Introduction of 
NSAIDs may be delayed in high-risk cases (e.g. spinal cord 
tumours, large meningioma resections, and ‘deep brain’ 
surgery).

Another concern with the use of NSAIDs is possible 
impairment of bone fusion (through interference with the 
complex regulatory system of bone formation that includes 
prostaglandins) which could be significant following spinal 
fusion. There is no evidence in humans to support this.

 Opioids
If used in doses just sufficient to relieve pain, they will not 
significantly affect respiratory drive, thus avoiding an 
increase in PaCO2 with consequent effects on increasing ICP.

Careful titration is the key to the safe use of opioids. 
Following craniotomy very small doses may be highly effec-
tive (e.g. 1–2 mg morphine repeated if necessary at 5 min 
intervals in the immediate post-operative phase followed by 
5–10 mg orally at later stages). This is in contradistinction to 
patients in the ‘Major’ and ‘Complex Major Pain’ categories 
who invariably require much higher doses.

Patient-controlled analgesic (PCA) devices have been 
used successfully without complication following craniot-
omy and subarachnoid haemorrhage. For the use of 
morphine- PCA, some practitioners suggest low 4  h limits 
(e.g. 15 mg) and re-evaluate the patient before further dose 
increase. Patients after major spinal surgery frequently ben-
efit from additional oral slow-release morphine preparations 

as supplementation of the PCA treatment due to more exten-
sive pain levels; however, this requires a high level of patient 
supervision, such as an HDU environment. End-tidal CO2- 
feedback- control PCA devices have been introduced in an 
attempt to improve patient safety when opioid self- 
administration is desired.

 Crisis Management

 Nociceptive Pain
Severe nociceptive pain is easier to treat than severe neuro-
pathic pain. Whenever severe pain is present, the cause of the 
pain should be actively sought. There should be a low 
 threshold for further investigation, if it persists or is difficult 
to control. In the late post-operative phase, this may require 
admission to an HDU for rapid control of pain by intrave-
nous boluses of opioids and other adjuncts.

 Neuropathic Pain

Neuropathic pain is classically described as aching, burn-
ing, shooting, or stabbing. It may be paroxysmal or sponta-
neous with no precipitating cause and may be associated 
with hyperalgesia or allodynia. It may be a new phenome-
non post-operatively or an exacerbation of pre-existing neu-
ropathic pain. It can be very difficult to relieve. Although 
classically resistant to opioids, these should be tried to 
assess whether they are of any benefit. Dexamethasone 
(4 mg four times daily for 48 h) can be effective in the early 
post- operative phase, if oedema of nerve roots is thought a 
probable cause. There should be a low threshold to the intro-

Table 81.6 Preventive analgesic therapies that could be considered in expected ‘Major’ and ‘Complex Major Pain’ patient groups

Timing of adjunct Dosage guidelines Precautions
Preoperative Gabapentin 2 h pre-op 200–600 mg single dose/

pregabalin 75–150 mg single dose
High-dose gabapentin/pregabalin may cause 
drowsiness. Dose reduction in renal failure

(Titrate dose according to age, weight)
Ketamine – not for intracranial surgery Ketamine – not for intracranial surgery
5 min before skin incision – (0.1–0.5 mg/kg) Psychosis not usually a problem with low-dose 

ketamine
Local anaesthetic block (LA) LA – see notes in ‘Overview’

Intraoperative Ketamine – not for intracranial surgery Ketamine – not for intracranial surgery
(0.1–0.25 mg/kg repeated at 1 h intervals) Psychosis not usually a problem with low-dose 

ketamine
Local anaesthetic block (LA) LA – see notes in ‘Overview’

Post-operative Gabapentin in three divided doses at 200–1800 mg/day 
or pregabalin in two divided doses at 25–150 mg/day 
(titrate dose according to age, weight)

Gabapentin/pregabalin – dose reduction in renal 
failure. Continue for 2 weeks to 1 month post-op. 
Wean off over 2 weeks

Caution in renal failure
Ketamine – not for intracranial surgery Ketamine – not for intracranial surgery
Avoid if possible in all patients post-op Psychosis not usually a problem with low doses
(10–50 mg orally three times daily)
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duction of gabapentin/pregabalin or amitriptyline if signifi-
cant neuropathic pain persists. Carbamazepine is the most 
effective treatment for trigeminal neuralgia (sometimes 
exacerbated following microvascular decompression) but 
has a poor side effect profile. There are successful reports of 
the use of intranasal sumatriptan in refractory cases of tri-
geminal neuralgia (caution should be exercised in patients 
with ischaemic heart disease).

Neuropathic pain following spinal cord injury and bra-
chial plexus avulsion is common and can be severe. There is 
evidence to support benefit from opioids, ketamine infusion, 
and intravenous lidocaine. The latter two have to be adminis-
tered in an HDU environment. Benzodiazepines may con-
tribute to the management of refractory pain. Their use 
should be strictly short term and over-sedation and its atten-
dant risks avoided.

 Side Effects of Treatment

Constipation, nausea, and so on are common post- operatively. 
They should be anticipated and active measures taken to pre-
vent them. Several analgesics have sedative effects on the 
patients, particularly opioids. Awareness of the possible con-
founding effects of the analgesic treatment on mental status 
and neurologic presentation is of paramount importance in 
the perioperative management of neurosurgical patients. 
Overmedication with analgesics may result in differential 
diagnostic problems, which should trigger an immediate 
neurologic evaluation and frequently require emergency CT 
imaging of the cranium.
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Key Points
• Acute pain management education of patients/clini-

cal staff reduces the incidence of severe post- 
operative pain.

• Post-operative pain management should be planned 
preoperatively.

• Consider the use of preventive analgesia in relevant 
patient groups.

• Multimodal analgesia may improve the quality of 
analgesia and reduce the incidence of side effects.

• PCA has a high patient satisfaction.

• Be specific about site of pain and its potential 
causes.

• Assess pain and the effect of interventions 
frequently.

• Increasing or severe pain should prompt further 
investigation.

• Monitoring in an HDU environment may be neces-
sary for prompt and safe management of severe pain.

• As pain reduces, it would be appropriate to wean 
analgesia to prevent dependence.
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Management of Postoperative Nausea 
and Vomiting After Neurosurgery

Concezione Tommasino

 Overview

Postoperative nausea and vomiting (PONV) constitutes a 
major unpleasant symptom after anesthesia and surgery. The 
current overall incidence of PONV for all surgeries is esti-
mated to be 25–30% whereas after craniotomies is more than 
50%. In the absence of prophylactic antiemetics, in retro-
spective analysis, the incidence has been as high as 39% for 
emesis and 67% for nausea, while in prospective studies, 
PONV incidence has been reported from 55% to 70%. The 
reasons for the high incidence of PONV in neurosurgical 
patients may relate to surgery being performed in close prox-
imity to emetic centers of the brainstem or on the structures 
integral to maintenance of equilibrium.

The exact etiology of PONV is unknown, but research 
suggests a multifactorial origin and risk factors are well 
established (Table 82.1). Other possible risk factors include 
history of migraine, better ASA physical status, anxiety, obe-
sity, decreased perioperative fluids, general versus regional 
anesthesia or sedation, balanced versus total i.v. anesthesia, 
and use of longer-acting versus shorter-acting opioids.

Although PONV is almost always self-limiting and non-
fatal, it can cause significant morbidity.

In addition to causing patient discomfort, protracted nausea 
and vomiting may cause dehydration, acid–base disturbances, 
and electrolyte imbalance. Despite the lack of documented 
cases of harm caused by postcraniotomy PONV, the physical 
act of vomiting may result in an increase in arterial, venous, 
and intracranial pressures, thereby potentially increasing the 
risk of intracranial hemorrhage and neurologic dysfunction. In 
patients with depressed airway reflexes during the early post-

operative period, vomiting can cause pulmonary aspiration. 
The peak incidence of vomiting after neurosurgery is within 
the first few postoperative hours, rendering this complication 
one of the most frequent in the postanesthesia care unit 
(PACU) in this patient population, and each vomiting episode 
delays discharge from the recovery room by about 20 min.

Updated guidelines for managing PONV suggest that 
prophylaxis and treatment of nausea and vomiting improve 
patient comfort and satisfaction, reduce time to discharge, 
and should be done selectively.

No single drug or class of drug is fully effective in con-
trolling PONV, presumably because none blocks all path-
ways to the vomiting center. However, because of the 
multi-receptor origin of PONV, combination therapy is being 
more widely employed.
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Table 82.1 Risk factors for postoperative nausea and vomiting

Patient-specific risk 
factors

Age
Female gender
Nonsmoking status
History of PONV/motion sickness

Anesthesia-related 
independent 
predictors

Mask ventilation
Volatile anesthetics
Nitrous oxide
Intraoperative and postoperative opioids
Large-dose neostigmine
Long duration of anesthesia
Awake craniotomy lower risk than general 
anesthesia

Neurosurgical risk 
factors

Infratentorial > supratentorial > 
transsphenoidal procedures
High risk in surgery near the area postrema 
at the floor of the fourth ventricle (vomiting 
center located nearby)
Decompression of cranial nerves
Long duration of surgery

Emergence Rapid awakening
Movement

Other factors Hypotension
Pain

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_82&domain=pdf
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The successful management of nausea and vomiting is a 
fundamental part of perioperative anesthesia treatment in 
neurosurgery and requires several steps:

 1. Recognition of patients at risk for PONV
 2. Avoidance, when possible, of factors precipitating PONV
 3. Prophylaxis
 4. Treatment

 Prevention

Identification of patients at moderate to severe risk for PONV 
enables targeting prophylaxis to those who will benefit most 
from it. Patient, anesthesia, and surgery-related risk factors 
have been identified (Table 82.1), and a number of PONV 
risk-scoring systems have been developed. Very simplified 
risk scores consider only few predictors, and Tables 82.2 and 
82.3 indicate the PONV incidence according to the presence 
of four or five of these predictors.

Both scores are very simple to use and have demonstrated 
equivalent or superior discriminating power compared with 
more complex formulas. Koivuranta et al. simplified system 
(Table 82.3) has a statistically higher predictive value.

In children, risk of nausea and vomiting is highly associ-
ated with the type of surgery. Validated PONV-scoring sys-
tems are not available for children, but surgery lasting longer 
than 30 min, age of 3 years and older, a personal history, and 
even a history of PONV in a close relative are all risk factors. 
The presence of all four factors increases the risk by 70%.

The simplified scoring systems obviate laborious calcula-
tions and may reduce the scope of required detailed history- 
taking. No risk model, however, can accurately predict the 
likelihood of an individual having PONV; risk models only 
allow clinicians to estimate the risk for PONV among patient 
groups.

The logical consequence of these risk scores is “the higher 
the risk, the more aggressive prevention should be,” starting 
from strategies to reduce baseline risks (Table 82.4).

PONV is less common using propofol (induction and main-
tenance) and avoiding nitrous oxide. Hypotension causes brain 
stem hypoxia (vomiting center) and decreases blood flow to the 
chemoreceptor trigger zone (CTZ), both of which can induce 
nausea and vomiting. Keeping the patient well hydrated has 
been shown to reduce the incidence of PONV. Pain itself causes 
nausea and vomiting, and adequate control of pain is essential: 
the patient must not be deprived of analgesics under the false 
assumption that the medications are the only cause of PONV. It 
will be mandatory, however, to prevent opioid-induced emesis. 
Experienced PACU nurses are well aware that sudden changes 
of position and motion, including transportation by stretcher, 
may trigger vomiting. Upright positioning of a patient with 
hypotension can also cause nausea. Controlling movement and 
surrounding activity and decreasing noise and brightness will 
also reduce stimulation of the vestibular apparatus.

 Nonpharmacologic Measures

Acupuncture, acupressure, and electrical stimulation of 
the P6 point have been shown to be effective in reducing 
nausea, at least in adults, which has been explained by 

Table 82.2 Simplified risk score for PONV in adults based on four 
predictors: range of possible score 0–4

Predictors (n = 4) Predictors PONV risk by score (%)
0 10

Female gender 1 21
History of motion 
sickness or PONV

2 39

Nonsmoking status 3 61
Postoperative opioids 4 79

Table 82.3 Simplified risk score for PONV in adults based on five 
predictors: range of possible score 0–5

Predictors (n = 5) Predictors
Risk of nausea 
by score (%)

Risk of 
vomiting by 
score (%)

0 17 7
Female gender 1 18 7
History of PONV 2 42 17
History of motion 
sickness

3 54 25

Nonsmoking status 4 47 38
Duration of surgery 
>60 min

5 87 61

Table 82.4 Strategies to reduce baseline risk

Risk factors Strategies
Anesthesia- 
related

Awake craniotomy whenever applicable
Regional anesthesia whenever applicable
Propofol for induction and/or maintenance of 
anesthesia
Avoidance of high-dose volatile anestheticsa

Avoidance of nitrous oxide
Minimization of intraoperative and postoperative 
opioidsa

Minimization of neostigmine (<2.5 mg)
Reduce duration of anesthesia

Surgery-related Reduce duration of surgery
Emergence- 
related

Perform gastric aspiration/decompression
Plan a smooth awakening
Avoidance of sudden movements

Other factors Maintenance of hemodynamic stability
Adequate oxygenation
Adequate hydration
Adequate pain treatment

aEmetogenic effect of inhaled anesthetics and opioids appears to be 
dose-related
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endogenous β-endorphin release in the cerebrospinal fluid 
or a change in serotonin transmission, via the activation of 
serotonergic and noradrenergic fibers. It is unlikely that 
this approach will be the mainstay of reducing PONV, but 
it may have an effect when used as part of a multimodal 
approach.

 Pharmacologic Prophylaxis

Prophylactic antiemetics should be used only when the 
patient’s individual risk is sufficiently high (Tables 82.2 and 
82.3). This can be estimated by multiplying the expected 
incidence (baseline risk) by the relative risk reduction result-
ing from prophylaxis. As a rule of thumb, each effective anti-
emetic intervention will lead to a relative risk reduction of 
approximately 30%.

More aggressive prophylaxis is appropriate for patients in 
whom vomiting poses a particular medical risk, including 
those at risk for or with increased intracranial pressure, and 
when the anesthesia care provider determines the need or the 
patient has a strong preference to avoid PONV. Many patients 
are willing to pay out of pocket to avoid PONV or would 
prefer to suffer pain over nausea and vomiting.

Available antiemetic agents work on different types of 
receptors involved in the etiology of PONV (Table  82.5). 
Clinicians, however, must carefully select an antiemetic for 
patients undergoing craniotomy. The need for ongoing neu-
rocognitive monitoring makes the use of sedating antiemet-
ics (such as anticholinergics, antihistamines, benzamides, 
and butyrophenones) undesirable (Table 82.5).

Because multiple receptor stimulation is usually involved, 
in patients at high risk, several studies demonstrate better 
prophylaxis by the use of two or more antiemetics acting at 
different receptors compared with monotherapy. Combination 
therapy is recommended for both adults and children to pre-
vent and manage PONV (Table 82.6).

In adults, 5-HT3-receptor antagonists, dexamethasone 
and droperidol, are equally effective, each reducing risk of 
nausea and vomiting by about 25%. In children, the 5-HT3- 
receptor antagonists are the drugs of choice (ondansetron, 
children <40 kg = 0.1 mg/kg i.v.; >40 kg = 4 mg i.v.).

Dexamethasone, a corticosteroid, is an effective antiemetic 
drug. It reduces the incidence of PONV with delayed but pro-
longed efficacy. The antiemetic effect can be attributed to its 
strong anti-inflammatory action, which reduces the ascending 
impulses to the vomiting center. Other mechanisms discussed 
include decreased production of prostaglandins, blockade of 
the corticoreceptors in the nucleus tractus solitarius, release 
of endorphins, and reduction in the serotonin concentration in 
the brain and the gut. It should be administered before induc-
tion. Droperidol has been extensively used in neurosurgery. 
Nevertheless, in 2001, reports of cardiac rhythm changes 
after “large dose” droperidol led the Food and Drug 
Administration to insert a black box warning in the package 
insert, although doses used for PONV management have 
never been associated with fatal cardiac arrhythmias.

The widespread use of drugs with pure 5-HT3 (serotonin) 
receptor antagonism in neurosurgical patients is based on 
their efficacy on vomiting and lack of side effects of sedation 
and extrapyramidal reactions. There is no evidence that any 
of the 5-HT3 antagonists are superior to or have less side 

Table 82.5 Receptor site activity of antiemetic drugs and suggestions from the literature for their use in neurosurgery

Pharmacologic 
group

Dopamine 
receptors

Muscarinic cholinergic 
receptors

Histamine 
receptors

Serotonin 
receptors Literature suggestions

Butyrophenones
Droperidol ++++ – + + ≤1.25 mg no sedative 

effects
Haloperidol ++++ – + –
Phenothiazines Not supported
Chlorpromazine ++++ ++ ++++ +
Fluphenazine ++++ + ++ −
Antihistamines Not supported
Diphenhydramine + ++ ++++ −
Promethazine ++ ++ ++++ −
Anticholinergics Not supported
Scopolamine + ++++ + –
Benzamides Supported
Metoclopramide +++ − + ++ ≤10 mg no sedative effect
Antiserotonin Supported
Ondansetron − − − ++++ 4 mg end of case
Granisetron − − − ++++ 1 mg end of case
Tropisetron − − − ++++ 2 mg end of case
Ramosetron − − − ++++ 0.3 mg end of case

The number of positive signs (+) indicates activity to the receptor type and negative sign (−) no activity
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effects than any other drug of that class. The evidence sup-
ports the administration of 5-HT3 antagonists at the end of 
surgery rather than prior to induction (Table 82.5).

Other antiemetics may be used, although the evidence 
supporting their use is less robust.

 Multimodal Approach

A multimodal approach has been very effective in reducing 
early PONV in the highest-risk group (PONV from 41% 
with no therapy to 2% with multimodal therapy). This 
approach is based on avoiding all factors known to increase 
PONV and the combined administration of drugs known to 
reduce PONV (propofol, steroids, 5-HT3 antagonists, liberal 
intravenous fluids) (Tables 82.4 and 82.6). Figure 82.1 illus-
trates a suggested algorithm for PONV multimodal approach.

 Crisis Management

 Pathophysiology and Clinical Presentation
Nausea and vomiting are caused by the stimulation of neuro-
logic mechanisms in the brain and the gastrointestinal tract 
(GIT). The complex act of vomiting involves coordination of 
the respiratory, gastrointestinal, and abdominal musculature. It 
is controlled by the vomiting center which is not a discrete ana-
tomical site but represents interrelated neuronal networks. The 
nucleus tractus solitarius, the dorsal motor nucleus of the vagus, 
and the nucleus ambiguous are the three nuclei that comprise 
the vomiting center. Inputs to the vomiting center include vagal 
sensory pathways from the GIT and neuronal pathways from 
the labyrinths, higher centers of the cortex, intracranial pres-
sure receptors, and the CTZ, which is located in the area pos-
trema, on the dorsal surface of the medulla oblongata at the 
caudal end of the fourth ventricle. The vomiting center is stim-
ulated by histamine, dopamine, serotonin, and acetylcholine.

The vomiting reflex has two main detectors of the need to 
vomit: the GIT and the CTZ.  The vagus is the major nerve 
involved in the detection of emetic stimuli from the GIT and has 
two types of afferent fibers involved in the emetic response: 
mechanoreceptors, located in the muscular wall of the gut, 
which are activated by contraction and distension of the gut, and 
chemoreceptors, located in the mucosa of the upper gut, which 
are sensitive to noxious chemicals. Stimulation of the vagal 
afferents leads to activation of the CTZ in the area postrema. 
CTZ can initiate vomiting independent of the vomiting center, is 

Table 82.6 Guidelines for identification and management of PONV

Risk Management
Low (no risk 
factors)

Prophylaxis not recommended

Moderate (1–2 
risk factors)

Use single agent prophylactic therapy such as 
dexamethasone, ondansetron, or droperidol

High (3–4 risk 
factors)

Treatment includes dexamethasone plus 
ondansetron or droperidol plus ondansetron

Very high (4 risk 
factors)

Treatment includes combination antiemetics plus 
total intravenous anesthesia with propofol

Fig. 82.1 Algorithm for 
PONV prophylaxis
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not protected by the blood–brain barrier, and thus can be acti-
vated by chemical stimuli received through the blood as well as 
the cerebrospinal fluid. The CTZ is stimulated by dopamine, 
serotonin, opioids, and certain anesthetic agents. Gastrointestinal 
stimulation of mechanoreceptors in the wall of the gut from dis-
tention and manipulation results in the release of serotonin.

Several other stimuli can affect the vomiting center 
including afferents from the oropharynx, mediastinum, peri-
toneum, and genitalia as well as afferents from the CNS 
(cerebral cortex, labyrinthine, visual, and vestibular appara-
tus). The labyrinth vestibular center can send input to the 
vomiting center in response to sudden changes in motion and 
pressure or initiated by the use of nitrous oxide. Hypotension 
causes brain stem hypoxia and triggers the vomiting center 
and can decrease blood flow to the CTZ, which can also 
induce nausea and vomiting.

PONV encompasses three main symptoms that may occur 
separately or in combination after surgery: nausea, retching, 
and vomiting.

• Nausea is the subjective sensation of an urge to vomit, in 
the absence of expulsive muscular movements; when 
severe, it is associated with increased salivary secretion, 
vasomotor disturbances, and sweating. Loss of gastric 
tone, duodenal contractions, and the reflux of intestinal 
contents into the stomach often accompany nausea. The 
arterial hypertension, which occurs while being nause-
ated, can complicate efforts to keep the blood pressure 
within a safe range for a patient after neurosurgery.

• Retching follows nausea and comprises labored spas-
modic respiratory movements against a closed glottis 
with contractions of the abdominal muscles, chest wall, 
and diaphragm without any expulsion of gastric contents. 
Retching can occur without vomiting, but normally it 
generates the pressure gradient that leads to vomiting.

• Vomiting is caused by the powerful sustained contraction of 
the abdominal and chest wall musculature, which is accom-
panied by the descent of the diaphragm and the opening of 
the gastric cardia. This is a reflex activity that is not under 
voluntary control. It results in the rapid and forceful evacu-
ation of stomach contents up to and out of the mouth. During 
active retching and vomiting (emesis), intra-abdominal and 
intrathoracic pressures increase and translate into elevated 
intracranial pressure. Despite the lack of documented cases 
of intracranial bleeding due to retching and vomiting, it is 
reasonable to assume that this is a realistic threat.

 Patient Assessment
Periodic assessment of nausea and vomiting should be per-
formed routinely during emergence and recovery and should 
be part of the “standard” evaluation of neurosurgical patients 
(Table 82.7).

 Intervention/Treatment
There are only few trials on the efficacy of drugs in control-
ling established PONV in the PACU in adults and even fewer 
in children, compared with the multitude of trials on prophy-
laxis of this complication. Paucity of data particularly exists 
in the context of neurosurgical operations, and we have to 
rely on the information that is derived from trials in other 
groups of patients (Table 82.8).

When PONV occurs within 6  h postoperatively, the 
antiemetic should be chosen from a different therapeutic 
class than the drugs used for prophylaxis. If no prophy-
laxis was given, the recommended treatment is a low-dose 
5-HT3 antagonist, the only drugs that have been ade-
quately studied for the treatment of existing PONV: 
ondansetron 1.0  mg, dolasetron 12.5  mg (smaller doses 
have not been studied), granisetron 0.1 mg, and tropise-
tron 0.5  mg. Studies in adults suggest that ondansetron 
has greater efficacy than metoclopramide in controlling 
established PONV.

Alternative treatments for established PONV include 
dexamethasone, 2–4 mg i.v., or droperidol, 0.625 mg i.v. 
Propofol, 20 mg as needed, can be considered for rescue 
therapy in patients still in the PACU and has been found as 
effective as ondansetron, although its antiemetic effect is 
probably brief. In neurosurgical patients, however, propo-
fol should be used only after communication with the neu-
rosurgical team, since sedative side effects can alter the 
neurologic exam.

Beyond 6 h, PONV can be treated with any of the agents 
used for prophylaxis except dexamethasone, which is longer 
acting.

Table 82.7 Nausea and vomiting score

Score Description
0 No nausea or vomiting
1 Nausea but not vomiting
2 Nausea and retching
3 Nausea and vomiting

Table 82.8 Treatment of established PONV, ≤6 h postoperatively

Prophylaxis: yes Prophylaxis: no
Antiemetic different from the drug used 
for prophylaxis

Low-dose 5-HT3 
antagonist:
  Ondansetron 1.0 mg
  Dolasetron 12.5 mg
  Granisetron 0.1 mg
  Tropisetron 0.5 mg

Dexamethasone 2–4 mg
Droperidol 0.625 mga

Propofol 20 mga

aIn neurosurgical patients single dose to avoid sedative effects
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Key Points
• Main determinant factors for PONV: patient- 

associated risk factors, duration and type of anes-
thesia, postoperative opioids.

• Risk of PONV in a given patient should be estab-
lished first using established scoring systems.

• Consider acupressure.
• No prophylaxis in minimal risk patients, free from 

medical sequelae of vomiting.
• Prophylaxis for patients at moderate to high risk for 

PONV.
• Antiemetic combinations for patients at high risk 

for PONV.
• Avoid two drugs from the same group (e.g., meto-

clopramide and domperidone).
• Do not use combinations with antagonistic actions 

(e.g., cyclizine and metoclopramide, as cyclizine 
antagonizes the prokinetic effect of 
metoclopramide).

• Children at moderate or high risk for PONV should 
receive combination therapy with a 5-HT3 antago-
nist and a second drug (e.g., dexamethasone).

• Rescue therapy <6  h post-op: antiemetic chosen 
from a different therapeutic class than the drugs 
used for prophylaxis.

• Rescue therapy >6 h post-op: any of the drugs used 
for prophylaxis.

• Strategy to reduce baseline risk and the adoption of 
a multimodal approach will most likely ensure suc-
cess in the management of PONV.
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The Intrahospital Transport 
of Neurosurgical Patients

Amy S. Odefey and Laurel E. Moore

 Overview

Critically ill patients are at increased risk of mortality and 
morbidity during transport, with complications arising in as 
many as 70% of transports. These complications range 
from trivial to catastrophic including severe hypotension, 
accidental extubation, increased intracranial pressure 
(ICP), and central line displacement affecting administra-
tion of inotropes. Known patient risk factors for adverse 
events during transport include pre-existing PEEP require-
ment, catecholamine support, emergent transports, the 
amount of time out of the ICU, and treatment modification 
prior to transport.

Equipment failures are common during the transport of 
critically ill patients, occurring in up to 45% of transports. 
Many of these failures can be quite minor, such as electrocar-
diogram or pulse oximetry disconnects. Others can be poten-
tially catastrophic, however, such as loss of monitor power.

During transport of critically ill patients, respiratory com-
plications can be particularly dangerous. Not surprisingly, 
hypoxia during transport is more common in those patients 
requiring PEEP.  Furthermore, in one study of combined 
medical and surgical ICU patients, hypotension and arrhyth-
mias were associated with episodes of inadvertent hypoven-
tilation or hyperventilation with individual changes in PaCO2 
as great as 27  mmHg. This finding has ramifications for 
patients with increased ICP.  There is evidence that, as a 
group, end-tidal CO2 is well-maintained for intubated 
patients being hand-ventilated by caretakers. However, vari-
ability among individual patients is greater than may be 

acceptable for patients with abnormal intracranial compli-
ance. A recent study demonstrated increased mortality for 
patients with severe traumatic brain injury who arrive to the 
hospital intubated and with PaCO2 values either below 
30  mmHg or above 36  mmHg, while patients with severe 
hypercapnia (PaCO2 above 45 mmHg) have the worst out-
comes. These findings suggest that brain-injured patients 
warrant fastidious attention to ventilation strategy. Finally, 
there is recent evidence that intrahospital transport of intu-
bated patients is associated with various complications 
including ventilator-associated pneumonia, pneumothorax, 
atelectasis and longer ICU stays.

For patients with traumatic brain injury (TBI), pre- hospital 
secondary injuries associated with hypotension and hypoxia 
have long been recognized to be associated with increased 
mortality and disability. For a brain-injured patient, even a 
single episode of hypotension (SBP <90 mmHg) is associated 
with increased morbidity and a doubling of mortality. In addi-
tion, the duration of arterial hypotension or intracranial 
hypertension is significantly correlated with poor outcomes 
for these patients. Extrapolation suggests that patients with 
brain injuries are particularly vulnerable to transport mishaps 
and special care must be taken to prevent even brief episodes 
of hypoxia, hypotension, and increased ICP.

In the studies looking specifically at the intrahospital 
transport of neurosurgical patients, secondary insults are 
common. In one such study, secondary insults were seen in 
51% of transports with the most common insults being arte-
rial hypertension (28%) and intracranial hypertension (44%). 
Hypoxia (17%) and hypotension (17%) were also common 
complications of transport. In another study, ICP increased 
an average of 27% during transport despite carbon dioxide 
levels that trended downward. Increases in ICP during trans-
port may be sustained after return to the ICU, which may 
contribute to worsened outcomes. One very small study 
(n = 4) used microdialysis catheters to continuously monitor 
cerebral glycolytic activity during transport of head-injured 
patients and found evidence of impaired oxygen delivery and 
increased metabolic demand, while concurrent conventional 
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monitors showed no significant changes. Finally, a study 
investigating brain tissue oxygen partial pressure (PbtO2) in 
comatose patients found decreases in PbtO2 occurred during 
and in the 3 h following transport to and from a head CT scan 
in 80% of comatose patients. PbtO2 decreased most in 
patients for whom PbtO2 was compromised prior to transport 
from ICU to head CT.

 Weighing the Risks Associated 
with the Transport of Neurosurgical Patients

Prior to undertaking transport of a neurosurgical patient, the 
question must be asked: “Is the potential benefit worth the 
risk?” Vigilance is required to avoid unnecessary transport of 
our most vulnerable neurosurgical patients. A study looking 
at the risk/benefit ratio for the transport of general ICU 
patients demonstrated that information gained from studies 
resulted in changes in management in only 24% of critically 
ill patients, while 68% of patients had potentially significant 
physiologic complications during transport. A recent litera-
ture review to delineate the risks and benefits of cervical 
spine MRI for TBI patients found that the risk of secondary 
injury from the transport to MRI and prolonged supine posi-
tion for the MRI was much greater than the incidence of cer-
vical injury unrecognized by CT and clinical exam alone. On 
a related note, it is worthwhile to consider whether the study 
can be performed without transport. One study compared 
complications during CT scans before and after their institu-
tion’s use of a portable head CT for neurosurgical patients. 
They found an increase in patient safety and reduction in 
staff workload when CT scans were performed within the 
NICU and without patient transport. Specifically, 25% of 
high-risk patients transported for CT suffered complications 
during the transport, while only 4.3% of similar patients who 
received CT scan without a transport had complications dur-
ing the scan. Even in moderate-risk patients, the results were 
impressive with a 20% complication rate completely eradi-
cated when portable CT scan was performed in the NICU. Not 
surprisingly, bedside head CT scans are gaining in popular-
ity, especially in NICUs.

 Prevention

Neurosurgical ICU patients require more intrahospital trans-
ports than any other group of critically ill patients. Given the 
risks associated with transport of these patients, it is impera-
tive that a transport protocol be developed for the safe and 
consistent transport of neurosurgical patients. A protocol for 
the routine transport of critically ill patients allows staff to 
function smoothly during nonroutine transports, specifically 
for emergent transports or the transport of acutely unstable 

patients. The American College of Critical Care Medicine 
developed guidelines for inter- and intrahospital transport of 
critically ill patients in 2004. These have been adapted for the 
specific needs of neurosurgical patients in this chapter. The 
“checklist,” a simple summary of safety guidelines, has been 
shown to significantly reduce medical errors and improve 
outcomes. An abbreviated summary of what follows (a trans-
port checklist) can be found in Table 83.1. For this chapter, an 
attempt has been made to keep the recommended transport 
supplies practical. The following is a list of considerations to 
be made prior to the transport of critically ill patients.

 1. Equipment
 A. Monitors

• All ICU patients should continue to receive the same 
monitoring during transport that they receive in the 
ICU with the reasonable exception of pulmonary 
artery or central venous pressure monitoring. At a 
minimum electrocardiogram, blood pressure (either 
invasive or noninvasive), respiratory rate, and pulse 
oximetry should be monitored (and documented) 
continuously for all transports. Continuous end-tidal 
carbon dioxide (ETCO2) monitoring is ideal, 
although not all transport monitors have this capabil-
ity. Disposable ETCO2 devices should be available 
on all transports if continuous ETCO2 monitoring is 
not available. Patients with abnormal intracranial 
compliance should continue to have ICP monitored 
throughout the transport and diagnostic study, par-
ticularly given the frequency of ICP elevation during 
“road trips.” Related to this, patients requiring ICP 
monitoring should remain with the head of bed ele-
vated at 30° and with the head in neutral position if at 
all possible. Although certain procedures such as CT 
studies or angiography require the patient to be 
supine, periods requiring a supine (and flat) position 

Table 83.1 Transport checklist

Consider physician accompaniment for unstable patients
Signed consent on chart with patient
Oxygen cylinder checked and confirmed to have adequate supply 
(consider backup for prolonged transports)
Monitor fully charged and capable of monitoring ECG, pulse 
oximetry, noninvasive blood pressure, and at least two pressure 
channels (e.g., for arterial blood pressure and ICP)
Airway kit to include various sizes of laryngoscopes, LMAs, 
endotracheal tubes with stylets, bougie, and oral/nasal airways
Emergency medications including sedatives (see Table 83.2), with 
other medications appropriate to the clinical context
Mask and Ambu bag or transport ventilator with PEEP valve as 
necessary
ETCO2 monitor or CO2 detection kit
Injection port identified and immediately accessible with flushes 
available
Destination contacted and confirmed ready to receive
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should be minimized whenever possible. Brain tissue 
oxygenation monitoring should be continued if it is 
being used in the ICU. Finally, monitors with mem-
ory capability are ideal for continuous data collection 
and recovery, and monitor battery should be con-
firmed to be fully charged (or have a backup immedi-
ately available) prior to initiating transport. Many 
monitors have combined monitoring/defibrillation 
capability, but when a patient monitor does not have 
defibrillation capability, the presence of a defibrilla-
tor should be confirmed at the destination site.

 B. Airway equipment
 (i) Oxygen  – it is essential to ensure adequate O2 

delivery during transport. To determine whether an 
oxygen tank will be adequate for a transport, the 
calculation is fairly straightforward. The pressure 
of a full E cylinder of oxygen is 2200 psi, and the 
tank contains 660 l of oxygen. As an ideal gas, the 
volume of oxygen is proportional to the psi as mea-
sured by the pressure gauge. Therefore, if 1200 psi 
remains in an oxygen tank, the tank contains:

 

1200 2200 660
360
/ / ;=

=
X

X liter of oxygen remaining  

If oxygen flow to the patient is 10 l/min, then 
there is oxygen available for 36 min of flow. It is 
reasonable to have oxygen adequate for the antici-
pated transport plus an additional 15–30  min of 
flow in case of a transport delay. For prolonged 
transports, a second tank of oxygen is advisable, 
and adequacy of oxygen supply should be con-
firmed prior to the return transport to the 
ICU. Oxygen cylinders should be attached to the 
patient bed with designated tank holders for the 
safety of the patient and accompanying staff.

(ii) A suggested list of airway equipment for transport 
can be found in Table  83.2. Laryngoscopes and 
portable ETCO2 monitors should be checked for 
proper function on a regular basis. It should be 
noted that the use of a transport ventilator or self-
inflating bag (e.g., Ambu bag) has a significant 
advantage over the use of a modified Jackson-Rees 
or Mapleson circuit, as the latter does not allow for 

any ventilation of the patient in the event that there 
are problems with oxygen tank supply (e.g., acci-
dental discharge of the tank).

 C. Medications
• A list of recommended drugs for the transport of 

NICU patients is included in Table 83.2. This list 
has been tailored for neurosurgical patients. It 
should be adjusted as necessary for patients with 
additional co-morbidities such as significant car-
diac disease. Sedation “kits” including scheduled 
medications such as fentanyl, midazolam, and ket-
amine can be made in advance and stored with other 
controlled medications until required for urgent 
transportations. Induction agents such as propofol, 
ketamine, or etomidate should be included on every 
transport in case of urgent airway management or 
treatment of increased ICP.  Both succinylcholine 
and a non-depolarizing muscle relaxant should also 
be immediately available for airway management.

 2. Accompanying personnel
• The incidence of transport complications is related to 

the experience of the personnel accompanying the 
critically ill patient. Two to three staff should accom-
pany all critically ill patients – at least one with inten-
sive care training (RN and/or MD). Because of critical 
incidents associated with patient transport, hospitals 
are increasingly moving toward ICU nurses with addi-
tional training in patient transport and sedation who 
are responsible for the transport of ICU patients. There 
are currently no data to conclude whether the recent 
development of these “transport specialists” will 
reduce the incidence of transport complications in 
adult ICU patients, but there is evidence in pediatric 
patients to support this practice. Patient vital signs and 
clinical care should be documented throughout trans-
port and the procedure or diagnostic study.

 3. Patient preparation
• The final element in preparing for an ICU transport is 

getting the patient ready to travel. Although this com-
ponent of preparation seems self-evident, there are a 
few considerations that must be taken into account 
with neurosurgical patients.

A. Airway
• Intubated patients on PEEP are at increased risk for 

transport- related complications. High-grade sub-
arachnoid or severe TBI patients frequently have 
widened alveolar-arterial gradients for reasons com-
monly grouped as “neurogenic pulmonary edema,” 
a subject beyond the scope of this chapter. Equipment 
for providing positive pressure ventilation (e.g., 
transport ventilator or Ambu bag) with PEEP capa-
bility is mandatory for these patients. For patients 
requiring high levels of PEEP and FIO2 prior to 

Table 83.2 Recommended emergency adult transport medications

Emergency transport medications (prefilled syringes when possible 
and practical)
Atropine
Epinephrine
Labetalol/esmolol
Phenylephrine
Propofol
Rocuronium
Succinylcholine
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transport, it may be prudent to hand bag the patient 
in the ICU for several minutes prior to departure to 
see how the patient tolerates being removed from 
the ventilator. Transport ventilators available at 
some institutions vary in technical sophistication. 
Simple transport ventilators allow patients to receive 
a constant (high) level of PEEP and defined tidal 
volumes at constant rates, while more advanced 
models can deliver respiratory patterns similar to 
those provided by current ICU ventilators.
A critical consideration specific to deteriorating 

neurosurgical patients is whether to intubate prior to 
transport. Current CT scanners can complete a non-
contrast CT in mere seconds, and thus it is understand-
able why caretakers frequently argue that airway 
management can be deferred until CT results are 
available. This assumption can be quite dangerous. 
The decision to intubate under controlled circum-
stances in the ICU must be determined by the status of 
the patient and the rate of decline. Unresponsive 
patients clearly require intubation, not only for airway 
protection but to allow for the institution of hyperven-
tilation for management of presumed intracranial 
hypertension. It is the slowly declining marginally 
responsive patient who may present a dilemma. If the 
ICU team feels the patient will require sedation to 
undergo the diagnostic study, it is critical that the air-
way be controlled to avoid hypercapnia and resultant 
increases in ICP.  Airway management under con-
trolled conditions in the ICU is always preferable to 
emergent intubation during transport.

B. Volume status
• Hypotension (and resultant decreases in CPP) is a 

common complication of the intrahospital transport 
of ICU patients. Many deteriorating patients receive 
acute diuretic therapy (e.g., mannitol or furose-
mide) and are being actively dehydrated. However, 
poor cerebral perfusion pressure is clearly detri-
mental for patients with intracranial pathology, and 
if appropriate, small fluid boluses in addition to 
pressor administration should be considered prior 
to and during the transport of hypotensive patients. 
A discussion of fluid therapy for neurosurgical 
patients is beyond the scope of this chapter, but 
hypertonic saline or colloids may be considered 
under these circumstances.

C. Sedation
• Because of their deteriorating neurologic status, 

neurosurgical patients requiring transport for diag-
nostic or interventional studies may be unable to 
cooperate for completion of the procedure. 

Furthermore, the transport of agitated patients risks 
complications such as arterial hypertension, inad-
vertent extubation, or other patient injury. It is there-
fore recommended that sedation be initiated prior to 
transport for these patients to allow for assessment 
of effects. Infusions of relatively short-acting seda-
tives such as propofol or dexmedetomidine are ideal, 
if the patient’s hemodynamic response allows. If the 
patient is hemodynamically unstable, small doses of 
opiate (fentanyl) and/or benzodiazepines (mid-
azolam) plus paralysis, if necessary, will facilitate 
completion of the transport and study.

D. ICP monitoring
• Anecdotal experience suggests that complications 

related to ventricular catheters are common during 
transport. This is related to both displacement of the 
catheter during patient transfers and inexperience 
managing externalized ventricular drains. It is imper-
ative that personnel transporting patients with exter-
nalized ventricular drainage systems familiarize 
themselves with the system and recognize when the 
patient’s drain is closed (“to monitor,” with no cere-
brospinal fluid [CSF] drainage) or open (“to drain”). 
It is suggested that the catheter be closed to drain but 
ICP continuously monitored during transport. This is 
to prevent accidental changes in the “pop-off” height 
(level above tragus at which drainage occurs) and 
unintended over drainage of CSF. This can be devas-
tating in subarachnoid hemorrhage patients with an 
unsecured cerebral aneurysm. Conversely, should 
ICP increase while the system is closed to drain it 
should be opened at the original pop-off level and 
CSF allowed to drain, again with particular caution 
in patients with an unsecured aneurysm. The drain-
age chamber must always be maintained in an upright 
position to avoid contamination of the internal filter 
and any retrograde flow of CSF. Discussion of the 
ICP monitoring and documentation of pop-off level 
should occur prior to transport of any patient with 
these devices in place.

E. General preparation
• Finally, prior to departing the ICU, all lines and the 

endotracheal tube should be checked to ensure that 
they are well secured. A functioning IV line and 
port for the administration of medications should be 
identified and immediately accessible with flushes 
available. Adequate volumes of infused medica-
tions (such as pressors or sedatives) should also be 
confirmed. In the case of unstable patients, a call to 
the receiving end should be made to ensure readi-
ness for the patient.
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 Crisis Management

The goal of this chapter is the prevention of transport emer-
gencies and subsequent secondary injuries in neurosurgical 
patients. Recognition and management of the conditions for 
which patients are being transported are discussed elsewhere 
in this textbook. Transport is not the time for clinical inter-
vention, and any patient management issues that can be han-
dled in the ICU prior to transport, e.g., airway management, 
should be managed under controlled conditions whenever 
possible. Having said this, a mechanism for contacting 
immediate help and a knowledge of the location of emer-
gency equipment (e.g., arrest carts) along the transport route 
is critical in the case of a transport catastrophe.
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Key Points
• Complications are common during the transport of 

critically ill patients.
• NICU patients require more transports than other 

ICU patients.
• The benefits of any proposed study must be care-

fully weighed against the significant risks associ-
ated with transporting critically ill patients.

• Secondary insults to brain-injured patients are asso-
ciated with increased morbidity and mortality.

• Standardized preparation for transport may reduce 
the risk of complications.

• Continuation of mechanical ventilation using ade-
quate transport ventilators should be considered in 
all NICU patients requiring PEEP or at risk for ICP 
increase; ETCO2 measurements should be contin-
ued during transport.

• Risk of complications is related to the experience of 
accompanying personnel.

• In deteriorating neurosurgical patients, consider 
securing the airway prior to transport.

• ICP elevation is common during the transport of 
patients with brain injuries.
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Altered Mental Status in Neurosurgical 
Critical Care

Christoph S. Burkhart and Luzius A. Steiner

 Overview

Altered mental status or altered level of consciousness is a 
nonspecific symptom of many complications in neurosurgi-
cal patients and may be caused by conditions such as 
rebleeding of cerebral aneurysms, decompensating brain 
edema, postoperative hematoma, or seizures. Consciousness 
can be divided into wakefulness and awareness. The former 
includes arousal, alertness, and vigilance, while the latter is 
the sum of cognitive and emotional functions. The anatomi-
cal structures, upon which wakefulness and awareness 
depend, and the signs of dysfunction are shown in 
Table 84.1. Disorders of wakefulness are always accompa-

nied by impaired awareness. Although the distinction 
between wakefulness and awareness is important for the 
understanding of the pathophysiology of altered conscious-
ness, in our experience, the distinction between the two is 
of limited clinical importance as far as timing and manner 
of the clinical evaluation of patients with altered levels of 
consciousness are concerned. However, treatment may dif-
fer considerably.

 Incidence

Overall, neurological complications are reported with an 
incidence of 3–7% after intracranial procedures, a rate 
which depends on the investigated patient population. 
After resection of intra-axial brain tumors, neurological 
complications have been reported in more than 25% of 
patients and commonly include motor and sensory deficits 
as well as coma (2%). Postoperative hematoma occurs in 
approximately 1% of patients after intracranial surgery, 
with decreased level of consciousness being the most com-
mon clinical symptom (61% of patients with postoperative 
hematoma).

Elderly patients are particularly at increased risk for post-
operative delirium and postoperative cognitive dysfunction 
after neurosurgical procedures, especially when preexisting 
mild cognitive impairment or dementia is present.

 Epidemiology

Certain patients have an elevated risk for developing neu-
rological complications postoperatively (Table  84.2). Up 
to 18% of patients have been reported to have postopera-
tively sustained ICP elevation after brain surgery. The inci-
dence of retraction injuries varies considerably depending 
on the surgical technique and the duration of retraction.
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Table 84.1 Anatomy and signs of altered consciousness

Wakefulness Awareness
Components Arousal, alertness, 

vigilance
Sum of cognitive and 
emotional functions

Anatomical 
structures

Ascending reticular 
activating system 
(ARAS), descending 
corticoreticular pathways

Cerebral cortex of both 
hemispheres, associated 
white matter tracts, 
subcortical nuclei, and 
descending corticofugal 
systems

Dysfunction Quantitative disturbance 
of consciousness
  Hypervigilance
  Somnolence
  Stupor
  Coma

Qualitative disturbance of 
consciousness
  Delirium
  Persistent vegetative 

state
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 Etiology (Table 84.3)

 Clinical Implications

Rapid diagnosis and treatment of an abnormal level of con-
sciousness are essential. Irreversible brain damage will 
develop rapidly, within minutes, if the cerebral cortex or 
other brain areas are not perfused. Generally, patients who 
are admitted to the hospital in coma (not postoperative neu-
rosurgical patients) and who do not spontaneously open their 
eyes within the following 6  h have only a 10% chance of 
making a good or moderate long-term recovery. After 1 week 
of coma, the likelihood of a good or moderate recovery is 
3%. Such data are not available for the chance of recovery 
from coma postoperatively following neurosurgical proce-
dures. However, it is reasonable to assume that the chance of 
making a good recovery decreases with the duration of coma 
in this group of patients as well.

 Anticipated Problems

Delayed diagnosis and treatment of the causes of the altered 
level of consciousness may lead to significant morbidity or 
mortality, including irreversible neurological sequelae, 
increased cost, prolonged length of stay in the intensive care 
unit, and extended overall hospital stay.

 Prevention

Clinical management should aim to prevent conditions favor-
ing the development of complications and avoid strategies that 
interfere with the early detection of changes in the mental sta-
tus. For example, the use of short-acting anesthetics, early extu-
bation, and prevention of unintended hypothermia allows for 
an early and a more detailed neurological examination. Stable 
hemodynamics should be achieved. Both, hypo- and hyperten-
sion are detrimental. In fact, arterial hypertension during emer-
gence from brain surgery is associated with a higher incidence 
of postoperative intracranial hemorrhage. Electrolyte, fluid, 
and metabolic imbalances should be rapidly corrected. In addi-
tion, post-craniotomy pain may be significant and should be 
treated. There is no reason not to use opiates, provided they are 
carefully titrated and the patient is carefully monitored.

To further reduce the incidence of delirium, risk factors 
such as sleep deprivation, immobility, dehydration, and 
visual, auditory, and cognitive impairments should be con-
sidered and adequately addressed if necessary. Risk factors 
such as anticholinergic drugs should be eliminated. Drug 
withdrawal (e.g., benzodiazepines) should be anticipated 
and avoided if possible by providing adequate substitution. 

Table 84.2 Most important complications in specific groups of patients; incidence is indicated where available

Operative interventions Increased risk for
Resection of gliomas Postoperative seizures, postoperative ICP elevation brain edema
Resection of meningioma Postoperative hematoma, postoperative seizures, postoperative ICP elevation, 

brain edema
Surgical abscess drainage Postoperative seizures, septic shock, brain edema
Evacuation of chronic subdural hematoma Postoperative seizures, reaccumulation of blood, tension pneumocephalus
Evacuation of intracerebral hematoma Postoperative seizures, reaccumulation of blood
Surgery for arteriovenous malformations Postoperative seizures

Retraction injury
Perforator stroke
Normal pressure breakthrough edema

Aneurysmal subarachnoid hemorrhage Postoperative seizures
Retraction injury
Perforator stroke

Stenting of symptomatic intracranial stenosis Perforator stroke (3%), reperfusion injury
Skull base surgery Retraction injuries (10%)
Carotid endarterectomy Hyperperfusion syndrome (3%), carotid dissection
Repeat surgery Postoperative ICP elevation
Duration of intracranial surgery >6 h Postoperative ICP elevation
Large intraoperative blood loss Postoperative hematoma
Coagulopathy, current use of antiplatelet agents or 
anticoagulants

Postoperative hematoma

Table 84.3 Etiology of altered level of consciousness

Focal brain lesions
Diffuse or toxic/metabolic 
encephalopathies

Postoperative bleeding Hypo/Hyperglycemia
Raised ICP Seizures
Ischemic, embolic, perforator 
stroke

Electrolyte and osmolality 
abnormalities

Vasospasm Hypercapnia
Retraction injury Hypoxia
Tension pneumocephalus Drugs/toxins and withdrawal
CSF hypotension Delirium
Hyperperfusion syndrome Hypotension
Delayed ischemic neurological 
deficits

Renal and hepatic failure
Myxedema, M. Addison
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No pharmacological prophylaxis for delirium can be recom-
mended at this time, but avoidance of benzodiazepines for 
premedication in elderly patients might be an option because 
benzodiazepines themselves may cause delirium.

 Crisis Management

Efficient crisis management of patients presenting with an 
altered level of consciousness in the intensive care environment 
aims to identify and treat reversible causes before irreversible 
brain damage ensues. Thus, even prior to a rapid neurological 
assessment, measures should be initiated to secure adequate 
oxygenation and stable hemodynamics (ABCs).

 Pathophysiology and Clinical Presentation

Two groups of pathophysiological processes impair con-
sciousness: diffuse or toxic encephalopathies and focal 
lesions. Diffuse or toxic/metabolic encephalopathies 
decrease the function of both hemispheres via hypoxia, ATP 
depletion, impaired glucose utilization, or accumulation of 
cytotoxic metabolites. Focal lesions have a direct or an indi-
rect effect on critical areas of the diencephalon or brain stem 
that are involved in the maintenance of consciousness. 
Infratentorial focal lesions directly compromise the ascend-
ing reticular activating system (ARAS). Tables 84.4 and 84.5 
provide an overview of the clinical findings of focal lesions 

Table 84.4 Differential diagnosis of altered level of consciousness by clinical presentation of focal lesions

Clinical signs Differential diagnosis Further steps to consider

Lateralizing signs Postoperative bleeding CT/CT angiography, MRI, TCD, angiography, surgical 
intervention, ICP decreasing/lowering treatment, treat vasospasmIschemic stroke

Perforator stroke
Raised ICP
Vasospasm
Retraction injury
Hyperperfusion syndrome

Pupillary abnormalities; unilateral vs. 
bilateral

Postoperative bleeding CT/CT angiography, MRI, TCD, angiography, surgical 
intervention, medically lower ICP, treat vasospasmIschemic stroke

Raised ICP
Vasospasm
Retraction injury
Central anticholinergic syndrome

Hypersomnia Residual anesthetic CT, MRI, surgical intervention, EEG
Hypercarbia
Hypoglycemia
Delirium
Central anticholinergic syndrome
Postoperative intracranial bleeding
Ischemic (perforator) stroke

Visual abnormalities Postoperative bleeding CT, MRI, TCD, angiography, surgical intervention, medically 
lower ICP, treat vasospasmIschemic stroke

Perforator stroke
Raised ICP
Vasospasm
Retraction injury

Postural headache CSF hypotension Rehydration, surgical intervention
Seizures, convulsions Postoperative bleeding CT, MRI, surgical intervention, EEG, medically lower ICP

Ischemic stroke
Perforator stroke
Raised ICP
Retraction injury
Tension pneumocephalus
Hyperperfusion syndrome

Arterial hypertension Postoperative bleeding CT, surgical intervention, lower ICP, analgesics, antihypertensive 
drugsIschemic stroke

Perforator stroke
Raised ICP
Tension pneumocephalus
Hyperperfusion syndrome
Pain

Cheyne-Stokes respiration Raised ICP, brainstem involvement CT, medically lower ICP, surgical intervention
Respiratory depression Intracranial bleeding CT, MRI

Stroke
Cerebral edema, general or regional

Precise knowledge of the procedure performed and the associated pathophysiology is essential to identify the underlying complications and guide 
further diagnosis and treatment

84 Altered Mental Status in Neurosurgical Critical Care
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and toxic/metabolic encephalopathies. The history of the 
patient and the type of surgery performed will provide cru-
cial insight into the problems that may occur. Unspecific 

signs include headache, vomiting, restlessness, lethargy, stu-
por, and tremor.

We suggest that standardization and predefined timing of 
assessments are crucial to obtain an early diagnosis and 
allow rapid interventions. Early consultation with neurosur-
geons and neurologists is essential.

 Patient Assessment (Fig. 84.1)

In patients without focal signs, the decision to perform a CT 
scan must be based on the patient’s history and clinical pre-
sentation and on the judgment of the treating physician. 
Consider MRI for suspected posterior fossa lesions and 
early detection of ischemia (diffusion-weighted imaging; 
DWI). Do not delay imaging while waiting for laboratory 
results.

Perform EEG in patients with inconspicuous imaging 
results who remain comatose or with altered levels of con-
sciousness not otherwise explained. Nonconvulsive seizures 
and nonconvulsive status epilepticus may be clinically unde-
tectable. If delirium is suspected, use delirium assessment 
instruments such as the Confusion Assessment Method for 
the ICU (CAM-ICU) or the Intensive Care Delirium 
Screening Checklist (ICDSC). Screening for delirium should 
be performed regularly as part of routine care.

 Intervention/Treatment

• Airway management.
 – Ensure adequate oxygen supply.
 – Intubation and mechanical ventilation if necessary.

• Treat unstable hemodynamics.
 – Correct hypovolemia with crystalloids, colloids, or 

blood as appropriate.
 – Hypotension: vasopressors (e.g., phenylephrine boluses 

of 50–100 μg i.v. or a norepinephrine infusion).
 – Consider treatment of hypertension (e.g., labetalol 

boluses of 5–15 mg i.v., esmolol boluses of 10–50 mg 
i.v., or urapidil boluses of 5–10 mg i.v.).

• Perform surgery if indicated.
 – Early consultation with neurosurgeon
 – CT if appropriate

• Consider antagonists if opioid or benzodiazepine over-
dose is suspected (naloxone 40–200–400 μg i.v., flumaze-
nil 0.2–0.5 mg i.v., respectively).

• Consider physostigmine if central anticholinergic syndrome 
is suspected (physostigmine 0.01–0.03 mg/kg initially).

• Use specific instruments such as the CAM-ICU or the 
Intensive Care Delirium Screening Checklist (ICDSC) at 
regular intervals, i.e., once every shift, to screen for delir-
ium. Consider haloperidol or an atypical antipsychotic 
drug (off-label use) if delirium is suspected. Elderly 

Table 84.5 Differential diagnosis of altered level of consciousness by 
clinical presentation of toxic/metabolic encephalopathies

Clinical signs
Differential 
diagnosis Further steps to consider

Persistent coma Nonconvulsive 
epileptic state

EEG, anticonvulsants, 
correct hypoglycemia, 
laboratory analysis, correct 
electrolytes

Hypoglycemia
Hypercapnia
Hyper-/
hyponatremia
Residual anesthetic 
effect
Hypothermia

Small reactive 
pupils

Opiate overdose Ventilation, opioid 
antagonists

Respiratory 
depression

Opiate overdose Ventilation, opioid 
antagonists

Inattention, 
disorganized 
thinking

Delirium Reassurance, neuroleptic 
drugs, correct 
hypoglycemia, 
physostigmine

Hypoglycemia
Central 
anticholinergic 
syndrome

Hypersomnia Hypoglycemia Correct hypoglycemia, treat 
delirium, physostigmineDelirium

Central 
anticholinergic 
syndrome
Hypercarbia
Residual anesthetic 
effect

Tachycardia Hypoglycemia Correct hypoglycemia or 
hypovolemia, analgesics, 
physostigmine

Pain
Hypovolemia
Inadequate brain 
perfusion (shock)
Hypercarbia
Withdrawal 
symptoms
Central 
anticholinergic 
syndrome

ECG changes Electrolyte and 
osmolality 
abnormalities

Laboratory analysis, correct 
electrolytes, treat ischemia, 
CT

Myocardial 
ischemia/infarction
Subarachnoid 
hemorrhage

Tachypnea Hypercapnia Correct hypercapnia and 
hypoxia, laboratory analysisHypoxia

Systemic 
inflammatory 
response syndrome

Sympathetic 
hyperactivity

Hypercapnia Correct hypercapnia, 
laboratory analysisSystemic 

inflammatory 
response syndrome
Alcohol withdrawal
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patients may be very susceptible to the effects of these 
drugs. Therefore, treatment is typically started with oral 
haloperidol at 0.5–1.0  mg every 8  h. Doses may be 
increased or given intravenously if necessary. Beware: 
hypotension and prolongation of QT interval. Atypical 
antipsychotics (off-label use), e.g., oral quetiapine, is typ-
ically started at 12.5–25  mg every 12  h. Alternatively, 
olanzapine (5 mg every 12 h) or risperidone (0.5 mg every 
12 h) could be considered.

Fig. 84.1 Suggested 
sequence for the evaluation of 
patients with a decreasing 
level of consciousness. EEG 
electroencephalography, 
SSEP somatosensory evoked 
potentials. Hypothermia will 
influence neurological 
assessment. Scoring systems: 
GCS widely used, may not 
detect subtle neurological 
changes, and does not 
consider brainstem reflexes. 
Full Outline of 
UnResponsiveness (FOUR 
score) includes brain stem 
reflexes and respiratory 
patterns, thus, allowing 
further evaluation of patients 
with a low GCS. (For further 
information see Wijdicks 
et al. 2005)

Key Points
Any change in the level of consciousness may be the 
first sign of a life-threatening complication.
• Perform regular clinical assessment.
• Perform frequent neurological scoring.
• Careful documentation of observations and scores 

is crucial.
• If scores are deteriorating (e.g., GCS score is 2 

points less than that assessed during the previous 
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scoring), initiate immediate careful examination. 
Depending on the results, perform further diagnos-
tic tests (e.g., CT scan).

• Develop unit-specific standard operating proce-
dures for patients with an altered or deteriorating 
level of consciousness.
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Cerebrovascular Vasospasm, Normal 
Perfusion Pressure Breakthrough 
Edema, and Posterior Reversible 
Encephalopathy Syndrome (PRES) 
in Neurosurgical Critical Care

Sanjeev Sivakumar and José I. Suarez

Abbreviations

aSAH Aneurysmal subarachnoid hemorrhage
AVM Arteriovenous malformation
CSF Cerebrospinal fluid
CTA CT angiography
CTP CT perfusion
DCI Delayed cerebral ischemia
DSA Digital subtraction angiography
EEG Electroencephalography
EVD External ventriculostomy drain
HIT Heparin-induced thrombocytopenia
NPPB Normal perfusion pressure breakthrough
PRES Posterior reversible encephalopathy syndrome
RCT Randomized control trial
SIADH Syndrome of inappropriate secretion of antidi-

uretic hormone
SIRS Systemic inflammatory response syndrome
TCD Transcranial Doppler
WFNS World Federal of Neurological Societies

 Cerebral Vasospasm

 Overview

Cerebrovascular vasospasm is a major implication in the 
pathogenesis of delayed cerebral ischemia (DCI), one of the 

most dreaded complications after aneurysmal subarachnoid 
hemorrhage (aSAH) and the most important factor impact-
ing functional outcome. Vasospasm is defined by radio-
graphic or sonographic evidence of arterial narrowing, 
whereas DCI is defined as the occurrence of focal neurologi-
cal impairment (hemiparesis, aphasia, apraxia, hemianopia, 
etc.) or a decrease of at least 2 points on the Glasgow Coma 
Scale, lasting at least 1 h, not immediately following aneu-
rysm occlusion and not attributed to other causes. 
Approximately 30% of all patients with SAH develop DCI 
within 2 weeks after aSAH (Suarez 2015).

Predictors of vasospasm and DCI after aSAH

• Thickness, density, location, and persistence of subarach-
noid blood

• Poor clinical grade
• Loss of consciousness at ictus
• Cigarette smoking
• Cocaine use
• Systemic inflammatory response syndrome (SIRS)
• Hyperglycemia
• Hydrocephalus

 Prevention

Of the available interventions aimed at preventing DCI, cal-
cium channel blockers and intravascular volume status are 
the ones most studied.

• Data from meta-analyses of RCTs supports the early use 
of calcium channel blocker nimodipine for improving 
neurological outcomes following SAH, by preventing 
processes other than large-vessel narrowing (Dorhout 
et al. 2007).

• Oral nimodipine at a dose of 60 mg Q4H (dose at 30 mg 
Q2H if hypotensive) should be administered in all patients 
for a period of 21 days after SAH [Class I, Level A].
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• Maintain euvolemia [Class I, Level B].
• Prophylactic hypervolemia or balloon angioplasty before 

development of angiographic spasm is not recommended 
[Class III, Level B].

• A promising phase 2 study of albumin in SAH (ALISAH) 
showed improved clinical outcomes in patients treated 
with 1.25 g/kg/day for 7 days.

• Meta-analyses and phase 3 trials failed to demonstrate 
evidence of improvement in short- or long-term outcomes 
following SAH, with magnesium sulfate and statins.

Other strategies for the medical management of SAH 
aimed at neuroprotection are summarized in Table 85.1.

 Crisis Management

The risk for vasospasm and DCI are highest between days 3 
and 14 after aSAH.  A clinical diagnosis is made when the 
patient experiences a new focal neurological deficit or deterio-
ration in level of consciousness. Large artery narrowing seen 
in angiographically visible vessels only results in ischemic 

Table 85.1 Summary of key recommendations for management of patients with subarachnoid hemorrhage

Modality Recommendations Level of evidence
Prevention of re-bleeding Early aneurysm repair whenever possiblea, b Class I, Level B

Short-course antifibrinolytic therapy prior to aneurysm repair (begun at 
diagnosis and continued until securing aneurysm or at 72 h post ictus, 
whichever shorter) should be considereda, b

Class IIa, Level B

Avoid delayed (more than 48 h after ictus) or prolonged (more than 3 days) 
antifibrinolytic therapyb

Hydrocephalus Acute symptomatic hydrocephalus should be managed by CSF diversion 
(EVD or lumbar drainage)a

Class I, Level B

Gradual weaning (>24 h) of EVD does not appear effective in reducing need 
for ventricular shuntinga

Class III, Level B

Chronic symptomatic hydrocephalus should be treated with permanent CSF 
diversiona

Class I, Level C

Seizures Routine use of anticonvulsant prophylaxis with phenytoin not 
recommendeda, b

Class III, Level B

Short term prophylaxis (3–7 days) may be considered in immediate post 
hemorrhagic perioda, b

Class IIb, Level B

Consider continuous EEG in patients with poor grade SAH with neurologic 
deterioration of undetermined etiologyb

Blood pressure management Premorbid baseline blood pressures should be used to refine targetsb Class IIa, Level C
Decrease in systolic blood pressure less than 160 mmHg is reasonable until 
aneurysm is secureda

Aneurysm treatment Surgical clipping or endovascular coiling as early as feasible, and when 
amenable to both, endovascular coiling should be considereda, b

Class I, Level B

Consider coiling in elderly (>70 years), poor grade SAH and basilar apex 
aneurysmsa

Class IIb, Level C

Consider clipping if associated (>50 ml) intraparenchymal hematoma and 
middle cerebral artery aneurysma

Class IIb, Level C

Complete obliteration of aneurysm recommendeda Class I, Level B
Stenting is associated with increased morbidity and mortalitya Class III, Level C

Cardiopulmonary complications Baseline cardiac assessment with enzymes, ECG, ECHO, especially if 
evidence of myocardial dysfunctionb

Cardiac output monitoring if evidence of hemodynamic instabilityb

Anemia Reasonable to transfuse patients at risk for cerebral ischemiaa Class IIb, Level B
Transfusion to maintain hemoglobin of 8–10 g/dLb

Intravascular volume status Maintain euvolemia and avoid prophylactic hypervolemiaa, b Class I, Level B
Hyponatremia SIADH and salt wasting are common causes Class IIa, Level B

Fluid restriction should not be used to treat hyponatremiab

Fludrocortisone or hydrocortisone and hypertonic saline can be used to 
correct hyponatremiaa,b

Glycemic control Hypoglycemia (less than 80 mg/dL) should be avoideda, b Class IIb, Level B
Serum glucose should be maintained below 200 mg/dLb

Pyrexia Aggressive control of fever to target normothermiaa, b Class IIa, Level B
Surface cooling or intravascular devices when antipyretics failb

Coagulopathy Early identification and targeted treatment of HIT and DVTa Class I, Level B
Measures to prevent DVT should be used in all patients and unfractionated 
heparin should be started 24 h after securing aneurysmb

aGuidelines from American Heart Association/American Stroke Association (Connolly Jr. et al. 2012)
bRecommendations from Neurocritical Care Society’s multidisciplinary consensus (Diringer et al. 2011)
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neurological symptoms in 50% of cases. The pathophysiol-
ogy, clinical presentation, monitoring strategies, and interven-
tions for vasospasm and DCI are summarized in Table 85.2.

The timing and frequency of monitoring techniques can 
be based on risk stratification (Macdonald 2014).

• All patients with aSAH undergo daily or every other day 
TCD and CT/CTA/CTP on admission and days 3–5 and 
days 7–10 to screen for vasospasm and DCI.

• DSA can be obtained instead of CTA; high-risk patients 
undergo additional studies such as brain tissue oxygen-
ation, CBF monitoring, and EEG.

• Low risk: Older age, WFNS score 1 or 2, modified Fisher 
score less than 3. If neurologically stable and absence of 
vasospasm or hypoperfusion on TCD and CTA/CTP: con-
sider transition to lower level of care, 5 days post ictus.

• High risk: Poor neurological status, WFNS score 3–5, 
modified Fisher scale score of 4. If neurologically stable 
and no spasm on diagnostic tests: consider transition 
7 days post ictus.

• If low- or high-risk patients develop clinical or radio-
graphic spasm, intensity and frequency of neurologic 
monitoring are escalated along with interventions as out-
lined in Table 85.2.

Table 85.2 Pathophysiology, diagnosis, and management of cerebrovascular vasospasm and DCI

Pathophysiology The release of oxyhemoglobin and erythrocyte contents through hemolysis stimulates secretion of 
endothelin-1, decreases production of nitric oxide, and produces activated oxygen species. These 
free radicals are believed to play a role in lipid peroxidation and mediate structural changes in 
vessel wall that promote a contracted state
Other mechanisms implicated in pathogenesis of DCI:
  Microcirculatory dysfunction
  Microthrombosis
  Cortical spreading depression
  Delayed cellular apoptosis

Clinical presentation   Symptoms present between days 4 and 12 and range from excessive sleepiness, lethargic, and 
stupor to focal neurological deficits such as hemiparesis, aphasia, visual field deficits, gaze 
impairment, and cranial nerve palsies

  Evaluate for and rule out hydrocephalus, seizures, and electrolyte dysfunction
Monitoring and diagnostic tests for 
vasospasm and DCI

I. Digital subtraction angiography (DSA) is gold standard for detection of large artery vasospasm
II. Transcranial Doppler (TCD): [Class IIa, Level B]
  TCD has adequate sensitivity and specificity to detect delayed cerebral ischemia secondary to 

cerebral vasospasm in large arteries compared to DSA
  TCD thresholds for vasospasm
   Absence: Mean cerebral blood flow velocities of less than 120 cm/s or Lindegaard ratio 

(MCA mean cerebral blood flow velocity/extracranial internal carotid artery mean blood flow 
velocity) <3

   Presence: Mean cerebral blood flow velocity >200 cm/s or Lindegaard ratio >6
   Increase in mean cerebral blood flow velocity by more than 50 cm/s within 24–48 h also 

associated with DCI
III. CT angiogram in conjunction with CT perfusion (CTP) is accurate in predicting the need for 
endovascular intervention. CTP finding of mean transit time (MTT) greater than 6.4 s predicts 
DCI [Class IIa, Level B]
IV. Other modalities include EEG, brain tissue oxygenation, and cerebral blood flow 
determination

Treatment Noninvasive measures
  Hypervolemia does not appear to offer any benefit over euvolemia: goal should be to maintain 

euvolemia [Class I, Level B]
  Hemodynamic augmentation: [Class I, Level B]: IV fluid bolus (1–2 l of 0.9% saline) followed 

by induced hypertension with norepinephrine, phenylephrine, or dopamine in a stepwise 
fashion with frequent assessment of neurologic function at each 10 mm Hg change in systolic 
blood pressure (up to 200 mm Hg)

Invasive measures
  Endovascular treatment using cerebral angioplasty and/or intra-arterial vasodilator therapy 

(verapamil, papaverine, nicardipine, etc.) is reasonable for patients refractory to hypertensive 
therapy and with symptomatic vasospasm and DCI [Class IIa, Level B]

  While transluminal balloon angioplasty produces sustained reversal of arterial narrowing, there 
is a 5% complication rate of vessel rupture, occlusion, dissection, and hemorrhagic infarct

  Intrathecal thrombolytic therapy is associated with reduction in angiographic vasospasm; 
however this needs further evaluation
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 Posterior Reversible Encephalopathy 
Syndrome (PRES)

 Overview

PRES is a clinico-neuroradiological condition characterized 
by generally reversible, acute neurological symptoms of 
encephalopathy, headache, seizures, and visual disturbances 
with radiographic findings of subcortical vasogenic edema 
characteristically involving bilateral parieto-occipital regions. 
The literal meaning of term “PRES” is inaccurate, as brain 
edema is often not isolated posteriorly, and not always revers-
ible. Brain regions commonly involved are summarized below. 
PRES is associated with conditions summarized in Table 85.3.

Brain regions involved (McKinney et al. 2007; Fugate and 
Rabinstein 2015):

• Parieto-occipital (>90% of cases)
• Posterior frontal (up to 75%)
• Temporal (up to 75%)
• Cerebellum (up to 50%)
• Thalamus (one-third of cases)
• Brain stem (one-third of cases)
• Basal ganglia (one-third of cases)

 Pathophysiology

A leading theory proposes that acute severe hypertension 
exceeds the upper limit of cerebral autoregulation, leading 
to breakdown of blood-brain barrier and interstitial extrava-
sation of plasma and macromolecules resulting in cerebral 
edema. Paucity of sympathetic innervation to posterior brain 
regions makes them more susceptible. In addition to hyper-
tension, endothelial dysfunction could arise from direct 
effects of excessive cytokines (Fugate and Rabinstein 2015).

Symptoms associated with PRES in their order of decreas-
ing frequency

• Encephalopathy
• Seizure
• Headache
• Visual disturbances
• Focal neurological deficits
• Status epilepticus

 Crisis Management

It is important to consider and work up for potential disor-
ders that can mimic the radiological description of PRES, as 
summarized below.

 Differential Diagnoses for PRES

 1. Infective encephalitis
• Fever
• Peripheral leukocytosis
• Unilateral or bilateral on brain imaging
• CSF pleocytosis
• Positive CSF gram stain or culture
• Positive CSF microbial PCR or serology

 2. Central nervous system vasculitis
• Subacute presentation
• CSF pleocytosis

Table 85.3 Causes of PRES

Hypertensive 
syndromes

Hypertensive encephalopathy, preeclampsia, 
and eclampsia

Autoimmune 
disorders

Systemic lupus erythematosus, Sjögren 
syndrome, scleroderma, granulomatosis with 
polyangiitis, Crohn’s disease, ulcerative colitis, 
rheumatoid arthritis, polyarteritis nodosa, and 
others

Immune 
suppression

Tacrolimus, cyclosporine, interferon alpha, 
antiretroviral therapy

Chemotherapy Cytarabine, cisplatin, gemcitabine, anti-VEGF 
(bevacizumab, sunitinib, sorafenib)

Hepatic and 
endocrine

Liver failure, primary aldosteronism, 
pheochromocytoma, hyperparathyroidism

Renal and 
electrolyte 
dysfunction

Renal failure, dialysis disequilibrium 
syndrome, hypomagnesaemia, hypercalcemia

Hematological and 
infectious

Thrombotic thrombocytopenic purpura, 
hemolytic uremic syndrome, blood transfusion, 
erythropoietin therapy, systemic inflammatory 
response syndrome

Miscellaneous 
associations

Contrast media exposure, intravenous immune 
globin therapy, ephedra overdose, scorpion 
poison, digoxin intoxication, tumor lysis 
syndrome

Key Points
• Cerebrovascular vasospasm and DCI are major 

complications of aSAH and associated with high 
morbidity and mortality.

• Risk for vasospasm is highest between days 3 and 
14 after SAH.

• TCD ultrasonography should be performed every 
day or every other day to monitor for spasm; along 
with serial neurological exam, CTA/CTP and DSA 
can guide interventions for vasospasm.

• Clinical or diagnostic suspicion for vasospasm 
should prompt immediate therapy with hemody-
namic augmentation and endovascular therapy.
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• Cytotoxic edema
• Non-PRES-like pattern

 3. Stroke and vascular disorders
• Ischemic stroke
• Cerebral venous thrombosis
• Cerebral autosomal dominant arteriopathy with sub-

cortical infarcts and leukoencephalopathy (CADASIL)
 4. Primary malignancy (lymphoma, gliomatosis cerebri), 

paraneoplastic or autoimmune encephalitis, and meta-
static disease
• Subacute to chronic clinical presentation
• History of systemic malignancy
• Unintentional weight loss
• Abnormal CSF cytology
• Antigen-specific antibody in serum or CSF
• Absence of clinical and radiological resolution
• Unilateral or bilateral on brain imaging

 5. Demyelinating disorders
• Acute disseminated encephalomyelitis (ADEM)
 – Usually affects children
 – Preceded by infection and fever
 – Asymmetrical supratentorial lesions which can 

enhance with contrast
• Progressive multifocal leukoencephalopathy (PML)
 – Subacute to chronic clinical presentation

• Osmotic demyelination syndrome
 – Rapid correction of sodium or glucose abnormality
 – Characteristic central pontine signal changes on 

imaging
 6. Toxic leukoencephalopathy

• History of illicit drug use with positive drug screen
• Magnetic resonance spectroscopy findings of abnor-

mally raised lactate and decreased N-acetylaspartate 
(NAA)

 Treatment of PRES

• No RCTs assessing therapeutic interventions.
• No specific treatment for PRES; disorder is reversible 

when precipitating cause is treated or eliminated.
• Monitor airway ventilation and volume status.
• Antihypertensive therapy with a goal of 25% reduction in 

blood pressure within first few hours. Titratable intrave-
nous drip (e.g., nicardipine 5–15 mg/h) is preferable to 
avoid fluctuations in blood pressure.

• Antiepileptic drugs for treatment of seizures.
• When a specific medication is identified as the cause, it 

needs to be discontinued, at least temporarily in the acute 
setting to avoid perpetuation of PRES.

• Delivery or cesarean section for eclampsia.
• Underlying disorders like sepsis, autoimmune disorders 

should have their recommended treatments.

 Normal Perfusion Pressure Breakthrough 
Edema

 Overview and Pathophysiology

Cerebral edema or hemorrhage in the ipsilateral cerebral hemi-
sphere can sometimes complicate arteriovenous malformation 
(AVM) treatment by endovascular obliteration or neurosurgical 
resection. Evidence points to relative hypotension due to loss 
of autoregulation in the arteries supplying the normal brain tis-
sue adjacent to AVM, which then remain maximally dilated to 
maintain flow to normal brain. Following AVM resection, the 
redirection of blood flow to chronically dilated low-resistance 
vessels and failure of autoregulatory mechanisms to increase 
resistance to the new perfusion pressure in order to protect cap-
illaries result in edema or hemorrhage (Spetzler et al. 1978). 
The term “normal perfusion pressure breakthrough (NPPB)” 
was coined to describe this phenomenon, which can happen in 
less than 10% of cases. Occlusive hyperemia (also called 
“venous overload”) has been described as the alternate theory, 
in which obstruction of draining veins, in addition to stagnation 
of arterial flow in AVM feeders and their branches to adjacent 
normal brain, results in their engorgement, hyperemia, edema, 
and hemorrhage (Al-Rodhan et al. 1993). Clinical and radio-
logical predictors of NPPB are summarized below.

 Clinical and Radiological Predictors of NPPB

• Presence of preoperative ischemic symptoms
• Pre-existing “steal syndrome” (decrease in regional cere-

bral blood flow to viable adjacent parenchyma)
• Spetzler-Martin grade III or higher AVM
• Intraoperative increase in local cerebral blood flow around 

the nidus after temporary clipping of the feeder
• Progressive postoperative neurological deficit suggesting 

hemisphere ischemia
• Post procedural/postoperative CT showing cerebral 

swelling and contrast medium leakage

Key Points
• PRES is a well-recognized clinico- neuroradiological 

condition.
• Although PRES is generally reversible and most com-

monly involves parieto-occipital region, it can involve 
other brain regions. Delay in diagnosis and treatment 
can result in irreversible neurological sequela.

• Early recognition and prompt control of blood pres-
sure or removal of precipitating factor is essential to 
avoid perpetuation of PRES.
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 Intraoperative Prevention

There are no randomized studies that have looked into intra-
operative prevention of NPPB.  However, following strate-
gies have been useful.

• Gradual increase in perfusion to ischemic hemisphere by 
staged ligation/embolization of feeding arteries

• Nidus embolization
• Intraoperative bleeding control

 Diagnosis

TCD ultrasound in conjunction with acetazolamide to challenge 
vasoreactivity can be used preoperatively to identify patients 
with vasomotor paralysis and risk for NPPB.  Intraoperative 
indocyanine green angiography, while quick and safe for map-
ping angioarchitecture of superficial AVMs, is of less value for 
deep-seated AVMs. Intraoperative and/or immediate postopera-
tive angiography is therefore recommended.

 Crisis Management

There are no specific guidelines or algorithm for manage-
ment of this complication. When hemorrhage does occur, 
residual AVM as a potential cause should be ruled out first. 
Intra- and postoperative hypotension, barbiturate coma, and 
steroid use, which were based on limited evidence, are no 
longer used and are contraindicated. Avoidance of postop-
erative hypertension and maintenance of normal blood pres-
sure are recommended (Rangel-Castilla et  al. 2015). 
Hyperosmolar therapy can be used for the medical manage-
ment of raised intracranial pressure. The role of hyperventi-
lation, hyperoxia, and administration of L-arginine, a nitric 
oxide precursor which has been tried for restoration of 
impaired cerebral autoregulation in patients with traumatic 
brain injury, needs further evaluation in the setting of AVMs.
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Key Points
• Cerebral AVM resection can be complicated by 

massive edema and hemorrhage in the ipsilateral 
hemisphere secondary to NPPB.

• High-grade AVMs with pre-existing steal syndrome 
and ischemic symptoms are at higher risk for NPPB.

• Diamox TCD can be used to predict preoperative 
risk for NPPB.  Staged ligation/embolization of 
feeding arteries and maintenance of normal blood 
pressure while avoiding precipitous elevations in 
blood pressure are implicated in its management.
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Sedation, Analgesia, 
and Neuromuscular Blockade 
in Neurosurgical Critical Care
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 Overview

The essence of this chapter can perhaps be best summa-
rized as follows: Don’t contribute to delirium in the ICU. In 
the neurosurgical critical care setting, therapeutic goals 
include control of pain, relief of anxiety, and facilitation of 
necessary medical therapies. Ideally, the ability to follow 
an accurate neurological examination is preserved. 
Sedative-hypnotic, analgesic, and occasionally neuromus-
cular-blocking agents are often used to achieve these goals, 
but their use can be fraught with difficulty and complica-
tions. The most common and serious complications are 
listed in Table 86.1.

Neurosurgical patients, and critically ill patients in gen-
eral, often have pain associated with their disease and/or 
treatment and often experience altered consciousness. 
Untreated pain can lead to increased anxiety and a hyperad-
renergic state with resulting hemodynamic, immunologic, 
and neuropsychiatric effects.

Agitation can represent a significant danger to patients 
and staff. It may contribute to events such as falls, traumatic 
removal of catheters, patient-ventilator dyssynchrony, and 
cardiovascular instability. There may be long-term mental 
health consequences, as well, with the reported incidence of 
posttraumatic stress disorder (PTSD) in critically ill patients 
being between 15% and 30%.

PTSD has historically been cited as a reason to utilize 
sedatives in the ICU. Frequent phlebotomy, invasive proce-
dures, indwelling catheters, and mechanical ventilation pro-
voke anxiety in patients. Clinical studies have shown the use 
of benzodiazepines to be harmful, rather than helpful, in the 
prevention of PTSD in this setting. In fact, recall of pain and 
prolonged administration of GABAergic sedatives are the 

only factors associated with the development of PTSD after 
ICU admission. Indeed, trials comparing light sedation to 
deep sedation do not demonstrate significant difference in 
PTSD incidence, and patients report fewer disturbing memo-
ries when less GABAergic sedation is utilized.

When treating pain, anxiety, and agitation or when induc-
ing temporary muscle relaxation, it is important to remember 
that there are critical differences between the three main cat-
egories of medications discussed here. Each needs to be used 
appropriately:

 1. Analgesics should be used for pain control, sedatives for 
sedation, and neuromuscular-blocking agents for paralysis. 
Some analgesic agents, especially opioids, do have 
sedative properties, but use of these agents to sedate a 
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Table 86.1 Complications associated with the use of sedation, analgesia, 
and neuromuscular blockade in neurocritical care patients

Complications
Respiratory
  Respiratory depression, hypercapnia, increased ICP
  Prolonged mechanical ventilation
Cardiovascular
  Hypotension
  Hypertension
Neurological
  Over sedation
  Delayed diagnosis secondary to obscured exam
  Possible worsening of pathophysiology by medications
  Delirium
Others
  Poor pain control due to inadequate analgesia
  Anxiety and agitation with inadequate sedation
  Posttraumatic stress disorder (PTSD)
  Increased hospital length of stay
  Possible increase in organ failure
  Increased mortality associated with delirium
  Increased infection rate associated with prolonged mechanical 

ventilation
  Medication-related adverse reactions
  Unnecessary imaging
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patient who does not have pain will require high doses, 
which is associated with respiratory depression and 
cognitive dysfunction. On the other hand, analgesics may 
be more helpful than sedatives for the treatment of 
agitation due to pain. Useful analgesic agents and 
advantages and disadvantages to their use in the 
neurocritical care patient are listed in Table 86.2.

 2. Most sedative-hypnotic agents (notable exceptions 
include ketamine and alpha-2 adrenergic agonists) 
completely lack analgesic properties and require high 
doses when used as monotherapy, which often results 
in a comatose patient. By combining a sedative-hyp-
notic agent with an analgesic agent for patients who 
experience pain, it is usually possible to achieve a 

Table 86.2 Analgesic classes of drugs, advantages, and disadvantages in the critically ill neurosurgical patient

Analgesic class Advantages Disadvantages
NSAIDs
First-generation: (nonsteroidal anti-inflammatory 
drugs): ibuprofen, naproxen, flurbiprofen, 
ketoprofen, indomethacin, etodolac, diclofenac, 
ketorolac, piroxicam, and phenylbutazone

Analgesia without cognitive impairment, 
respiratory depression, or nausea; opioid 
sparing

Risk of bleeding (less with COX-2 
inhibitors)
Risk of renal dysfunction (increased in 
elderly and decreased GFR)COX-2 inhibitors are associated with less 

risk of bleeding, but have not been 
extensively studied in the postoperative 
neurosurgical patient

Risk of gastric ulcers (less with COX-2 
inhibitors)
Risk of cardiovascular events (with 
long-term use of COX-2 inhibitors, unclear 
if risk increases with short-term use)

COX-2: rofecoxib, celecoxib, meloxicam, 
nimesulide

Paracetamol (acetaminophen) Effective for control of mild pain Inadequate relief for moderate to severe 
pain, as a single agentOpioid-sparing effect

No increased risk of bleeding or gastric 
ulcers

Risk of hepatic toxicity at high doses

No cognitive dysfunction
Opioids Effective for moderate to severe pain Respiratory depression

Cognitive dysfunction/over sedation
Itching
Nausea
Decreased GI motility
Delirium
Muscle weakness
Increased pulmonary resistance and 
decreased chest wall compliance

NMDA antagonists: ketamine Effective for moderate to severe pain; 
analgesic dose substantially lower than 
amnestic dose

Increase ICP in spontaneously ventilating 
patients (not seen in patients with 
controlled ventilation and eucapnea)

Antinociceptive action (more than 
analgesic), effective in preemptive analgesia

Animal studies indicate neurotoxicity at 
high doses in neonatal and elderly brains

Opioid-sparing effect
Less hypotension, decreased need for 
vasopressor support

Higher doses associated with 
hallucinations/night terrors

Hemodynamic stimulation may be 
associated with improved cerebral perfusion

Cardiovascular stimulant, leads to 
increased myocardial oxygen consumption 
(can potentially be avoided with 
concomitant benzodiazepine use)

Minimal respiratory depression
Experimental studies suggest 
neuroprotective effects (racemic ketamine) 
and regenerative effects (S(+)-ketamine)

Alpha-2 adrenergic agonists: clonidine, 
dexmedetomidine

Minimal effect on respiratory drive Can be associated with hypotension and 
bradycardia with continuous infusionsOpioid-sparing effects

Provide analgesia, sedation, and anxiolysis 
while facilitating neurological examination

Can be associated with hypotension or 
hypertension with loading dose

Suggested to have cardioprotective effects
Less deleriogenic compared to 
benzodiazepines

Anticonvulsants (gabapentin) Helpful in the acute treatment of 
neuropathic pain

Generally not effective as sole agent
Potentially sedating

Opioid sparing
Have a role in the treatment of alcohol 
withdrawal
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calm, comfortable patient with lower doses than would 
be required with either class alone. Useful sedative-
hypnotic agents, including advantages and disadvan-
tages for the neurocritical care patient, are listed in 
Table 86.3.

 3. Without exception, neuromuscular-blocking drugs have 
no sedative or analgesic properties. It is rarely appropri-
ate to treat with a neuromuscular-blocking drug without 
also giving a sedative-hypnotic agent, with the possible 
exception of the moribund patient. Useful neuromuscular- 

Table 86.3 Sedative-hypnotic classes of drugs, advantages, and disadvantages in the critically ill neurosurgical patient

Sedative-hypnotic class Advantages Disadvantages
Benzodiazepines: diazepam, lorazepam, 
midazolam, and others

Anxiolytic, amnestic, sedative-hypnotic,  
and anticonvulsant properties

Diazepam and lorazepam have very long 
context-sensitive half-lives

Decrease both, CMRO2 and CBF, but unable  
to achieve burst suppression

Dose-dependent respiratory depression, 
synergistic with opioids

Generally associated with less hemodynamic 
instability than propofol or barbiturates

Hyperosmolar acidosis with lorazepam  
(due to propylene glycol diluent)
Hepatic metabolism

Antagonist available (flumazenil) Clearance significantly decreases with age
Delirium

Propofol Relatively short context-sensitive half-life; 
minimally effected by hepatic or renal 
dysfunction

Hypotension can lead to reduced CPP

Decreases equally CMRO2 and CBF, thereby 
decreasing ICP, putative neuroprotective agent

Dose-dependent myocardial depression, 
decreased systemic vascular resistance
Dose-dependent respiratory depression

Does not affect cerebrovascular autoregulation Risk for life- threatening propofol infusion 
syndrome at very high doses (increased in 
neurocritical care patients)

Effective anticonvulsant
Antiemetic effect

Barbiturates: thiopental, methohexital, 
thiamylal

Neuroprotective by decreasing CMRO2  
and CBF, thereby decreasing ICP

Long elimination half-life and long context-
sensitive half-time

Thiopental is a potent anticonvulsant at high 
doses, but methohexital, at therapeutic doses,  
and thiopental, at low-doses, are epileptogenic

Rely on hepatic and renal metabolism
Decreases CO, BP, and peripheral vascular 
resistance
Dose-dependent respiratory depression

Alpha-2 adrenergic agonists: clonidine, 
dexmedetomidine

Provide sedation, anxiolysis, and analgesia 
without inducing unresponsiveness or coma

Can be associated with hypotension and 
bradycardia with continuous infusions

Associated with lower rates of delirium than 
benzodiazepines

Can be associated with hypotension or 
hypertension with loading dose

Mitigates symptoms of EtOH withdrawal No amnestic properties when used as single 
agentMinimal effect on respiratory drive

Opioid-sparing effects
Facilitate neurological examination
Potentially cardioprotective

NMDA antagonist: ketamine Effective for moderate to severe pain; analgesic 
dose substantially lower than amnestic dose

Increase ICP in spontaneously ventilating 
patients (not seen in patients with controlled 
ventilation and eucapnea)

Antinociceptive action (more than analgesic), 
effective in preemptive analgesia

Animal studies indicate neurotoxicity at high 
doses in neonatal and elderly brains

Opioid-sparing effect
Less hypotension, decreased need  
for vasopressor support

Higher doses associated with hallucinations/
night terrors

Hemodynamic stimulation may be associated 
with improved cerebral perfusion

Cardiovascular stimulant, leads to increased 
myocardial oxygen consumption (can 
potentially be avoided with concomitant 
benzodiazepine use)

Minimal respiratory depression
Experimental studies suggest neuroprotective 
effects (racemic ketamine) and regenerative 
effects (S(+)-ketamine)

Inhalational anesthetics May be associated with less severe delusional 
memories and hallucinations (compared to,  
e.g., midazolam)

Not commonly used outside the operating 
room in the USA
Require special equipment
Risk for malignant hyperthermia
Risk for nausea
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blocking agents, including advantages and disadvan-
tages for the neurocritical care patient, are listed in 
Table 86.4.

 Delirium

Delirium is defined in the Diagnostic and Statistical Manual 
of Mental Disorders (DSM)-IV as a disturbance of con-
sciousness and cognition which develops over a short period 
of time (hours to days) and fluctuates over time. Delirium 
can be categorized into hyperactive, hypoactive, and mixed 
delirium. Pure hypoactive delirium is the most common in 
critically ill patients, as well as the most difficult to diagnose. 
Mixed delirium is also relatively common. Pure hyperactive 
delirium is relatively rare in this population, an often trig-
gered by withdrawal from regular use of drugs or alcohol.

Delirium is now recognized as an adverse event that carries 
significant morbidity and mortality. It is estimated to occur in 
up to 80% of patients admitted to the ICU. There is strong 
evidence that delirium is associated with increased length of 
hospital stay and ICU stay, longer duration of mechanical ven-
tilation, decreased cognitive function, and increased mortality. 
Although the pathophysiology is complex, many commonly 
used pharmacological agents and factors common to the ICU 
environment are thought to contribute.

Identified risk factors for delirium include preexisting 
dementia, hypertension, history of alcoholism or use of 
recreational drugs, high severity of illness, coma, and ben-
zodiazepine use. Additional contributing factors include 
sleep deprivation, hypoxia, anoxia, hypercarbia, metabolic 
abnormalities, and numerous medications (predominantly 

those with anticholinergic activity) including opioids. The 
American Geriatrics Society updated the Beers Criteria in 
2015 (a list of inappropriate medications for elderly 
patients, initially created by Mark H. Beers M.D.), which 
contain a full list of medications believed to contribute to 
delirium.

Delirium is also frequently seen in postoperative patients 
in the ICU. This population is often exposed to additional 
risk factors including long duration of surgery, deeper levels 
of intraoperative sedation, poor vision/hearing, electrolyte 
derangement, and poor postoperative pain control.

 Pathophysiology

Undoubtedly, the unwanted psychoactive effects of drugs 
used for sedation and analgesia in the intensive care environ-
ment play a major role in the etiology of delirium. There are 
multiple hypotheses for the pathogenesis of delirium: neu-
rotransmitter imbalance (with the greatest focus being on an 
excess of dopamine and deficient acetylcholine), CNS 
inflammation, and impaired oxidative metabolism. In all 
likelihood, these and other mechanisms contribute.

Because of the serious sequelae (increased length of stay 
and increased morbidity and mortality), onset of delirium 
must be seen as a crisis, akin to failure of another organ sys-
tem (i.e., kidneys).

 Patient Assessment

Diagnosis of delirium in critically ill patients requires assess-
ing every patient’s level of consciousness on a regular basis. 

Table 86.4 Neuromuscular-blocking classes of drugs, advantages, and disadvantages in the critically ill neurosurgical patient

Neuromuscular- blocking drug class Advantages Disadvantages
Depolarizing NMB: succinylcholine Short acting Increases ICP, IOP

Fast onset Mandates airway management
Facilitate tracheal intubation Infusions can be associated with phase II block

Hyperkalemia; particularly concerning in 
patients with renal failure, immobile patients, 
patients with preexisting neuromuscular disease, 
or paralysis
Risk for malignant hyperthermia

Non-depolarizing NMB: Intermediate- duration 
agents are the most commonly used for 
maintenance of NMB in the ICU: atracurium, 
cisatracurium, rocuronium, vecuronium

Facilitate tracheal intubation and 
mechanical ventilation and can be 
helpful in cases of refractory elevated 
ICP

Use mandates airway management and 
mechanical ventilation
Risk of critical illness myopathy and 
polyneuropathy with prolonged use

Cisatracurium clearance is independent 
of end-organ function (Hofmann 
degradation)

Increased risk of nosocomial pneumonia

Rocuronium is available for rapid 
sequence induction (RSI) at adequate 
doses (1.2 mg/kg)

Associated with longer mechanical ventilation, 
hospital stay
Increased risk of polyneuropathy and increased 
duration of action in the setting of renal failure 
make pancuronium a less attractive 
neuromuscular blocker in the ICU setting
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There are two important components in this evaluation: (1) 
arousal (sedation) assessment and (2) content (delirium) 
assessment. Level of consciousness can be assessed using 
any one of a number of ICU-validated sedation scales 
[Ramsay scale, SAS, RASS, and motor activity assessment 
scale (MAAS)]. Patients who are deeply sedated or coma-
tose (RASS≤ −4) cannot be evaluated for content. Validated 
instruments for assessing thought content in critically ill, 
even ventilated, patients include the Intensive Care Delirium 
Screening Checklist (ICSDC) and the CAM-ICU.

In the neurocritical care patient, it is imperative to first 
rule out treatable and life-threatening causes of altered men-
tal status (e.g., intracranial hemorrhage, cerebral edema, 
hydrocephalus, cerebral vasospasm, ischemia, seizures, 
intoxication, infection [e.g., urinary tract infection; meningi-
tis], etc.). Vigilance is necessary to identify typical symp-
toms, which should then trigger systematic evaluation for 
potentially treatable causes. In addition to physical examina-
tion, appropriate imaging studies, EEG, and screening for 
infections should always be included in the initial diagnostic 
workup in these patients.

 Intervention/Treatment

There are no FDA-approved treatments for delirium. The 
best treatment is prevention. Treatment of acute agitation/
hyperactive delirium involves the use of non-pharmacologic 
and pharmacologic methods to maintain patient safety. In 
addition to the use of sedative hypnotics (to reduce the 
immediate danger the patient poses to self or others) and 
analgesics, the selective use of antipsychotic medications 
may be an important therapeutic strategy.

Haloperidol (Haldol), a D2 receptor antagonist and typi-
cal antipsychotic, is frequently used to treat acute agitation/
hyperactive delirium in the critical care setting. However, 
several significant risks need to be considered, including the 
risk for extrapyramidal effects, QT prolongation, and malig-
nant neuroleptic syndrome, all of which may occur even with 
moderate doses. In addition, some experimental data suggest 
that dopamine and norepinephrine antagonists may delay 
neuronal recovery and impair neuronal plasticity. Among 
persons with traumatic brain injury, typical antipsychotics 
appear to exacerbate cognitive impairments and may prolong 
the period of posttraumatic amnesia.

Atypical antipsychotics such as quetiapine (Seroquel), 
olanzapine (Zyprexa), and risperidone (Risperdal) are being 
increasingly used in the critical care setting. Quetiapine may 
be effective in decreasing the duration of delirium in patients 
who are critically ill (including mechanically ventilated), but 
tends not to interfere strongly with cerebral dopaminergic 
function and produces fewer adverse motor effects than halo-
peridol. These agents may facilitate, or at least not adversely 

affect, cognition when used for the treatment of posttrau-
matic delirium.

Treatment of hypoactive delirium, the most common and 
most difficult to diagnose type of delirium, is difficult. 
Today’s treatments center on the predominate theory that 
hypoactive delirium is due to excess central serotonin. 
Atypical antipsychotics, especially risperidone which is less 
sedating, are the most studied therapies so far.

Ultimately, the diagnosis of delirium in the neurosurgical 
patient population remains a challenge and requires a high 
index of suspicion and an awareness of the harmful effects of 
common medications. Antipsychotics used in the manage-
ment of delirium are listed in Table 86.5.

 Prevention

The lack of effective therapies for treating existing delirium 
places a greater focus on the need for preventative measures. 
Historically, management of mechanically ventilated patients 
in the ICU involved infusions of both opioid and sedative 
medications and was likely necessary with the mechanical 
ventilator technology at the time. However, it is now well 
understood that this approach is associated with increased 
incidence of delirium, mortality, PTSD, prolonged intuba-
tion, and various length of stay measures. Additionally, mod-
ern ventilators have a variety of synchronous modes that 
decrease the need for sedation. Ideal practice today would 
include treating pain with intermittent dosing of multimodal 
analgesic agents and using sedatives only when additional 
sedation is absolutely required for patient safety. Indeed, one 
trial has even shown positive outcome differences when using 
a no-sedation strategy in mechanically ventilated patients.

Table 86.5 Antipsychotic drugs, advantages, and disadvantages in the 
critically ill neurosurgical patient

Antipsychotic class Advantages Disadvantages
Typical 
antipsychotics: 
haloperidol

Useful as a chemical 
restrain in patients 
who present danger 
to self of others

Risk of extrapyramidal 
effects, QT 
prolongation, torsades, 
and malignant 
neuroleptic syndrome

May be beneficial to 
prevent 
postoperative 
delirium

Black box warning, 
increased mortality 
when used for 
dementia-related 
psychosis
Sedating
No evidence to suggest 
effectiveness in delirium 
in ICU setting

Atypical 
antipsychotics: 
olanzapine, 
quetiapine, 
risperidone

May reduce duration 
of delirium

Sedating
Similar risk profile to 
typical antipsychotic
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Patients in the neurosurgical ICU are frequently admit-
ted for postoperative surveillance and treatment. Several 
strategies have been shown to be of benefit in this unique 
population. Utilization of preoperative non-opioid analge-
sia (ketamine, acetaminophen, etc.) and regional anesthesia 
and intraoperative use of higher BIS/lighter sedation are 
useful as delirium prevention strategies.

Additional preventative measures include ensuring 
patients with hearing aids or visual devices have them on or 
available as appropriate. Utilization of devices that limit 
mobility such as Foley catheters, chest tubes, and especially 
physical restraints should be limited as much as possible.

Whenever possible, patients should follow a regular day- 
night cycle. Waking patients frequently overnight should be 
avoided in favor of bundled and coordinated care times. 
Melatonin receptor antagonists have recently been used suc-
cessfully to prevent delirium by pharmacologically mimick-
ing day-night cycling.

Additional measures may be helpful, including:

• Frequent orientation
• Maintenance of a calm and quiet environment
• Minimizing distracting stimuli (televisions)
• Exposure to natural light
• Prompt treatment of infections and metabolic distur-

bances and frequent screening for subclinical infections 
(UTI)

• Promoting regular daytime voiding

 Guidelines

Several groups, including the Society of Critical Care 
Medicine, have published guidelines for the treatment and 
management of pain, agitation, and delirium (PAD) in the 
ICU. There is a large body of evidence to suggest that certain 
interventions can minimize the impact and incidence of delir-
ium. The PAD guidelines suggest the implementation of care 
bundles such as the awakening and breathing coordination, 
delirium monitoring/management, early exercise/mobility, 
and family engagement (ABCDEF) bundle. Bundle imple-
mentation has been shown to prevent and minimize the impact 
of delirium in both ventilated and non-ventilated patients.

 Awakening and Breathing Coordination

• Maintain an analgesia-first strategy, bolus dosing pre-
ferred to infusion.

• Aim for light levels of sedation.

• Use non-benzodiazepine sedatives when sedation is 
necessary.

• Use non-opioid analgesia/regional anesthesia when pos-
sible to minimize opioid used.

 Delirium Monitoring and Management

• Routinely monitor for delirium using a validated tool 
such as the Confusion Assessment Method for the ICU 
(CAM-ICU).

• There are no well-established pharmacological methods for 
preventing/treating delirium, though small studies suggest 
atypical antipsychotics may decrease duration of delirium.

• Maintenance of normal sleep-wake and day-night cycles 
by grouping patient care activities, reducing noise, light, 
and awakenings.

• Rivastigmine (acetylcholinesterase inhibitor) is not 
effective.

 Early Exercise and Mobility

• Initiate prompt physical therapy and early mobilization.

 Family Engagement

• Utilization of family members to provide a calming and 
familiar environment

Key Points
• Delirium in the critically ill patient is associated 

with increased morbidity and mortality and needs to 
be rigorously monitored.

• Minimize sedation using an analgesia-first approach 
to decrease ventilator days and ICU length of stay.

• Minimize the use of psychoactive medications 
when possible.

• Most sedatives (with the exception of ketamine, 
dexmedetomidine, and clonidine) lack analgesic 
properties.

• With the exception of the treatment of alcohol with-
drawal, GABA agonists, especially benzodiaze-
pines, increase the risk of delirium and PTSD.

• Prolonged neuromuscular blockade conveys signifi-
cant risk to the patient and is indicated only when 
other means of treating patient-ventilator dyssyn-
chrony or elevated ICP have failed, or in other rare 
instances.
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Airway and Pulmonary Management 
in Neurosurgical Critical Care

Edward M. Manno

 Airway Management

 Overview

Management of airways in patients with intracranial hyper-
tension secondary to trauma, intracerebral hemorrhage, sub-
arachnoid hemorrhage, or other space-occupying lesions 
requires a special set of knowledge and skills. The physician 
managing acute airway emergencies in critically ill patients 
needs to be familiar with cerebrovascular physiology and the 
management of intracranial hypertension.

Patients with a Glasgow Coma score of ≤ 8 are generally 
intubated for airway protection. With progressive deteriora-
tion in levels of consciousness, there will be a loss of pharyn-
geal reflexes and muscular tone. Under these circumstances, 
the tongue will fall posteriorly, and the pharyngeal muscles 
will relax leading to the obstruction of the upper airway. The 
purpose of elective intubation in this population is to secure 
the airway to prevent aspiration, maintain adequate oxygen-
ation, and prevent hypercapnia. The practice of electively intu-
bating patients with a GCS ≤8 was supported by a retrospective 
analysis of the national traumatic coma data base which 
reported an increase in aspiration rates and worse outcomes in 
comatose patients that were not immediately intubated.

 Prevention of Complications

 Aspiration Pneumonia
The risk of aspiration is high in patients with significant 
alteration in level of consciousness. Almost all urgent 
endotracheal intubations will require rapid sequence intu-
bation with little opportunity to empty the stomach prior to 
intubation. Cricoid pressure is generally used to prevent 

regurgitation and aspiration of gastric contents during 
endotracheal intubation. However, cervical neck injuries 
may limit the amount of cricoid pressure that can be 
applied. The cricoid is located at approximately C4–C5. If 
possible, evaluation for the level of injury with a focused 
neurological exam and neck images should precede endo-
tracheal intubation in patients with a stable airway and 
good oxygenation (pulse oximetry of greater than 95% on 
less than 40% inspired oxygen). Although far from ideal, a 
Combitube can be placed to facilitate ventilation (and help 
to prevent aspiration), until a clinician with appropriate 
expertise can secure the airway (either with endotracheal 
intubation or tracheostomy).

 Hypoxia
Hypoxia has been reported in >50% of severe head trauma 
patients who are not immediately intubated. Hypoxia and 
hypercapnia will cause cerebral vasodilation and increases in 
intracranial pressure. The morbidity and mortality of pro-
longed hypoxia defined as a PaO2 of <60 mmHg is almost 
50%. A functional airway needs to be obtained 
immediately.

• Clearing the mouth of foreign objects, suctioning, and 
providing a chin lift and jaw thrust to avoid cervical injury 
can be performed quickly.

• Bag-mask ventilation with high-flow oxygen should be 
applied as soon as safely possible. In the setting of 
hypoxia and hypercapnia, bag-mask ventilation may be 
necessary, even in patients at risk of regurgitation and 
aspiration.

• All patients with a depressed level of consciousness and 
the loss of protective airway reflexes should be intubated. 
The nature and type of neurological injury will dictate the 
exact approach for safe and efficient intubation.

In general, nasal tracheal intubation is avoided in head 
trauma due to the possibility of basilar skull fractures. Also 
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nasal tracheal intubations may be associated with a higher 
incidence of sinus infection, and patient discomfort may lead 
to excessive agitation with head and neck movement with 
possible worsening of hypoxia.

 Cervical Neck Injury
Cervical neck injury occurs in about 10% of all severe head 
trauma and should be assumed in most accidents. Prophylactic 
spinal immobilization and careful airway management may 
prevent secondary spinal cord injury. Most injuries occur at 
C5–C6 and C6–C7; however, higher lesions may occur. 
Patients with cervical lesions above C3 will lose phrenic 
nerve innervation to the diaphragm and will need immediate 
intubation. Patients with lesions below C5 retain diaphrag-
matic function but will lose the use of their thoracic intercos-
tal muscles. This leads to a form of paradoxical respiration 
where the abdomen protrudes and the thorax involutes with 
inspiration. Patients with these injuries will ventilate better 
in the supine position since this position will push the 
abdominal contents upward, thus maximizing diaphragmatic 
muscle length and optimizing muscle contraction with sub-
sequent air movement. Many, if not most, of these patients 
will also require intubation since the patient’s functional 
residual capacity will decrease as atelectasis progresses. 
Under these circumstances, an ineffective cough, inadequate 
chest wall expansion, and incomplete emptying of the lungs 
can lead to inadequate clearance of secretions and poor gas 
exchange.

Endotracheal intubation should occur with the technique 
that maximizes the likelihood of first chance success and 
minimizes cervical spine motion. In an emergency, in-line 
stabilization with direct laryngoscopy is appropriate, whereas 
under more elective situations, fiberoptic bronchoscopy may 
be appropriate. In-line stabilization can be performed by an 
assistant holding the head and neck in alignment from below. 
Traction from above does not need to be applied and can 
interfere with the individual performing laryngoscopy. Nasal 
intubation can be considered but holds the same drawbacks 
as listed above.

 Intracranial Hypertension
Increased intracranial pressure is common in many forms of 
acute neurological injury. In addition, endotracheal intuba-
tion can lead to increased intracranial pressure and subse-
quent decreases in cerebral perfusion. This response can be 
attenuated by premedication with intravenous lidocaine or 
local application of topical anesthesia to airway structures. 
The use of succinylcholine (1–2 mg/kg) as a paralytic agent 
to facilitate rapid airway management is common practice. 
The clinical importance of increased intracranial pressure 
occurring with the use of succinylcholine appears small. In 
the balance, the risk of increased intracranial pressure with 
hypoxia is far greater than the risk of increased intracranial 

pressure with succinylcholine. Thus succinylcholine should 
be used for rapid airway management in patients with head 
injury unless the patient also presents with crush injuries, 
seizures, prolonged bed rest, or under any circumstance 
where there may be direct muscle damage due to concerns of 
the development of life-threatening hyperkalemia. Under 
these circumstances, rocuronium may be a better choice as a 
quick-onset paralytic. Rocuronium or vecuronium however 
will limit the neurological assessment of the patient for an 
extended period of time. A new reversal agent, Sugammadex, 
has been developed for these agents and can be used judi-
ciously to rapidly reverse the duration of their paralytic 
effects.

Once the airway is secured, hyperventilation can occur to 
decrease intracranial hypertension through vasoconstriction 
of cerebral arterioles and veins and a reflex decrease in cere-
bral blood volume. This effect, however, is relatively short 
lived, on the order of a few hours, and thus other methods of 
decreasing intracranial hypertension should be initiated as 
soon as they become available.

 Crisis Management

Many issues in airway management in the neurological 
patient will occur under emergency conditions. Following 
airway management, many patients will need emergent sur-
gery or transfer to an intensive care unit.

Head trauma provides several possible problems. For 
example, patients with significant facial trauma may not be 
able to be safely bag-mask ventilated. In these circumstances, 
placement of a Combitube or laryngeal mask airway may be 
needed prior to endotracheal intubation, despite the risk that 
these patients are at significant risk for regurgitation and 
aspiration. Fiber-optic intubation after placement of an oral 
airway is preferred if possible. Cricothyroidotomy may need 
to be performed, if severe facial trauma precludes any form 
of endotracheal intubation. This, however, is a technique of 
last resort since the complication rate is as high as 30% when 
placed under emergency situations.

Multiple medical issues may also complicate the neuro-
logical patient in need of acute airway management. Cardiac 
or pulmonary contusion, tension pneumothorax, cardiac 
tamponade, and other chest wall injuries are common in 
trauma patients. Many patients will be hypovolemic on pre-
sentation and will need active fluid resuscitation. Several 
induction agents administered at the time of intubation may 
compromise cardiac output and blood pressure. Etomidate 
may cause less cardiovascular depression than propofol or 
thiopental and does not compromise cerebral blood flow. 
However, myoclonus that is often observed after injection of 
etomidate can be mistaken for seizure activity and confuse 
the clinical assessment. Furthermore, the full clinical impact 
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of the adrenal suppression effects of etomidate is unknown. 
Vasopressors and atropine need to be available at the time of 
induction, to facilitate rapid treatment of induction-/
intubation- induced alteration in hemodynamics. Long-acting 
paralytic agents are ideally avoided in the neurological 

patient to allow for serial neurological examinations.

 Pulmonary Management

 Overview

Pulmonary complications are common after neurological 
injury. Aspiration can occur at the time of trauma, hemor-
rhage, or after seizures. Patients treated in intensive care units 
are at risk for nosocomial pneumonia. Prolonged immobiliza-
tion in patients with spinal cord injury is associated with 
increased risk for pulmonary emboli and pneumonia. One 
study of pulmonary complications in patients with intracere-
bral hemorrhage reported pneumonia in 20%, pulmonary 
edema in 8%, and rare cases of pulmonary emboli and acute 
respiratory disease states. Pulmonary complications were 
related to a Glasgow Coma score ≤8 and endotracheal intuba-
tion. Patients with pulmonary complications had longer length 
of stays and worse outcomes. Patients with ischemic stroke 
that require mechanical ventilation have a mortality >60%.

 Prevention of Complications

 Nosocomial Pneumonia
Nosocomial pneumonias are prevented by thorough applica-
tion of pulmonary hygiene and respiratory therapy. The ven-

tilator bundle, a series of maneuvers designed to decrease 
medical complications, should be employed when feasible. 
Obviously, certain populations (i.e., cervical injuries) may 
not be immediately amenable to head of bed elevation. 
Rotation beds for immobilized patients are useful for 
decreasing pneumonia. Compulsive oral care with chlorhexi-
dine has been shown to decrease the incidence of nosocomial 
pneumonias in a medical intensive care unit population but 
has not been studied directly in a neurological population.

Extubation should occur as soon as feasible. Many patients 
in a neurological intensive care unit are intubated for airway 
management (level of consciousness) issues and not for pri-
mary pulmonary difficulties. Traditional teaching has required 
that a patient have a Glasgow Coma score >8 prior to extuba-
tion. A large retrospective study, however, suggested that 
maintaining endotracheal intubation based on mental status 
alone led to an increase in nosocomial pneumonia and worse 
outcome. A safety and feasibility trial has recently been com-
pleted testing the hypothesis that comatose patients with pul-
monary and airway control can be extubated.

 Pulmonary Emboli
Prevention of pulmonary emboli in a neurological popula-
tion can be challenging. Neurological injured patients are at 
high risk for the development of deep venous thrombosis. 
Patients with spinal cord injury and the neurosurgical popu-
lation are at particular risk.

Available evidence suggests that the early implementa-
tion of subcutaneous heparin is useful for the prevention of 
deep venous thrombosis and can be used safely in a neuro-
surgical population. Despite this many neurosurgeons have 
reservations and will not administer anticoagulants to 
patients who have recently had surgery (or who are planned 
to have surgery). Sequential compression devices should be 
used in all patients. When used properly, sequential com-
pression devices decrease the incidence of deep venous 
thrombosis formation. In high-risk populations (e.g., neuro-
surgery patients), when possible, both heparin (low dose and 
low molecular weight) should be used in combination with 
sequential compression device stockings. In patients who are 
at a great risk for administering heparin, consideration 
should be given to sequential screening for deep venous 
thrombosis (Doppler ultrasound) and with confirmation to 
placement of an inferior vena cava filter, to prevent the con-
sequences of devastating pulmonary emboli.

 Crisis Management

Neurogenic pulmonary edema is common after severe neuro-
logical injury. The proposed mechanisms involved include 
massive sympathetic discharge directly to the contractile ele-
ments of the pulmonary endothelium. This leads to the devel-

Key Points
• Neurological emergencies present with some of the 

most difficult airway management issues.
• Patients with a Glasgow Coma score ≤8 are intu-

bated for airway protection.
• Outcome after head trauma is directly related to the 

length of time a patient is hypoxic.
• Cervical neck and facial injuries provide specific 

challenges to airway management.
• Intracranial hypertension is assumed in most 

patients with neurological emergencies and needs 
to be addressed during airway management.

• Sugammadex may be used to reverse deep neuro-
muscular blockade if an assessment of neurological 
status is needed quickly.
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opment of a pulmonary exudate. Concurrently, sympathetically 
mediated cardiac stunning and pulmonary venoconstriction 
lead to congestive heart failure. The pulmonary edema can be 
abrupt, severe, and present with  significant hypoxia. Treatment 
is largely supportive. Diuresis may improve oxygenation. 
Inotropic or vasopressor support is common. A Swan-Ganz 
catheter or transesophageal echo evaluation can be useful for 
directing management. Most neurogenic pulmonary edema 
will resolve or improve within a few days to a week.

Standard diagnostic methods and treatments of pneumonia 
and acute respiratory disease states are used in the neurological 
population. Fluid management may be complicated in acute 

respiratory disease states since volume depletion is avoided in 
most neurological disease states. Maintaining euvolemia with 
hypertonic solutions could be one possible solution.
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Key Points
• Pulmonary complications are common after neuro-

logical injury and increase length of stay and 
worsen outcomes.

• Prolonged immobilization places many patients at 
high risk for deep venous thrombosis and pulmo-
nary emboli. Treatment includes the use of com-
pression stocking and sequential compression 
devices. Early institution of subcutaneous heparin 
can be beneficial.

• Aggressive diuresis and support are needed for the 
management of neurogenic pulmonary edema. 
Neurogenic pulmonary edema is usually self- 
limited.

E. M. Manno
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Myocardial and Vascular Management 
in Neurosurgical Critical Care

Valerie Sera and E. Paige Gerbic

 Neurogenic Stunned Myocardium

 Overview

The most likely etiology of cardiac injury after SAH is the 
increased release and decreased reuptake of catecholamines, 
specifically circulating norepinephrine. Neurogenic cardiac 
injury following SAH is characterized by electrocardio-
graphic abnormalities (ECG), arrhythmias, myocardial 
infarction (both non-ST elevation and ST elevation), left 
ventricular dysfunction, elevation of troponin, and cardiac 
arrest. Stress-induced cardiomyopathy, also called “neuro-
genic stunned myocardium,” “transient left ventricular apical 
ballooning,” “Takotsubo cardiomyopathy,” and “broken 
heart syndrome,” is an increasingly reported phenomenon. It 
is a transient condition and is typically precipitated by 
intense physiologic stress including that precipitated by 
brain injury and has even been described in the context of a 
profound emotional crisis. Typically stress-induced cardio-
myopathy is reversible after several weeks.

 Prevention

Prevention is by avoiding the physiologic stress itself. All 
patients presenting with intracranial pathology should have a 
12-lead ECG and cardiac enzyme measurements (e.g., tropo-
nin) on admission and telemetry until their neurologic condi-
tion has stabilized. A thorough history and physical 
examination is necessary to identify patients at risk for pri-
mary cardiac disease. Awareness of the potential for neuro-
genic stunned myocardium, especially in those patients 

presenting with severe neurologic injury, will aid in the 
prompt search and diagnosis if myocardial stunning occurs.

 Diagnosis

The clinical presentation is identical to that of an acute MI; 
however, coronary arteriography shows no critical lesions. It 
is important to differentiate the two; stunned myocardium is 
a reversible condition that will resolve completely in about 
80% of the patients within days-weeks after the initial event, 
whereas a primary ischemic injury may cause irreversible 
cardiac dysfunction. Other diagnostic characteristics of neu-
rogenic myocardial stunning include:

• Abnormal wall motion involving the cardiac apex and 
midportion with relative sparing of the base, termed “api-
cal ballooning”

• ST segment elevation or depression or T-wave changes
• A prolonged QT interval
• Increased cardiac enzymes
• More common in elderly or postmenopausal females
• Precipitated by acute physiologic or emotional stress

Characteristics that are commonly associated with neuro-
genic myocardial stunning and not with ischemic acute coro-
nary syndrome (ACS) are no history of cardiac problems, 
new onset left ventricular dysfunction, cardiac wall motion 
abnormalities on echo that do not correlate with the coronary 
vascular distribution, and cardiac troponin levels <2.8 ng/ml. 
If there is doubt, then coronary angiography should be per-
formed if feasible.

Proposed mechanisms include catecholamine excess, cor-
onary artery spasm, and microcirculatory dysfunction. 
Postmortem examinations of hearts that displayed character-
istics of stress-induced cardiomyopathy do not show overt 
pathology in the majority of cases. However, microscopic 
analysis reveals myofibrillar degeneration, myocytolysis, 
and inflammatory cell infiltration unevenly distributed 
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throughout the heart, but most dense at the apex and ven-
tricular subendocardial areas.

 Crisis Management

Treatment of the underlying neurologic insult will aid in the 
resolution of myocardial stunning. Patients with significant 
heart failure and hemodynamic compromise will need ino-
tropic and vasopressive support for a period of time. Early 
involvement of a cardiologist is recommended.

 Cardiac Arrhythmias

Many cardiac arrhythmias can occur in neurologically 
injured patients with known cardiac disease as well as in 
those without. Some arrhythmias are attributable to coro-
nary artery insufficiency or ischemia, but others are due to 
conduction disturbances that result from the neurological 
illness itself. The most frequent arrhythmias following brain 
injury are premature ventricular complexes, sinus arrhyth-
mia, and atrial fibrillation. Other arrhythmias including 
atrial flutter, ventricular tachycardia, torsades de pointes, 
ventricular fibrillation, and asystole have been documented 
as well. SAH patients have arrhythmias about 35–85% of 
the time. Life-threatening arrhythmias occur in <5% of 
patients with SAH.  As with neurogenic myocardial stun-
ning, resolution of the acute intracranial pathology, e.g., 
normalization of the ICP, injury generally leads to improve-
ment or resolution of arrhythmias.

 Supraventricular Tachycardia/Arrhythmia

 Overview

Supraventricular tachycardia (SVT) such as sinus tachycar-
dia, atrial fibrillation, and paroxysmal supraventricular 

tachycardia (PSVT) is common in all critical care settings. 
Sinus tachycardia (HR >100/min) usually represents a physi-
ologic response to pain, stress, hypotension, heart failure, or 
excessive catecholamine drive.

Atrial fibrillation (A-fib) with or without a rapid ventricu-
lar response (RVR) is commonly seen with acute neurologic 
insults particularly in the elderly. A fair number of patients 
manifest atrial arrhythmias, mainly atrial fibrillation, within 
the first few days after stroke. Occasionally, a cardiac 
arrhythmia will actually be the initial event that provokes 
brain injury because of clot formation in the heart that embo-
lizes into the brain (ischemic stroke). However, in other 
cases, the original injury is in the brain, which then is associ-
ated with cardiac rhythm disturbances. RVR is often an 
urgent issue as it can precipitate a demand ischemia of the 
myocardium or may compromise cardiac function. PSVT is 
related to a reentry or similar mechanism at the AV node. See 
Table 88.1 for management.

 Prevention

Cardiac monitoring for all ICU patients, adequate pain 
control, assessment of volume status, adequate sedation, 
careful assessment of electrolyte balance, and treatment 
of precipitating cause is paramount to prevention 
(Table 88.1).

 Ventricular Arrhythmias

 Overview

Ventricular tachycardia, ventricular fibrillation, and torsades 
de pointes are less common than atrial tachycardias in the 
neurocritical care unit. These particular arrhythmias are 
likely a cause for sudden death in patients with a significant 
neurologic insult. Isolated premature ventricular contrac-
tions (PVCs) are common and do not require treatment, but 
if they occur with increasing frequency, they may signify 
elevated ICP and the risk for serious ventricular arrhythmias. 

Table 88.1 Supraventricular arrhythmia crisis management

Sinus 
tachycardia

Analgesia and sedation as appropriate, fluid and 
electrolyte replacement, resolution of the precipitant

Atrial 
fibrillation

Determine chronicity – if new onset is less than 48 h 
old, then chemical or electrical cardioversion can be 
instituted. If more than 48 h since onset or 
undetermined delay cardioversion until anticoagulation 
can be instituted. Echocardiography to evaluate for clot 
formation prior to cardioversion. Beta-adrenergic 
blockers first line – labetalol or esmolol
Diltiazem and digoxin, if hypotension is a problem

PSVT Vagal stimulation maneuvers – carotid sinus massage. 
Adenosine, amiodarone, diltiazem, and beta-blockade 
can all be effective

Key Points
• Onset subsequent to an acute emotional or physio-

logic stress such as brain injury.
• Similar presentation to acute MI, therefore, must 

differentiate between the two.
• Typical echocardiographic appearance of apical 

ballooning without angiographic critical lesions.
• Inotropic and vasopressive support may be 

necessary.
• Complete resolution of the apical wall motion 

abnormality and depressed cardiac function typi-
cally within 48 h after the initial insult and with suc-
cessful treatment of neurologic crisis.

V. Sera and E. P. Gerbic
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Ventricular flutter and fibrillation are more commonly seen 
in patients with underlying ischemic heart disease. See 
Table 88.2 for management.

 Prevention

All patients with a neurologic injury or insult need cardiac 
monitoring until the acute phase of the illness has resolved, 
as prompt treatment will be necessary for ventricular 
arrhythmias. Monitoring of QT intervals is important as a 
prolonged QT places a patient at risk for ventricular 
ectopy.

 Bradycardia

 Overview

A HR below 60 bpm is usually the result of sinus node dys-
function or an atrioventricular conduction disturbance. Acute 
cerebral insults can also produce a vasovagal response. 
Bradycardia can be seen after carotid angioplasty and stenting 
procedures from direct and prolonged carotid sinus stimula-
tion as well. Bradycardia in a neurocritical care patient is a red 
flag for increased intracranial pressure. The triad of bradycar-
dia, hypertension, and respiratory depression is, of course, 
termed the “Cushing reflex” and results from acutely increased 
intracranial pressure. Always consider increased ICP as one of 
the differential diagnoses for bradycardia and hypertension in 
the context of neurologic injury. This is of particularly con-
cern, if the disease process is suspected in the posterior fossa.

 Crisis Management

Cardiac monitoring and careful assessment of a patient’s 
neurologic exam and ICP monitoring as appropriate is para-
mount to identify the precipitating causes. Consider anticho-
linergic drugs such as atropine and glycopyrrolate and 
transcutaneous or transvenous pacing in the presence of sig-
nificant hemodynamic compromise.

 Blood Pressure Disturbances 
in the Neurocritical Care Unit

The central nervous system (CNS) is susceptible to extremes 
in blood pressure (BP) fluctuations. Hypertension can be 
associated with increased risk of bleeding and cerebral 
edema. Hypotension can be associated with infarcts or 
global ischemia. Cerebral blood flow (CBF) is relatively 
constant over a wide range of systemic blood pressures in a 
healthy brain.

The autoregulation curve is shifted rightward in chroni-
cally hypertensive patients (CBF remains stable at higher 
mean arterial blood pressures (MAP) but becomes flow pas-
sive that is prone to ischemia already at low-normal MAP). 
This section focuses on blood pressure management in the 
setting of subarachnoid hemorrhage, intracranial hemor-
rhage, and ischemic stroke.

 Hypertension in SAH

 Overview
Blood pressure management in SAH differs according to the 
presence of an aneurysm, if that aneurysm has been surgically 
secured, and the presence of additional/residual aneurysms. 
Hypertension is common immediately following aneurysmal 
rupture and often reflecting a hyperadrenergic state and/or 
increased ICP with a Cushing’s response. For hypertension in 
ruptured and unsecured aneurysms, maintaining systolic BPs 
in a range for adequate perfusion while avoiding rapid and 
extreme changes in BP is paramount to avoid shear stress on 
an aneurysm. Shear stress places the patient at risk for rebleed-
ing. Generally systolic BP goals should be between 120 and 
160 mmHg while keeping a cerebral perfusion pressure (CPP) 

Table 88.2 Ventricular arrhythmia crisis management

Ventricular 
tachycardia (VT)

For significant hemodynamic compromise 
cardioversion and ACLS guidelines as 
appropriate
If hemodynamically stable – amiodarone, then 
cardioversion
Polymorphic VT gives magnesium sulfate IV 
and cardioversion

Ventricular 
fibrillation (VF)

Early defibrillation according to ACLS 
guidelines

Torsades de 
pointes

Stop all QT-prolonging medications, magnesium 
sulfate IV, and cardioversion

Key Points
• Arrhythmias occur in the neurologically injured 

with and without intrinsic cardiac disease.
• All brain-injured patients need cardiac monitoring 

until the acute phase of illness has passed.
• SAH patients have arrhythmias about 35% of the 

time. Life-threatening arrhythmias occur in <5% of 
patients with SAH.

• Ventricular arrhythmias are less common than 
supraventricular arrhythmias.

• For life-threatening arrhythmias institute cardiover-
sion and ACLS early.

• Chronicity of atrial fibrillation should be determined 
before cardioversion because of the possibility of 
mural thrombus and the risk for embolic stroke.

• Bradycardia may be a sign of increased ICP as part 
of Cushing’s triad.
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>70 mmHg to avoid exacerbation of cerebral ischemia. CPP is 
calculated as MAP – ICP or CVP, whichever is greater – and 
it ranges normally between 70 and 100 mmHg. After an aneu-
rysm has been secured, BP goals should shift in an upward 
direction due to lessened risk of bleeding and the increased 
risk of vasospasm. Permissive hypertension is a strategy after 
an aneurysm is secured to obtain higher perfusion pressures 
with the goal to prevent further brain ischemia. Arterial hyper-
tension is frequently even induced therapeutically for the treat-
ment of cerebral vasospasm. The technique involves the use of 
vasopressors and IV fluids to achieve a higher than normal 
MAP and thus augment the CPP. These therapies have the goal 
of preventing or ameliorating brain ischemia, which is created 
by cerebral vasospasm.

 Prevention
All patients with SAH should have beat to beat blood pressure 
monitoring via an arterial line in addition to cardiac monitor-
ing. Initial prevention of hypertension in SAH includes initia-
tion of sedation, analgesia, antiepileptic therapy, and 
nimodipine (a calcium channel blocker shown to improve out-
come in SAH) all of which lower blood pressure.

 Crisis Management
Blood pressure management (see Table 88.3) is used in con-
junction with ICP control as appropriate (hyperventilation, 
head of bed elevation >30°, anti-edema therapies, CSF drain-
age), as well as surgical evaluation for clipping and coiling 
of aneurysms as determined by a neurosurgeon to prevent 
further injury.

 Hypertension in Intracerebral Hemorrhage

 Overview
Intracerebral hemorrhage (ICH) includes nontraumatic brain 
injuries with bleeding into the epidural, subdural, subarach-
noid, intraventricular, and intraparenchymal spaces. There 
are many causes for nontraumatic ICH. Hypertension is an 
important cause for ICH, and it is of utmost importance to 
control for the prevention of further bleeding leading to 
hematoma expansion and poor outcomes. Management of BP 
is individualized depending on the cause of the ICH. Patient 
factors such as chronic hypertension (which shifts the CBF 
autoregulation curve to the right), age, and time from the 
hemorrhage are all important factors to consider.

 Prevention
All patients, who are at risk for rebleeding after ICH, should 
remain under intensive care surveillance and have beat to 
beat blood pressure monitoring via an arterial line in addition 
to cardiac monitoring. Initiation of analgesia and sedation 
(with close monitoring of neurologic function) as appropri-
ate are initial steps for blood pressure management.

According to the American Heart Association (AHA) 
guidelines treat for:

• SBP >230 mmHg or DBP >140 × 2 readings 5 min apart – 
sodium nitroprusside

• SBP 180–230 mmHg or DBP 105–140 mmHg or MAP 
>130  mmHg × 2 readings 20  min apart  – IV labetalol, 
esmolol, enalaprilat, or nicardipine

 Crisis Management
Goal CPP with ICP monitoring is >70 mmHg.

Blood pressure management is used in conjunction with 
ICP control (hyperventilation, head of bed elevation >30°, 
anti-edema therapies) as well as surgical evacuation to pre-
vent further injury. See Table 88.4 for suggestions of antihy-
pertensive medications.

 Hypotension in ICH

 Overview
Determination of hypotension depends on the patient’s his-
tory and clinical picture, the presence of elevated ICP, and 
the cause of an ICH. Hypotension is relatively uncommon in 
ICH.

 Prevention
Close monitoring of BP and assessment of a patient’s vol-
ume status are paramount to the prevention of hypotension, 
which can place a patient at risk for or exacerbation of brain 
ischemia.

 Crisis Management
Treatment with volume replacement is usually first line 
avoiding hypotonic and glucose-containing solutions. 
Normal saline and hypertonic saline are the fluids of choice 
as appropriate. Vasopressors may be indicated.

Table 88.3 Therapeutic hypertension goals in SAH with vasospasm

Secured 
aneurysm

Titrate vasopressors to SBP 180–200, DBP 
100–120, MAP 120–140

Unsecured 
aneurysm

Titrate vasopressors to SBP 160–170, DBP 
90–100, MAP 100–120

Table 88.4 Commonly used antihypertensive medications

Drug Dose
Labetalol 5–10 mg IV q10′ as needed
Enalaprilat
Hydralazine 0.625–1.250 mg IV q6h as needed
Esmolol 2.5–10 mg (up to 40 mg/dose) IV q4–6 h as needed
Nicardipine 0.25–0.5 mcg/kg load; 50–200 μg/kg/min

V. Sera and E. P. Gerbic
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 Hypertension in Ischemic Stroke

 Overview
Most ischemic stroke patients become hypertensive after the 
onset of symptoms. In addition, many affected patients are 
hypertensive at baseline as one of the risk factors for the dis-
ease. Hypertension during the acute poststroke time period is 
usually thought of as beneficial, to improve perfusion to the 
ischemic penumbra via collateral circulation. Balancing the 
potential benefits of hypertension with the risk of hemor-
rhagic transformation of a large stroke is an important 
consideration.

 Prevention
All patients with ischemic stroke, who are critically ill, 
should have beat to beat blood pressure monitoring via an 
arterial line in addition to cardiac monitoring. Consider care-
ful sedation and analgesia, if appropriate with close monitor-
ing of neurologic function.

 Crisis Management
The specific blood pressure targets established by the American 
Heart Association depend on whether the patient has received 
IV tissue plasminogen activator (tPA). The rationale for this is 
that patients who have received IV tPA are at higher risk of 
bleeding complications. For patients after ischemic stroke 
who have not received tPA, permissive hypertension should be 
allowed to a SBP up to 220 mm Hg. For patients who have 
received tPA or thrombectomy, SBP should be lowered only 
when it rises above SBP 180 mm Hg. Any patient who suffers 
a hemorrhagic transformation of their stroke should have 
blood pressure maintained below SBP 140 mm Hg.
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Key Points
• Hypertension is common following SAH, ICH, and 

ischemic stroke and is secondary to the underlying 
pathophysiology, a hyperadrenergic state, and 
increased ICP and need for elevated CPPs.

• Blood pressure management is crucial in SAH to 
prevent further ischemic damage secondary to 
rebleeding, increased ICP, and vasospasm.

• Hypertension is an important cause for ICH blood 
pressure control which is paramount to prevent 
hematoma expansion and poorer outcomes.

• Treatment of hypertension in ischemic stroke 
should be avoided unless BP is profoundly elevated 
SBP >220  mmHg or MAP >130  mmHg, or IV 
thrombolytics were given (tight control for 24 h).
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Nutrition and Glucose Management

Michael J. Souter and Arthur M. Lam

 Overview

Nausea, anorexia, vomiting, and feeding intolerance after 
brain insult and injury can significantly compromise nutri-
tional status, compounded by cognitive and behavioral defi-
cits. Over 60% of patients requiring rehabilitation for brain 
injury demonstrate problems with swallowing, with an aspi-
ration incidence of over 40%.

Feeding intolerance may be compounded by iatrogenic 
gastric stasis, ileus, and constipation induced by concurrent 
pharmacotherapy, in addition to any coincident abdominal 
injury from primary trauma.

Not surprisingly, acute injury to the brain is associated 
with significant weight loss (averaging 13 kg), from the time 
of injury to the start of rehabilitation, with 60% of such 
patients at less than 90% of their ideal body weight.

Aggressive enteral feeding protocols have been adopted 
to compensate, but even in these circumstances, brain 
injury is associated with nutritional feeding intolerance in 
up to 55% of cases. The incidence is decreased by the use 
of continuous enteral feeding as opposed to bolus feeding. 
Risk factors associated with feeding intolerance in the 
brain injured and general ICU populations are listed in 
Table 89.1.

Subsequent nutritional deficit and hypoproteinemia may 
further affect fluid and electrolyte balance, as well as compli-
cating healing, protein binding, and pharmacokinetics. The 
resulting intestinal edema will diminish absorption, in con-
junction with an enteropathy of malnutrition.

Erosive stress ulceration (Cushing ulcers) is a very real 
risk – protocolized gastric acid prophylaxis is recommended 
until feeding is established. Prophylaxis itself is associated 
with increased frequency of aspiration pneumonia related to 
gastric pH changes and bacterial colonization.

Any primary deficiency in intake is complicated by the 
observed hypermetabolic response after brain injury, with a 
resting metabolic expenditure of up to 240% of patients 
without neurotrauma (Table 89.2).

This hypermetabolism results in an induced catabolism of 
protein, fat, and glycogen stores. Protein breakdown may in 
turn affect availability of drug binding sites and plasma 
kinetics, oncotic forces determining water distribution, and 
hormonal binding proteins with consequent endocrine 
effects – all magnified by the effects of feeding deficiency.

Any other increases in metabolic requirements (e.g., 
fever, seizures) may further aggravate the relative nutritional 
insufficiency.

Systematic review of feeding within 24 h of trauma has 
demonstrated a significant reduction in mortality (OR 0.2), 
albeit with limited study numbers.

Conversely, failure to establish feeding by 5  days has 
been associated with a two- to fourfold increase in the risk of 
death, with a dose-effect relationship between caloric inade-
quacy and mortality rate, even when controlling for age, 
hypotension, and intracranial hypertension.

While some studies suggest that enteral feeding is associ-
ated with fewer complications than parenteral feeding, meta- 
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General ICU population Brain injury
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Catecholamine infusions Intracerebral hemorrhage
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analysis suggests more equivalence. Both are superior to 
delayed feeding. Jejunal tubes are associated with less pul-
monary infection than gastric tubes and offer more security 
in quality and volume of feeding, being less susceptible to 
ileus and/or obstruction. They are however more demanding 
of time and expertise in placement  – frequently requiring 
radiologic guidance.

In either circumstance facial injuries and/or basal skull 
fracture may compromise the ability to pass the tube safely, 
in which case a percutaneous gastrostomy may be required.

This is a largely inevitable requirement for intermediate 
and long-term feeding, given the reduced incidence of 
 feeding intolerance, sinusitis, oral infection, aspiration, and 
pneumonia. There are however significant complications of 
misplacement that are not infrequent  – including hemor-
rhage and peritonitis. Assiduous care should be taken to 
secure the tube once in place.

A common frustration of all tube placement is the patients’ 
disinhibition and/or inability to comprehend and obey com-
mands after brain injury, resulting in the compromise of 
feeding routes.

Glucose intolerance and hyperglycemia are frequently 
observed, with strong associations to worse outcomes within 
all etiologies of brain injury. The benefit of intervention to 
restore systemic normoglycemia remains unproven however, 
with some concerns for associated increased cerebral meta-
bolic stress.

Electrolyte derangements may occur as a consequence of 
injury stress response to systemic trauma, with retention of 
sodium and water, but increased losses of potassium.

Overfeeding can occur in long-term patients with hepatic 
steatosis, centripetal obesity, and ventilatory dysfunction as 
a consequence of diaphragmatic embarrassment.

 Prevention

Avoidance of nutritional difficulties is best accomplished by 
attention to the risk factors above. However, there is an obli-
gate catabolism after brain injury that cannot be avoided by 
any current therapies.

Multidisciplinary team rounding together with the pres-
ence of protocols to initiate feeding and monitor nutritional 
progress has been demonstrated to protect against tissue 
breakdown. Regular monitoring and surveillance of both 
intake and nutritional screen results is a necessary compo-
nent of daily review to limit and avoid the complications of 
inadequate, mismatched, or excessive feeding.

 Crisis Management

 Pathophysiology and Clinical Presentation

• Hypercatabolism and malnutrition are unlikely to present 
as acute crises but can acutely complicate the presentation 
of other problems.

• Hyperglycemia above 170 mg/dl has been associated with 
a poor outcome in brain-injured patients, while levels 
above 140 mg/dl had a worse mortality in a series of criti-
cally ill postsurgical patients.

• Conversely both cerebral glycopenia and systemic hypo-
glycemia have been reported with the introduction of 
aggressive insulin regimens. However, several recent 
studies suggest that these systemic hypoglycemic epi-
sodes may not be associated with significant effects on 
longer-term outcome. The significance of reduction in 
cerebral glucose, however, remains uncertain. There is 
evidence of associated cerebral metabolic stress but little 
in the way of outcome data. Moderate targets of 100–140 
remain reasonable at this time.

• Even with conservative insulin regimens, particular care 
must be taken to maintain continuity of the supply of energy 
substrate, especially when feeding intolerance develops.

• Refeeding syndrome  – some populations with pre- 
existing nutritional compromise are more likely to suffer 
brain injury, e.g., preceding alcohol or drug abusers, as 
well as the elderly and indigent populations. Their pro-
tracted malnourishment reduces body stores of potas-
sium, magnesium, and phosphorous while preserving 
serum concentrations. Energy demands are supplied from 
fat stores with relative protein sparing and reduction in 
insulin secretion. Abrupt restitution of carbohydrate sup-
ply induces anabolic restoration of normal intracellular 
stores. The consequent ionic shift results in an acute 
reduction of serum phosphate, magnesium, and calcium 
with a deficit of adenosine triphosphate and 2,3 
DPG.  Thiamine is frequently depleted contributing a 
superimposed encephalopathy. The hypophosphatemia 
also inhibits sodium and water excretion. The end result is 
impaired diaphragmatic/respiratory power, myocardial 
contractility, oxygen dissociation, and neuromuscular 
function, the combination of which can be fatal. This can 
be avoided by careful monitoring and staged institution of 
feeding to patients with known risk factors.

Table 89.2 Metabolic responses to brain injury

Increases Decreases
Increased cortisol Albumin
Glucagon Thyroxine binding protein
Catecholamines Thyroxine retinol binding 

prealbumin
O2 consumption Serum zinc
CO2 production
Acute phase proteins – including 
fibrinogen and CRP
Release of calcium from bone
Urinary calcium excretion
Urinary zinc excretion
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• Abdominal stasis is a frequent complication seen in 
patients with brain injury – arising from associated auto-
nomic dysfunction and associated abdominal injuries or 
complicating the use of narcotics and sedatives. 
Inauspicious presentation may be followed by progres-
sive abdominal hypertension, diaphragmatic embarrass-
ment, post-renal obstruction, and if particularly severe, 
abdominal compartment syndrome. Attention to the use 
of prokinetics, stool softeners and aperients as well as the 
early recognition of presenting signs and symptoms are 
key components of care.

• Stress gastric erosion arises commonly within 24  h of 
brain injury, correlating with the severity of insult, and 
related etiologically to hypothalamic autonomic activa-
tion. It presents with hemorrhage in 17% of cases, with an 
associated mortality of 50% after bleeding. The incidence 
in ischemic stroke is relatively low (although aspirin 
usage increases risk), while spinal cord injury demon-
strates an incidence of up to 20%, supporting the concept 
of vagally mediated hypersecretion. The prophylactic use 
of H2-antagonists, proton pump inhibitors, and sucralfate 
has significantly reduced the development of serious 
hemorrhage. This is at the expense of associated changes 
in gastric pH, consequent colonization by enteric bacte-
rial flora (including increased risk of C. difficile), and an 
increased incidence of pneumonia associated with aspira-
tion of infected gastric content. Ventilator-associated 
pneumonia is seen in over 50% of patients with 
TBI. Prophylactic agents should be removed as soon as 
feeding is established, while the head of the bed should be 
elevated to at least 30°.

• Diarrhea is a frequent complication of enteric feeding. 
Possible etiologies include C. difficile superinfection, 
hyperosmolarity of feed, and excess fiber. Hyperosmolarity 
of feed is relatively easily prevented with regular appraisal 
of needs, as is the control of fiber content.

Sixteen percent of patients admitted to rehabilitation 
after brain injury are already colonized by C. difficile, 
associated chiefly with antibiotic-induced changes in 
intestinal flora. Typical clinical manifestations of symp-
tomatic infection include diarrhea, abdominal pain, low-
grade fever, and leukocytosis. The possible exacerbations 
include colitis, liver abscess, bacteremia, sepsis, splenic 
and pancreatic abscesses, peritonitis, small bowel enteri-
tis, and bone and prosthetic joint infection. Treatment is 
with oral metronidazole and thereafter intravenous van-
comycin in resistant cases.

 Patient Assessment

A nutritional screen on admission should include physical 
exam and the assessment of basal metabolic rate. While 

albumin and prealbumin can be useful trend monitors, they 
tend to reflect catabolic activity of inflammation rather than 
nutritional reserve and protein depletion. Trace elements 
and phosphate levels can be measured on admission and at 
regular intervals with the caveat that serum levels may not 
reflect total body stores as mentioned above.

Indirect calorimetry remains the gold standard of energy 
requirement assessments. Normal adult requirements are of 
the order of 2500  kCal/day. The Harris-Benedict equation 
has been employed for many years to determine energy 
requirements but has been shown to underestimate those of 
brain injured patients. A conversion factor of 1.4 improves 
the accuracy of calculation.

The Mifflin St Jeor equation is currently recommended by 
the American Dietetic Association as providing the most 
accurate energy calculation in the care of the critically ill, 
although it remains unproven in the context of brain injury.

 Intervention/Treatment

Suggested nutritional goals are listed in Table 89.3.
“Immune-enhancing” formulas (containing arginine, glu-

tamine, probiotics, omega-3 fatty acids, etc.) have demon-
strated reduced infection risks when compared to standard 
formulas, and there has been no evidence to support theoreti-
cal concerns of excitatory side effects arising from conver-
sion of glutamine to glutamate. Obviously coexisting renal 
compromise will require the use of low protein feed. There is 
significant interest currently in polydrug regimes of vita-
mins, flavonoids, and trace elements.

The use of anabolic agents such as growth hormone has 
been shown to reduce nitrogen loss and catabolic activity but 
at the expense of increased mortality in the critically ill  – 
their use is not recommended.

Key Points
• Nutrition is frequently compromised after brain 

injury and insult by limited opportunity of intake 
and significant obligatory catabolism.

• Outcome is adversely affected by nutritional 
dysfunction.

• Iatrogenic exacerbation of feeding intolerance is 
common.

• Good nutritional control is best achieved by multi-
disciplinary input, protocolized care and systematic 
appraisal.

• Normoglycemia is associated with better outcomes, 
and while moderate glucose ranges appear a reason-
able strategy for the brain, the effects of interven-
tion upon cerebral metabolism and outcome remain 
uncertain.

89 Nutrition and Glucose Management
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Table 89.3 Suggested nutritional targets for patients after brain injury

Protein 1.5–2.2 g/kg/day
Calories: Harris Benedict Women:

BMR = 655 + (4.35 × weight in lbs) + (4.7 × height in inches) − (4.7 × age)
Men:
BMR = 66 + (6.23 × weight in lbs) + (12.7 × height in inches) − (6.8 × age)

Calories: Mifflin St Jeor Male:
BMR = (10 × weight in kg) + (6.25 × height in cm) − (5 × age) + 5
Female:
BMR = (10 × weight in kg) + (6.25 × height in cm) − (5 × age) − 161

Lipids 30–40% of calculated caloric requirements
Omega 3:6 ratio 1:2 to 1:4
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Fluid and Electrolyte Management 
in Neurosurgical Critical Care

Guillermo Bugedo and Maria Magdalena Vera

 Overview

Imbalance and dysregulation of the fluid and electrolyte 
homeostasis are common and of great concern in patients 
after insults to the central nervous system. Disturbances may 
occur as a part of the disease process or they may be iatro-
genic. The consequences of fluid and electrolyte derange-
ments are frequently life-threatening and are recognized to 
determine outcome, particularly if unrecognized or persis-
tently severe.

 Fluid Management

 Prevention

 Traumatic Brain Injury (TBI)
Outcome after TBI depends on the magnitude of the initial 
insult and upon the extent of secondary injuries to the brain that 
may result if the insult is survived. Systemic hypotension is a 
major cause of secondary brain injury and should be prevented 
and treated aggressively. Restoration of normovolemia with iso-
tonic or hypertonic fluids is one essential component of the 
therapeutic strategy aimed at restoration of adequate blood pres-
sure, thus ameliorating ischemia and further brain damage.

Fluid management in patients with TBI and brain edema 
presents many challenges, including preserving adequate 
cerebral perfusion pressure (CPP), avoiding hypervolemia, 
and maintaining osmolality.

Some decades ago, hypovolemia and dehydration were 
widely accepted in order to decrease brain edema (“keep 
them dry”), inadvertently producing hypotension and jeopar-
dizing brain perfusion.

Rosner et al., in the mid-1990s, challenged this concept 
by directing treatment at preserving CPP. Fluid management 
was aimed at maintaining euvolemia or mild hypervolemia. 
Isotonic crystalloids, albumin, and packed red blood cells 
(RBC) were used for the first 24–48 h, to obtain pulmonary 
artery wedge pressures (PAWP) above 12 mm Hg and central 
venous pressure (CVP) above 8  mm Hg and to mobilize 
extravascular water into the vascular space, with the objec-
tive of decreasing brain edema.

At a similar time, the Lund concept, introduced in 
Sweden, focused on improving perfusion and oxygenation 
around contusions (perfusion-targeted goal) but also in 
reducing intracranial pressure (ICP-targeted goal). For this 
approach, normovolemia is mandatory, which is accom-
plished by RBC transfusions to normal hemoglobin (12.5–
14.0  g/dl) and albumin to normalize plasma oncotic 
pressure. This fluid therapy was intended to decrease brain 
edema and improve microcirculation. Diuretics (but not 
mannitol) were used to avoid hypervolemia and promote 
hypernatremia.

Both the Rosner and the Lund approach require mainte-
nance of normovolemia to avoid hypotension and assure 
brain perfusion. Careful fluid balance is mostly important 
to reduce the progressive accumulation of fluids in the 
extracellular matrix, which can worsen brain edema and 
increase ICP.

 Subarachnoid Hemorrhage (SAH) and Vasospasm
Cerebral vasospasm is a leading cause of morbidity and mortal-
ity aneurismal SAH. Hypertensive, hypervolemic, and hemodi-
lution (“triple-H”) therapy was introduced more than 20 years 
ago to improve cerebral blood flow in these patients. Several 
studies described the effectiveness of triple-H therapy for pre-
venting neurologic deficits due to cerebral vasospasm. However, 
its efficacy has not been proven in randomized controlled clini-
cal trials. Furthermore, triple-H therapy has severe side effects, 
such as pulmonary edema or arrhythmias, and caution must be 
taken in older patients or those with cardiovascular diseases. 
Pulmonary artery catheter, continuous cardiac output monitoring 
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(e.g., PiCCO (Pulse index Continuous Cardiac Output)), or 
repeat echocardiography may help orient fluid loading in these 
patients.

 Crisis Management

 Crystalloids Versus Colloids?
In patients with TBI, both isotonic crystalloids (lactated 
Ringer’s solution and 0.9% NaCl) and colloids can be used to 
achieve normovolemia. However, there is uncertainty about 
the best choice of fluids due to the lack of adequately powered 
randomized, controlled trials. Crystalloid-based fluid strate-
gies are favored in trauma resuscitation protocols, although 
the clinical evidence is limited. In the SAFE study, which 
compared saline versus albumin for fluid resuscitation, in 460 
patients with TBI, use of albumin was associated with higher 
mortality rates than was resuscitation with saline (33.2% vs 
20.4%, P = 0.003). Lactated Ringer’s solution and 0.9% NaCl 
can be safely in patients with TBI. Hypertonic solutions can 
also be used to increase plasma osmolality and decrease cere-
bral edema. Most of these fluid loading protocols are based 
on physiologic endpoints, assuming that prompt restoration 
of the blood volume will prevent hypotension and improve 
the outcome of patients with brain injury.

In patients after SAH, colloids are suggested along isotonic 
crystalloids to adequate fluid loading (see above). If the patient 
remains hypotensive and/or neurologic impairment does not 
improve despite fluid loading, blood pressure support may be 
achieved with noradrenaline (0.05–0.3 μg/kg/min) to a goal 
mean arterial pressure (MAP) of 100–130 mmHg.

 Optimal Hematocrit?
Anemia is common in neurocritical care patients and is 
thought to be associated with worse outcomes by a number 
of specialists. Although hemoglobin (Hb) concentrations as 
low as 7 g/dL are well tolerated by most critically ill patients, 
data from animal and human studies suggest that such a 
severe degree of anemia may jeopardize cerebral and sys-
temic perfusion, being harmful in the brain-injured patient. 
Beneficial physiologic effects of transfusion have been 
shown in patients with severe TBI. However, in a recent clin-
ical trial in 200 patients with closed head injury, neither the 
administration of erythropoietin nor maintaining a hemoglo-
bin concentration of greater than 10  g/dL resulted in 
improved neurological outcome.

The importance of ischemia in causing secondary brain 
injury appears to vary for different neurocritical care condi-
tions. For example, cerebral vasospasm and delayed infarc-
tion are major causes of morbidity after a ruptured aneurysm. 
In contrast, the relevance of cerebral ischemia in the patho-
physiology of TBI or intracerebral hemorrhage (ICH) is 
more debated.

 Electrolyte Disturbances and Management

 Hyponatremia

Hyponatremia is the most important and frequently encoun-
tered electrolyte disturbance in the neurocritical care setting. 
Plasma sodium concentration is the main determinant of 
plasma osmolality, which regulates the movement of water 
inside and outside the cells. Thus, hyponatremia (Na 
<135 mmol/L) is particularly deleterious in the neurologic 
population, as it will produce or increase brain edema.

 Crisis Management

 Pathophysiology
Hypothalamic-pituitary-adrenal axis dysfunction can occur 
at any time during TBI and is more common with severe 
injuries. There can be multiple hormonal disturbances in 
TBI, but not all are associated with clinically significant 
sequelae. Among the most important are the syndrome of 
inappropriate antidiuretic hormone secretion (SIADH) and 
the cerebral salt-wasting syndrome (CSWS). However, 
hyponatremia may also occur secondary to multiple other 
conditions (Table 90.1 and Fig. 90.1), as, for example, the 
iatrogenic excess free water and hypotonic fluid administra-
tion. Frequently, hypovolemia may contribute to or perpetu-
ate a hyponatremic state.

Table 90.1 Common causes of hyponatremia in the neurosurgical 
patient

Decreased ECF Volume
  Extrarenal sodium loss
   Diarrhea
   Vomiting
   Blood loss
   Excessive sweating
  Renal sodium loss
   Cerebral salt-wasting syndrome
   Diuretics
   Osmotic diuresis
   Adrenal insufficiency
Normal ECF Volume
  Syndrome of inappropriate ADH secretion
   Central nervous system diseases
   Drugs (carbamazepine)
   Pulmonary conditions
  Thiazide diuretics
  Adrenal insufficiency
  Hypothyroidism
  Primary polydipsia
Increased ECF Volume
  Congestive cardiac failure
  Renal failure
  Cirrhosis
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 Syndrome of Inappropriate Antidiuretic 
Hormone Secretion
The syndrome of inappropriate antidiuretic hormone 
secretion (SIADH) is associated with many clinical con-
ditions: neoplasia, nonmalignant lung diseases, drugs, and 
neurologic diseases, including brain tumors, stroke, aneu-
rysmal subarachnoid hemorrhage (SAH), traumatic brain 
injury (TBI), meningitis, and encephalitis. Carbamazepine-
related hyponatremia might also be relevant in these 
patients. Clinical features are nonspecific and depend 
upon the absolute serum sodium level and rate of 
development.

Diagnostic criteria for SIADH require:

• Serum sodium <135 mmol/L
• Serum osmolality <280 mmol/kg
• Urine sodium >40 mmol/L
• Urine osmolality > serum osmolality (usually 

>100 mOsm/kg)
• Normal thyroid, adrenal and renal function
• The absence of peripheral edema or dehydration
• The absence of potassium and acid-base abnormalities
• The absence of use of diuretic agents

 Cerebral Salt-Wasting Syndrome
CSWS is characterized by polyuria and marked natriuresis, 
leading to hyponatremia and hypovolemia. High levels of 
brain natriuretic peptide (BNP) have been described in 
patients with SAH and vasospasm. It usually occurs during 
the first 2  weeks after brain injury and resolves spontane-
ously after 2–4 weeks.

Biochemical and clinical criteria for CSWS include:

• Serum sodium <135 mmol/L
• Low or normal serum osmolality
• High urine sodium (>50–100 mmol/L)
• Clinical hypovolemia

The key clinical diagnostic factor in CSWS is the pres-
ence of volume depletion and hyponatremia. However, 
CSWS and SIADH are often difficult to differentiate in the 
clinical setting, and response to treatment may help deter-
mine the diagnosis (Table 90.2).

 Clinical Presentation and Assessment
Symptoms due to acute hyponatremia are secondary to its 
effects on the brain and include headache, anorexia, lethargy, 

Fig. 90.1 Algorithm for the 
diagnosis of hyponatremia. 
CSWS cerebral salt-wasting 
syndrome, GI gastrointestinal, 
SIADH syndrome of 
inappropriate secretion of 
antidiuretic hormone
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nausea, and vomiting. Left untreated and as plasmatic sodium 
drops below 115  mmol/L, hyponatremia may result in sei-
zures, coma, respiratory arrest, and death. Noncardiogenic 
pulmonary edema has also been described.

Hyponatremia is an important comorbidity in the neuro-
surgical population and may adversely affect outcome. It 
may be a cause of refractory intracranial hypertension in 
patients with TBI.  In patients with SAH and vasospasm, 
hyponatremia may increase the frequency and fatality of 
brain infarction.

 Treatment of Hyponatremia
Two basic principles involve the correction of hyponatremia: 
raising the plasma Na+ at a safe rate and to a safe level and 
diagnose and treat the underlying cause.

In patients with severe TBI and increased ICP, reaching a 
Na+ concentration of 150–155 mmol/L is a common thera-
peutic goal to decrease brain edema. In these patients, mild 
hyponatremia (130–135  mmol/L) could be disastrous and 
should be treated vigorously.

A differentiation must be made if hyponatremia is asso-
ciated with hypervolemia (suggesting SIADH) or hypovo-
lemia (suggesting CSWS) as treatments are opposed: 
SIADH is best treated by fluid restriction, while CSWS 
requires sodium (and fluid) loading. If diagnostic uncer-
tainty exists, sodium administration may be attempted 
before fluid restriction, as hypovolemia may jeopardize 
brain perfusion and worsen outcome. Isotonic fluids, such 
as normal saline, often in excess of 5 l, may be necessary 
to restore normal Na and promote volume expansion in 
patients with CSWS.

Fluid restriction alone or isotonic fluids have no role in 
the immediate management of severe hyponatremic enceph-
alopathy, and hypertonic solutions, such as 3% sodium chlo-
ride/acetate, have been safely used in patients with SAH and 
in the immediate management of severe hyponatremic 
encephalopathy.

Exogenous mineralocorticoids, such as fludrocortisone 
(0.1–0.6 mg daily), which induce a positive salt balance, can 
be safely used in patients with CSWS. Recently, ADH recep-
tor antagonists (“aquaretics”) have been tested and shown 
effective in SIADH.

Correction of hyponatremia requires frequent measure-
ment of serum sodium levels, and the rate of correction 
should not exceed 0.5 mEq/L/h to avoid adverse effects asso-
ciated with rapid serum sodium correction (e.g., pontine 
myelinolysis). When hypertonic solutions are used in patients 
with brain edema, sodium levels should be closely moni-
tored, i.e., every 6–8 h.

 Hypernatremia and Hyperosmolar 
Syndromes

Hypernatremia (Na >145 mmol/L) is less frequent but not 
rare in the neurocritical care patient population in the ICU, 
both as a result of hypothalamic dysfunction or secondary to 
treatment with hypertonic saline in patients with brain edema 
(induced or therapeutic hypernatremia).

 Crisis Management

 Pathophysiology
Most commonly, hypernatremia may occur due to water loss, 
inadequate fluid intake, and/or exogenous administration of 
sodium. Non-induced hypernatremia usually implies a defi-
cit of total body water and denotes a state of hypertonic 
hyperosmolality causing cellular dehydration.

Hypernatremia-associated mortality has been reported in 
excess of 50% and often results not from the disorder itself but 
by inappropriate treatment. Rapid correction of hypernatremia 
with hypotonic fluids may thus induce osmotic brain edema.

Thirst is the main defense against development of hyper-
natremia. The hyperosmolar state can be maintained only 
when access to water or thirst mechanism is impaired, as in 
patients with altered mental status, intubated patients, and 
those at extremes of age.

Diabetes insipidus (DI) is characterized by complete or 
partial failure of ADH secretion (central DI) or of renal 
response to ADH (nephrogenic). Most patients with DI do 
not develop hypernatremia as their thirst mechanism is intact.

In the context of brain injury, the diagnosis of DI should 
be suspected in the presence of high urine output associated 
with hypernatremia:

• High urine volume (>200 ml/h)
• High serum sodium (>145 mmol/L)
• High serum osmolality (>305 mmol/kg)
• Low urine osmolality (<350 mmol/kg)

Table 90.2 Clinical features of syndrome of inappropriate antidiuretic 
hormone (SIADH) and cerebral salt-wasting syndrome (CSWS)

SIADH CSWS
Extracellular fluid volume Increased Normal/decreased
Plasma volume Increased/normal Decreased
Salt balance Positive/equal Negative
Water balance Positive/normal Negative
Preload Normal/increased Decreased
Serum sodium Low Low
Serum potassium Normal Normal/increased
Serum uric acid Decreased Normal/decreased
Serum BUN/creatinine Decreased Increased
Serum osmolality Decreased Decreased
Urine sodium High High/very high
Urine osmolality High Normal/high
Urine volume Normal/variable High
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The diagnosis of DI is confirmed by response to exoge-
nous ADH.

In neurocritical care patients with brain edema, hypertonic 
saline (3–7%) is frequently used to induce hypernatremia (Na 
145–155  mmol/L) and hyperosmolality and decrease intra-
cranial pressure. In these patients, hypernatremia is associ-
ated with an excess of sodium and water. Mannitol can also 
be used to induce a hyperosmolar state, but plasma sodium 
concentration will move in the opposite direction (Fig. 90.1).

 Clinical Presentation and Assessment
Symptoms associated with hypernatremia are nonspecific 
and secondary to brain involvement and cardiovascular com-
promise. Anorexia, restlessness, and nausea and vomiting 
occur early and may progress to altered mental status, leth-
argy, or coma. Musculoskeletal symptoms may include 
twitching, hyperreflexia, ataxia, or tremor.

 Treatment of Hypernatremia
Proper treatment of hypernatremia requires a two-pronged 
approach: addressing the underlying cause and correcting 
the prevailing hypertonicity. In patients with acute hyperna-
tremia, developed on the course of hours, rapid correction of 
plasma sodium (±1 mmol/L per hour) improves the progno-
sis without increasing the risk of brain edema because accu-
mulated electrolytes are rapidly extruded from brain cells. 
However, rapid correction of chronic hypernatremia may 
induce the entrance of water into the cells and induce convul-
sions and brain edema.

Extreme care must be taken also in the critically ill patient 
who is at risk for brain edema formation or exacerbation 
when correcting hypernatremia. A correction rate of no more 
than 0.5 mmol/L/h or 10–12 mmol/L/24 h is recommended.

Free water administration by mouth or feeding tube is the 
preferred route for correcting hypernatremia. If not avail-
able, hypotonic fluids, as 5% dextrose or 0.45% sodium 
chloride, can be safely used intravenously.

Diabetes insipidus is best treated with desmopressin, 
especially when the urinary output is greater than 200–
250 ml/h and maintained for 6 h or more. Parenteral desmo-
pressin (0.4–1  μg intravenously or subcutaneously) 
formulations are preferred in the acute intensive care setting, 
but there are no guidelines on the optimal protocol. The usual 
duration of action is 12  h, but significant inter-individual 
variability occurs in the duration and the amplitude of the 
effect and treatment with additional doses should be dictated 
by careful assessment of the fluid and electrolyte balance.

 Hyperkalemia

Potassium is the most abundant cation in the body, being 
preferentially intracellular. Only 2% of total body potas-
sium is found in the extracellular space, and serum potas-

sium concentration is tightly regulated between 3.5 and 
5.0 mmol/L. The large potassium gradient across cell mem-
branes contributes to the excitability of nerve and muscle 
cells, including myocardium. Thus, disorders of potassium 
are one of the most common causes of life-threatening 
arrhythmias.

 Crisis Management

 Pathophysiology
Potassium is excreted mainly by the kidney, so hyperkalemia 
(K > 5.5 mmol/L) is most commonly the result of impaired 
excretion by the kidney but also can result from increased 
release from the cells (Table 90.3). Hyperkalemia is a rela-
tively uncommon electrolyte abnormality in neurocritical 
patients; however, it may occur particularly in those who 
have coexisting acute or chronic renal failure.

 Clinical Presentation and Assessment
The first indicator of hyperkalemia may be the presence of 
electrocardiographic (ECG) abnormalities or arrhythmias. 
Progressive ECG changes with potassium levels include 
peaked T waves, prolonged PR interval and flattened P 
waves. Widened QRS appears when potassium levels are 

Table 90.3 Common causes of hyperkalemia

Drugs
  ACE inhibitors (e.g., captopril)
  NSAIDs (e.g., ibuprofen, diclofenac)
  Beta-blockers (e.g., atenolol)
  K+ supplements—e.g., oral or IV replacement
  K+ sparing diuretics (e.g., spironolactone)
Renal diseases
  Acute and chronic renal failure
  Type 4 renal tubular acidosis
  Metabolic acidosis
Diet
  Foods with high potassium content
Endocrine disorders
  Addison’s Disease
  Hyporeninemia
  Insulin deficiency/hyperglycemia
Hematological disorder/Massive Cell Death
  Tumor lysis syndrome
  Rhabdomyolysis
  Massive blood transfusion
  Massive hemolysis—mechanical cell damage
Others
  Hyperkalemic periodic paralysis
  Pseudo-hyperkalemia
  Abnormal erythrocytes
  Thrombocytosis
  Leukocytosis

ACE angiotensin-converting enzyme, K+ potassium, NSAIDs nonsteroi-
dal anti-inflammatory drugs, IV intravenous
Modified from Alfonzo et al. (Alfonzo et al., 2006)
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above 8.0 mmol/L, and at this point the patient is at very high 
risk of cardiac arrest if not treated immediately.

 Treatment of Hyperkalemia
There is no standardized treatment for hyperkalemia, and it 
depends on severity and ECG abnormalities (Table  90.4). 
Emergency treatment is directed to protect the heart from 
malignant arrhythmias (calcium, bicarbonate) or shifting 
potassium into the cells (e.g., hyperventilation [alkalosis], 
insulin, beta-agonists).

Removal potassium from the body is the definitive treat-
ment of hyperkalemia, and it will often depend on renal 
function. Loop diuretics (e.g., furosemide) will increase 
diuresis and potassium excretion and are extensively used 
along 0.9% saline. If the patient is oligoanuric, dialysis is the 
indicated treatment. Potassium may also be removed from 
the body through the GI track following the administration 
of kayexalate.

 Hypokalemia

 Crisis Management

 Pathophysiology
Hypokalemia (K < 3.5 mmol/L) is one of the most common 
electrolyte abnormalities in ICU patients. It occurs most fre-
quently because of renal and gastrointestinal losses 
(Table 90.5). Unfortunately, several common therapies in the 
neurocritical care patient may cause hypokalemia. For exam-
ple, mannitol, frequently used to treat elevated ICP, has potas-
sium-wasting properties. Fludrocortisone is employed in the 
treatment of hyponatremia in the context of CSWS and results 
in renal potassium leakage. Other therapies, such as hyper-
ventilation (alkalosis), steroids, insulin, and salbutamol, may 
also cause hypokalemia by their effect to move potassium 
from the intravascular to intracellular compartment.

 Clinical Presentation and Assessment
Moderate to severe hypokalemia induces EKG changes 
including U waves, T-wave flattening, and ST segment alter-
ations. Cardiac arrhythmias are more frequent when com-

bined with other pro-arrhythmic conditions such as ischemia, 
digitalis toxicity, or magnesium depletion.

In patients with high risk of arrhythmias, such as those 
with SAH or ischemic stroke, who frequently have coexist-
ing cardiac disease, potassium levels should be closely moni-
tored and replaced as needed.

 Treatment of Hypokalemia
Intravenous potassium should be given by continuous infu-
sion at a rate not faster than 10–40 mEq/h. Because of the risk 
of hyperkalemia, patients should be under continuous ECG 
monitoring and with serial sampling of potassium levels.

Because of the role of magnesium in transmembrane 
potassium transport, simultaneous correction of hypomagne-
semia is required to correct hypokalemia. Hypokalemia and 
hypocalcemia can be refractory to replacement therapy in the 
setting of hypomagnesemia. Therefore it is common admin-
ister magnesium salts (e.g., magnesium sulfate) along with 
potassium infusion.

 Hypomagnesemia

Magnesium is the second most abundant intracellular cation, 
after potassium. Magnesium acts as a cofactor for many 
enzymatic reactions involving ATP and regulates the move-
ment of calcium into smooth muscle cells rendering it impor-
tant for cardiac contractility and vascular tone. Magnesium 
sulfate has neuroprotective properties in diverse animal mod-
els of stroke. However, the use of magnesium sulfate has 
showed no benefit in clinical trials involving patients with 
stroke or to prevent vasospasm in patients with SAH.

Table 90.4 Therapeutic agents for the management of hyperkalemia

Therapy Dose
Onset 
(min)

Duration 
(h)

Calcium chloride 10 ml of 10% IV 1–3 0.5–1
Sodium 
bicarbonate

1 mmol/kg IV 15–30 Several

Insulin/50% 
glucose

10 units in 25 g IV 15–30 4–6

Salbutamol 0.5 mg IV/20 mg 
Neb

15–30 4–6

IV intravenous, Neb nebulized
Modified from Alfonzo et al. (Alfonzo et al., 2006)

Table 90.5 Common causes of hypokalemia

Increase potassium loss
  Drugs: diuretics, mannitol, laxative abuse, liquorice, steroids, 

fludrocortisone
  GI losses: diarrhea, vomiting, ileostomy, intestinal fistula, villous 

adenoma
  Renal: renal tubular disorders, Bartter’s syndrome, Liddle’s 

syndrome, Gitelman’s syndrome, nephrogenic diabetes insipidus
  Endocrine: hyperaldosteronism, Cushing’s syndrome, Conn’s 

syndrome
  Dialysis: hemodialysis on low potassium dialysate, peritoneal 

dialysis
Transcellular shift
  Insulin/glucose therapy
  Beta-adrenergic stimulation (e.g., salbutamol)
  Alkalosis
  Hypothermia
  Hypokalemic periodic paralysis
Decreased potassium intake
  Poor dietary intake (less than 1 g/day)
Magnesium depletion (increases renal potassium loss)
  Poor dietary intake
  Increased magnesium loss

Modified from Alfonzo et al. (Alfonzo et al., 2006)
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Neuroprotection may be rendered via several mecha-
nisms: Magnesium

• Acts as an endogenous calcium channel antagonist
• Inhibits of excitatory neurotransmitter release (e.g., 

glutamate)
• Acts as a NMDA receptor antagonism
• Mediates directly vascular smooth muscle relaxation

Magnesium is frequently used as a pharmacological 
agent for a variety of conditions, usually as an intravenous 
continuous infusion of 0.5–1  g/h of magnesium sulfate. 
Magnesium is also a first-line treatment for “torsade de 
pointes” and other cardiac arrhythmias induced by suprath-
erapeutic digitalis.

 Crisis Management

 Pathophysiology of Hypomagnesemia
Hypomagnesemia (Mg <1.3 mEq/L) occurs mainly because 
of renal losses (e.g., after administration of loop diuretics) or 
during CSWS. Clinically, hypomagnesemia is often associ-
ated with hypokalemia and hypocalcemia.

 Clinical Presentation and Assessment
Hypomagnesemia symptoms include neuromuscular irrita-
bility and weakness, muscle spasms, seizures and coma, as 
well as cardiac arrhythmias.

Approximately 30% of patients presenting with SAH 
have coexisting hypomagnesemia upon admission. The rela-
tionship between low magnesium levels, SAH, and cardiac 
arrhythmias remains unclear. Magnesium depletion results 
in prolonged cardiac cell repolarization and prolonged QT 
intervals on ECG. “Torsade de pointes” is frequently associ-
ated with hypomagnesemia.

Low magnesium levels reduce the seizure threshold, and 
magnesium currently is the primary agent used to prevent 
seizures during preeclampsia.

 Treatment of Hypomagnesemia
Magnesium sulfate is usually administered as a slow intrave-
nous infusion up to 10 g/day to correct a magnesium deficit. 
For an emergency situation, 8–12 mmol (2–3 g) magnesium 
sulfate can be infused over 1–2 min, followed by 40 mmol 
(10 g) over the next 5 h. Rapid intravenous administration of 
magnesium sulfate is often associated with significant nau-
sea and vomiting.

Hypermagnesemia (Mg >2.0 mEq/L) occurs rarely after 
therapeutic magnesium infusion and usually in patients with 
renal failure. Hypermagnesemia becomes symptomatic at 
levels >4 mEq/L. Symptoms progress from hyporeflexia to 

complete AV heart block, respiratory failure, and cardiac 
arrest. While not a common problem in neurocritical care 
patients, hypermagnesemia should be on the differential 
diagnosis of patients with hyporeflexia.

 Hypocalcemia

Calcium is a critical intracellular messenger and regulator of 
cell function. Calcium is of primary importance in neuro-
critical care patients due to its central role in neuronal death 
after central nervous system injury. Cytotoxic intracellular 
calcium accumulation is mediated via glutamate receptors, 
voltage-gated calcium channels, and pH-dependent calcium 
channels. In the context of intensive care management in 
general, it is important to remember that calcium is also the 
primary mediator of muscle contraction.

The calcium channel antagonist nimodipine has been shown 
to reduce the incidence of delayed cerebral ischemia following 
SAH and is now routinely initiated at hospital admission in 
affected patients and continued for 21 days. A similar benefit 
has not been seen in patients after ischemic stroke.

 Crisis Management

 Pathophysiology
Hypocalcemia (ionized Ca <1.1 mmol/L) is one of the most 
frequent electrolyte abnormality in intensive care therapy. 
Frequent causes include hypoparathyroidism after neck sur-
gery, phenytoin and phenobarbital therapy, renal failure, and 
blood transfusion (citrate anticoagulant in packed red blood 
cells binds calcium).

Respiratory alkalosis as a result of hyperventilation (i.e., 
for treatment of elevated ICP) results in an increase in pro-
tein binding of calcium.

 Clinical Presentation and Assessment
Clinical manifestations are related to cardiac and neuromus-
cular conduction as well as depressed myocardial contractil-
ity. Cardiac findings include prolonged QT and ST intervals, 
decreased cardiac output, hypotension, and bradycardia and 
can progress to ventricular arrhythmias. Neurologic symp-
toms include paresthesias, overall muscular weakness, tet-
any, and seizures.

 Treatment of Hypocalcemia
In symptomatic patients and those with low serum concen-
trations, calcium may be administered by slow injection of 
1 g of calcium chloride. There is no clear evidence that par-
enteral calcium supplementation impacts the outcome of 
critically ill patients.
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Key Points

• Hypotension is a major cause of preventable sec-
ondary brain injury and should be aggressively pre-
vented and treated.

• Fluid substitution to achieve normovolemia with 
isotonic or hypertonic fluids is essential to restore 
blood pressure, thus preventing ischemia and fur-
ther brain damage.

• Isotonic crystalloids are favored in fluid resuscita-
tion protocols, although the clinical evidence is 
limited.

• Red blood cell transfusions are recommended in 
patients with increased ICP or those who are at risk 
for brain ischemia when serum hemoglobin con-
centrations fall below 8–9 g/dl.

• Sodium is the main determinant of plasma osmolal-
ity, which regulates the movement of water inside 
and outside the cells.

• Sodium disturbances are common and highly detri-
mental in patients with head injury and should be 
avoided or, if present, promptly treated.

• Hyponatremia is associated with water shifts into 
the cells and therefore may increase brain edema 
and intracranial pressure.

• When hyponatremia or hypernatremia develops, 
measurement of urinary sodium, serum and urine 
osmolarity, and intravascular volume status may 
help to identify the cause and the appropriate treat-
ment strategy.

• Hypernatremia causes hypertonic hyperosmolality 
and may occur when hypertonic solutions are used 
to treat patients with brain edema and intracranial 
hypertension.

• Close monitoring of plasmatic sodium is required to 
tailor the desired sodium plasma levels and osmolar 
state in neurocritical care patients.

• Potassium is excreted mainly by the kidney, and 
hyperkalemia is most commonly associated with 
renal failure.

• Therapeutic stimulation of diuresis or dialysis is 
definitive treatments for hyperkalemia.

• Hypokalemia is one of the most common electro-
lyte abnormalities in ICU patients and occurs fre-
quently because of renal and gastrointestinal losses, 
frequently secondary to other therapeutic 
interventions.

• Because of the risk for hyperkalemia, intravenous 
potassium substitution requires continuous ECG 
monitoring and serial controls of potassium serum 
levels.
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Temperature Management 
in Neurosurgical Critical Care

Martin H. Dauber

 Overview

Experimental evidence and clinical experience demonstrate 
that there are multiple mechanisms involved in cellular dam-
age following neurological insult. Laboratory experiments 
since the 1950s demonstrated that there are benefits of mild 
hypothermia. Since that time hypothermia has been proposed 
as a valid clinical modality for several neurologic conditions.

Based on experimental and clinical evidence, this over-
view explores some of the current indications including pre-
vention of elevation of intracranial pressure in the postsurgical 
and the cerebral hemorrhage patient, as well as use for stroke 
and central nervous system injury (brain and spinal cord) 
patients. Brief mention is to be made of the postcardiac arrest 
scenario.

 Experimental Evidence

During Napoleon’s reign Baron de Larrey employed hypo-
thermia both to preserve amputated limbs and to provide 
numbing effects during battlefield surgery. In 1950, it was 
demonstrated that mild cerebral hypothermia during and after 
cardiac arrest improved neurologic outcomes in dog and pri-
mate models. Several years later it was shown by Rosomoff 
and Gilbert that there was a direct relationship between body 
temperature and both intracranial pressure and brain volume. 
Several studies proposed that hypothermia afforded benefi-
cial effects in brain tissue because it caused reduced cerebral 
metabolic rate (CMRO2) and blood flow. These findings were 
quickly adopted by cardiovascular specialists who employed 
hypothermia during cardiopulmonary bypass in their efforts 
to prevent insults to the central nervous system.

As cerebral metabolism is dependant on temperature, 
hypothermia reduces oxygen consumption, glucose utiliza-
tion, and lactate production. It is accepted that every 1°C 
decrease in temperature from 37° decreases CMRO2 by 
6–7%. An increase in brain pH of 0.0161 per degree of tem-
perature decrease also results as presumably due to the 
reduction in metabolism. Excitotoxicity, the pathological 
process by which neurons are damaged and killed, by the 
neurotransmitters glutamate, dopamine, and serotonin is 
decreased. The calcium-dependent protein kinase C (PKC) 
translocates to the nerve cell membranes in ischemia, and 
this destructive process is inhibited by hypothermia.

Cerebral blood flow is also reduced by cold-induced vaso-
constriction. This mechanism decreases intracranial volume 
and, therefore, intracranial pressure, especially in traumatic 
brain injury (TBI). On a microscopic level, the blood–brain 
barrier (BBB) permeability may be favorably altered by 
hypothermia. The mechanism is likely due to a decrease in 
effect of extracellular enzymes that can disrupt the BBB. The 
effect of hypothermia on the cerebral vasculature, therefore, 
is an important mechanism for neuroprotection from the 
increased BBB permeability, vasogenic edema formation, 
and extravasation of circulating inflammatory mediators 
seen in ischemic injuries.

 Clinical Evidence

Although the experimental evidence for the benefits of hypo-
thermia is convincing, there is considerable controversy in 
the clinical literature regarding the evidence-based medicine 
indications for the application of therapeutic hypothermia.

 Traumatic Brain Injury

For TBI, many randomized controlled studies have demon-
strated widely varying overall mortality yet have failed to 

91

M. H. Dauber (*) 
Private Practice, Lincolnwood, IL, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_91&domain=pdf


588

demonstrate statistically significant benefit from hypother-
mia. A recent meta-analysis of hypothermia treatment for 
TBI, including 8 trials with 800 patients, revealed a 20% 
decrease in mortality and a 25% increase in “good neuro-
logic outcome” relative to the conventional therapy, though 
these effects were not statistically significant. Patients cooled 
more than 48 h showed reductions in risk of mortality and 
more favorable neurologic outcomes. In part, on the basis of 
this review, the Brain Trauma Foundation (BTF)/American 
Association of Neurological Surgeons (AANS) guidelines’ 
task force has issued a (Level III) recommendation for 
optional and cautious use of hypothermia for adults with 
TBI.

 Spinal Cord Injury

Although the physiology and anatomy of the spinal cord is in 
many ways thought of as analogous to the brain, there are 
subtle differences that have impact on our subject. Whereas 
the brain is rarely exposed to the physician to directly impose 
hypothermia, during spine and spinal cord surgery, direct 
application of hypothermia upon the damaged or at-risk spi-
nal cord is possible. Spinal cord injury (SCI) can be a devas-
tating injury and most commonly affects young males. Many 
treatment modalities including pharmacologic interventions 
such as steroids, NMDA antagonists, and barbiturates as 
well as hypothermia have been advocated.

Experimental animal studies done in the 1960s produced 
promising results supporting hypothermia. Local cooling of 
the spinal cord was performed with iced saline during surgi-
cal decompression. The mechanisms were elucidated in the 
1990s when studies demonstrated that early cooling strate-
gies (relative to the timing of the insult) lessened the deleteri-
ous effects on the microvasculature and reduce local swelling. 
Further studies showed better preservation of gray and white 
matter and locomotor function in rats when systemic hypo-
thermia was induced 30 min postinjury and maintained for 
4 h. Histological studies confirm that these findings of the 
locomotor benefit to hypothermia in animals.

Clinically spinal cord ischemia can result from trauma or 
medical procedures such as aortic cross-clamping. Initial 
experiments used cool irrigation applied locally during spi-
nal cord exposure but yielded inconclusive results. More 
recent attempts at systemic hypothermia have failed to con-
clusively demonstrate efficacy for hypothermia, due to side 
effects, primarily shivering. As these consequences can be 
controlled by medications that lower the shivering threshold, 
definitive randomized, controlled studies should be avail-
able. Case reports in the literature include the 2010 report of 
a National Football League player who sustained a C3/C4 
fracture dislocation and was found to have an ASIA type A 
injury (i.e., complete sensorimotor loss) from which he has 

recovered nearly fully. The mild hypothermia was immedi-
ately induced while the player was in transport to the hospi-
tal, and the passive and active efforts to achieve hypothermia 
during the first several days are credited with his dramatic 
improvement.

 Postcardiac Arrest

In 2002, an advisory statement about therapeutic hypother-
mia was issued by the Advanced Life Support Task Force of 
the International Liaison Committee on Resuscitation. 
Cooling to 32–34  °C for 12–24  h was recommended for 
unconscious adult patients who had return of spontaneous 
circulation (ROSC) after out-of-hospital cardiac arrest when 
the initial rhythm is ventricular fibrillation. Two years later 
the panel stated that hypothermia may also be beneficial for 
other rhythms as well as in-hospital cardiac arrest. (This 
author’s institution, The University of Chicago, is currently 
conducting a study of hypothermia for in-hospital cardiac 
arrest patients with ROSC.) A recent clinical practice article 
highlighted the application of these principals and the clini-
cal difficulties therein. Cardiac arrest outside the hospital is a 
poorly defined entity in clinical medicine, and though the 
utilization of hypothermia may improve outcome, it can also 
confound prognostication.

There is ongoing investigation regarding therapeutic 
hypothermia for other conditions such as near-drowning, 
traumatic cardiac arrest, neonatal hypoxia-ischemic enceph-
alopathy, hepatic encephalopathy, ARDS, and a variety of 
pediatric situations. In each of these scenarios, there is evi-
dence to support the use of hypothermia of a varying degree 
and for variable durations. Due to the substantial interest in 
the modality and its potential for benefit in many disease 
states, it is likely to be an area of great research interest in the 
future.

 Ischemic and Hemorrhagic Stroke

As noted earlier the beneficial effects of hypothermia seen in 
experimental models of ischemia are the result of many bio-
logical effects. There is essentially no effect on infracted tis-
sue; rather, any benefits are probably in the penumbra. The 
imperatives for mechanical ventilation via a secure airway 
and shivering control have limited the use of hypothermia in 
stroke patients, though some early reports in spontaneously 
breathing patients have demonstrated small and statistically 
insignificant improvement in mortality. Similar results were 
obtained when hypothermia was compared with medical 
management (tissue plasminogen activator). In a prospective 
study of massive ischemic infarction (>2/3 of one hemi-
sphere), hemicraniectomy with hypothermia showed a ten-
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dency toward improved 6  month outcome as compared to 
hemicraniectomy alone. Many clinical questions currently 
remain unanswered and are the focus of ongoing trials.

After poor-grade subarachnoid hemorrhage, the addition 
of hypothermic therapy to barbiturates had no positive long- 
term effect. The multicenter IHAST (intraoperative hypo-
thermia for aneurysm surgery trial) study failed to show a 
benefit of intraoperative hypothermia during aneurysm sur-
gery in good-grade subarachnoid hemorrhage patients. Few 
animal studies and little useful clinical research exist to sup-
port the use of hypothermia in intracranial hemorrhage.

 Complications of Therapeutic Hypothermia

Any therapeutic intervention including deliberate hypother-
mia is associated with its potential complications. The clini-
cian needs to be aware of the ways to prevent, recognize, and 
treat those complications in a timely manner. Patient comfort 
and tolerance of this intervention are necessary to address 
during institution of this modality. Several means are avail-
able to lower body temperature in a safe and efficient way 
that may help to prevent or reduce the risk for major compli-
cations. “Preventions” present some of the most common 
techniques that are in use in neurointensive care units. “Crisis 
management” discusses adverse effects hypothermia has on 
cardiovascular function, coagulation and metabolic function, 
and infectious risk. The section concludes with a proto-
colized suggestion for achieving therapeutic hypothermia in 
the neurointensive care unit.

 Prevention

There are three basic methods to cool patients in the ICU:

 1. Conventional surface cooling and cold fluids
 2. Commercial surface cooling devices
 3. Intravascular cooling devices
 4. Body cavity lavage, extracorporeal circulation, whole- 

body ice submersion, cooling helmets

Conventional cooling can begin after neurologic assess-
ment, sedation, and placement of a core temperature monitor. 
Subsequently, to maintain hypothermia ice packs can be 
placed over the groins, neck, and axillae. Water-cooled rubber 
mattresses can be placed over the patient as placement under 
patients has caused skin breakdown. Though these relatively 
simple means are often effective, drawbacks include lack of a 
feedback loop resulting in a high incidence of overcooling 
and the concomitant nursing vigilance required to maintain 
the goal temperature. The rate of cooling is unpredictable 
with these conventional and widely available methods.

Commercial surface cooling devices such as the Arctic 
Sun device (Medivance, Louisville, CO) controls the tem-
perature of the water circulating through the ArcticGel Pads 
via a patient/temperature feedback loop. The patient can be 
cooled or kept normothermic as the pads which cover 
approximately 40% of the surface transfer heat from patient. 
Disadvantages include the purchase cost of the unit and the 
disposable pads. CoolBlue (Innercool Therapies, San Diego, 
CA) and ThermoWrap (MTRE, Rehovot, Israel) are recently 
introduced, less-expensive garment-type devices without the 
gel of the Arctic Sun. As with the Arctic Sun, they both have 
servo units to enhance ease of use and safety. Other similar 
devices that may cool faster are being tested in animals.

Intravascular cooling devices have the complications 
associated with placement of very large bore central lines 
including placement risks, infection, and thrombosis. 
However, once placed, these catheters can serve the addi-
tional functions of a central line. The Celsius Control System 
(Innercool Therapies) is a servo-controlled system in which 
water circulates through a (10.7 or 14 Fr) metallic catheter 
with a textured surface that is placed in the inferior vena cava 
via a femoral vein. Patients must be immobile during its use 
to prevent migration of the catheter. There is no infusion or 
monitoring port on the device, so additional central venous 
access may be necessary.

There has been no direct comparison of the devices or 
techniques, so each institution needs to compare efficacy and 
safety in its environment.

 Crisis Management

 Shivering

Shivering is disturbing to awake patients. It also induces 
unfavorable increases in:

 1. Overall metabolic rate
 2. Oxygen consumption
 3. Work of breathing
 4. Heart rate
 5. Myocardial oxygen demand and consumption

In perioperative patients, hypothermia may lead to addi-
tional cardiac morbidity especially in those patients with pre-
existing cardiac disease. These consequences may be from the 
hemodynamic and central nervous system responses rather 
than from the shivering itself. They may be controlled by 
 pharmacologic means including sedatives, opiates, and sym-
patholytics. Magnesium (2 g intravenously over 1 h) and non-
depolarizing relaxants (in patients with controlled ventilation) 
may also be helpful upon the initiation of hypothermia. 
Midazolam and meperidine may then be added as needed.
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 Cardiovascular Effects

Hypothermia causes cardiovascular effects that are complex; 
opposing effects on myocardium and contractility depend 
upon patient’s volume status and presence/degree of seda-
tion. In patients treated to prevent shivering, mild hypother-
mia will decrease heart rate and increase contractility, but 
cardiac output will fall as blood pressure increases slightly. 
The supply–demand balance for myocardial oxygen will 
thus improve. Deep hypothermia (<30  °C), however, will 
cause a decrease in contractility. Also, diuresis often results 
with hypothermia and causes hypovolemia through an 
increase in venous return, increase in atrial natriuretic pep-
tide, and decreased antidiuretic hormone. Nonetheless, with 
attention to the prevention and treatment of the volume loss, 
normotension can be maintained.

The increase in venous return will cause mild sinus tachy-
cardia especially in unsedated patients. When temperatures 
drop below 35.5 °C, sinus bradycardia results from decreased 
repolarization of pacemaker cells and gives the ECG find-
ings of prolonged PR and QT intervals and widened QRS 
complexes. As temperature drops below 28–30  °C, atrial 
fibrillation, ventricular tachycardia, or ventricular fibrillation 
may result. Therefore, temperature below 30 °C should be 
strenuously avoided in the ICU.

 Coagulopathy

In the operating room, it is well known that even mild hypo-
thermia can induce coagulopathy from decreased platelet 
numbers and dysfunction. At temperatures less than 33 °C, 
the synthesis and function of clotting factors in the cascade 
are affected, at least in vitro. This has not been demonstrated 
clinically in therapeutic cooling for TBI, cardiac arrest, or 
stroke patients.

 Immunosuppression

The proinflammatory response is inhibited by hypothermia 
via inhibition of leukocyte migration and phagocytosis and 
decreased production of cytokines. The risk for nosocomial 
infection in hypothermic patients is linked to the duration of 
the therapy (>24 h is at higher risk) as well as the indication 
(low risk in cardiac arrest, high risk in stroke patients) for the 
therapy. Hypothermia may mask the signs of infection, such 
as fever, C-reactive protein, and WBC counts. An increased 
workload of the cooling device may be the only clue.

 Miscellaneous Problems

Other effects of hypothermia include decrease in bowel func-
tion and delayed gastric emptying. Serum amylase may 

increase, but pancreatitis is rare. Other laboratory values 
changed in hypothermia include:

 1. Hyperglycemia
 2. Low electrolyte levels
 3. Thrombocytopenia
 4. Low WBC counts
 5. Elevated LFTS (SGOT and SGPT)
 6. Elevated stress hormones (cortisol, epinephrine, and 

norepinephrine)

Though there is potential for disruption of many systems 
throughout the body during therapeutic hypothermia, atten-
tion to each of the areas leads to a manageable clinical situa-
tion and should rarely be a cause of discontinuation of the 
intervention.

After identification of a clinical indication for therapeutic 
hypothermia, a complete neurologic exam must be per-
formed (Fig. 91.1), as it results will be suspect after initiation 
of therapy. The goal is typically to cool the core to 33 °C for 
12–24 h.

Thirty to forty milliliter per kilogram of isotonic intrave-
nous fluid at 4 °C is administered. This can rapidly decrease 
core temperature by 3–4 °C. Administer sedative agents as 
tolerated by hemodynamics. Midazolam and meperidine are 
especially helpful for titratable sedation and decreasing shiv-
ering. Maintain serum potassium levels greater than 3.8 mEq/
dL. Nondepolarizing neuromuscular blockade can be insti-
tuted with vecuronium 0.1 mg/kg or rocuronium 1.0 mg/kg, 
which are both devoid of cardiovascular side effects or cisa-
tracurium 0.15 mg/kg in patients with renal impairment. Full 
ventilatory support to normalize oxygen and pH levels is 
almost always required. Blood gases should be managed 
with the pH stat method during the period of hypotension, as 
this approach allows the brain to more consistently respond 
normally to physiologic perturbations.

The serum glucose levels should be tightly controlled in 
the desired range (<150 mg/dL). The systemic blood pres-
sure should be supported to provide the desired cerebral per-
fusion pressure (depending upon the indication for 
hypothermia). Early administration of broad-spectrum anti-
biotics as indicated for suspected infection (e.g., aspiration 
pneumonia during event/initial resuscitation) should be 
 considered. Attention to the skin to prevent breakdown from 
the cooling device should be given.

When the decision to begin warming to normothermia has 
been made, either as a result of presumed success or failure 
or due to intolerance to the procedures, it should be realized 
that “decooling” should be done at 0.25–0.33 °C/h to prevent 
problems. Hemodynamic instability is common as cutaneous 
vasodilation occurs, and an inflammatory response may 
begin especially after arrest. The paralytics should be discon-
tinued, and their residual effect can be monitored with a 
peripheral nerve stimulator. Sedation should be weaned 
slowly during warming. When the patient is ready, he/she 
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can be separated from ventilatory support and extubated if 
appropriate. Shivering can be treated with meperidine or 
acetaminophen 650  mg. The temperature should not be 
allowed to increase above 37.5 °C for 72 h. At this time, neu-
roprognostication can be undertaken again.
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Key Points
• Significant experimental and clinical data suggest a 

potential value of therapeutic hypothermia in neur-
ocritical care patients aimed to protect the CNS or 
prevent deterioration in certain situations 
including:
 – Postoperative elevated ICP
 – Cerebral hemorrhage complicated by elevated 

ICP
 – Ischemic stroke
 – Brain and spinal cord injury

• There are theoretical advantages to the CNS out-
comes, and these are clinically substantiated in 
small studies. It is likely that through expanding 
application of deliberate hypothermia, our under-
standing will be increased, and our patients will 
thereby experience less CNS damage from their 
underlying diseases.

• Several methods are readily available to cool 
patients including surface cooling, cool intravenous 
fluids, body cavity lavage, and extracorporeal circu-
lation. There are also several proprietary devices 
that can be employed.

• Complications of systemic cooling primarily are 
related to shivering, which is readily prevented by 
pharmacologic means. Cardiac, infectious, meta-
bolic, and other systems may be affected but are 
rarely reasons to reverse therapeutic hypothermia.
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 Thromboembolic Disease

 Overview

 Incidence

• Highest risk for DVT is in patients with brain tumors 
(28–43%) followed by those undergoing craniotomy 
(25%) followed by those with head injury (20%) 
(Hamilton).

• Risk of PE is as high as 5% with mortality ranging from 
9% to 50% (Hamilton).

 Risk Factors

• Paresis
• Immobility
• Prolonged surgery
• Combined anterior/posterior spinal surgery
• Brain tumor
• Traumatic brain injury
• Central venous catheters
• Long bone fractures
• Spine trauma

 Clinical Implications

• Pain
• Limb swelling
• Chronic venous stasis
• Pulmonary embolism
• Postthrombotic syndrome

 Prevention

Despite the known benefits of pharmacological prophylaxis, 
concern for bleeding complications and iatrogenic neuro-
logic injury often limits their use in neurosurgery patients. 
Chemical prophylaxis initiated prior to surgery may be 
associated with a higher rate of hemorrhagic complications. 
Studies have shown that chemical prophylaxis is relatively 
safe for most neurosurgical patients when started 24–72 h 
after surgery (Norwood; Kim). A randomized trial com-
pared low-dose heparin with low molecular weight heparin 
(LMWH) prophylaxis and showed LMWH was more effec-
tive than low-dose heparin in preventing VTE after major 
trauma and both therapies were safe (Geerts). Timing of 
chemical prophylaxis must be individualized. Mechanical 
prophylaxis [graduated compression stockings (GCS) and 
sequential compression devices] should be started preopera-
tively or immediately upon entering the operating room to 
decrease the incidence of DVT. GCS when used along with 
another form of DVT prophylaxis is more effective than 
GCS alone (Sachdeva). A multicenter, randomized, double- 
blind trial showed that enoxaparin combined with compres-
sion stockings is more effective than compression stockings 
alone for the prevention of venous thromboembolism after 
elective neurosurgery and does not cause excessive bleeding 
(Agnelli). The incidence of catheter-related DVT correlates 
with the size of the catheter (rates are higher with larger 
caliber catheters) (Grove). Therefore, practitioners should 
place the smallest caliber central venous catheter necessary. 
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Special attention must be paid to patients when epidural/
spinal anesthesia or spinal puncture is employed. These 
patients are at increased risk of developing an epidural or 
spinal hematoma, which may result in permanent neuro-
logic impairment. Chemical anticoagulation should be used 
with caution in these patients with doses appropriately 
timed with respect to placement and removal of epidural 
catheters. Risk versus benefit analysis must be fully consid-
ered in this patient population.

Options for the prevention of thromboembolic disease are 
summarized below (Table 92.1).

 Crisis Management

DVT may be detected after extremity pain and swelling are 
noted. Anticoagulation is the first-line treatment to prevent 
propagation of clot and PE. If anticoagulation is contraindi-
cated, inferior vena cava (IVC) filter may be considered. 
However, anticoagulation should be resumed in patients with 
IVC filters when pharmacologic treatment is safe.

Upper extremity DVT should be treated the same as lower 
extremity DVT. If an upper extremity DVT is associated with 
an indwelling central venous catheter (CVC), in most patients, 
the CVC should not be removed if it is functional and there is 
an ongoing need for the catheter (ACCP guidelines).

PE refers to the obstruction of a pulmonary vessel by mate-
rial that comes from elsewhere in the body. This chapter refers 
to obstruction due to thrombus. PE is associated with a mortal-
ity rate of 30% without treatment; however, accurate diagnosis 
followed by anticoagulation therapy can significantly reduce 
the recurrence of PE and, therefore, decrease mortality.

 Clinical Presentation: Pulmonary Embolism 
(Stein)

• Dyspnea
• Pleuritic chest pain
• Cough
• Hemoptysis
• Tachypnea
• Tachycardia
• Hypotension
• Acute right ventricular heart failure

 Patient Assessment (Table 92.2)

 Intervention/Treatment

• Resuscitation
 – Intravenous fluid administration – use with caution in 

patients with evidence of right heart failure
 – Supplemental oxygen and/or intubation
 – Vasopressors and/or inotropes

• Anticoagulation
 – Should be given after thorough evaluation of bleeding 

risk
 – Prevents further clot formation, but does not lyse exist-

ing clot
• Thrombolysis

 – Persistent hypotension is primary indication (Kearon).
 – Associated with increased risk of hemorrhage, partic-

ularly in patients after surgery and intracranial 
hemorrhage.

Table 92.1 Prevention of thromboembolic disease

Prophylactic measure Mechanism Dose Potential adverse effects/CI
Early and frequent Ambulation Venous stasis prevention – Discomfort
GCS Venous stasis prevention Wear daily Discomfort
Sequential compression device Venous stasis prevention; several 

theories proposed
Use when in bed Discomfort

Unfractionated heparin Activates antithrombin; inhibits 
thrombin and other clotting 
factors

5000 U SQ q12 h or q8 h Bleeding; HIT

LMWH Activates antithrombin; Inhibits 
mostly factor Xa

Enoxaparin 40 mg SQ daily 
or 30 mg bid
Dalteparin 2500–5000 units 
SQ daily

HIT; may require dose adjustment/use 
with caution in patients with impaired 
CrCl, pregnant, obese, elderly

Fondaparinux Binds to antithrombin; Inhibits 
factor Xa

2.5 mg SQ daily Safe to use in HIT; May require dose 
adjustment/use with caution in patients 
with impaired CrCl, underweight, elderly

IVC filter Blocks clot from embolizing to 
the pulmonary vasculature

Retrievable (preferred over 
permanent)

Postthrombotic syndrome; thrombosis of 
device

GCS graduated compression stockings, LMWH low molecular weight heparin, HIT heparin-induced thrombocytopenia, SQ subcutaneous, CrCl 
creatinine clearance

I. Dehghan-Paz et al.
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 – Recombinant tissue plasminogen activator (rt-PA) is 
most commonly used. Administer 100  mg intrave-
nously over 2 h.

 – Heparin resumed when the aPTT is less than twice its 
upper limit of normal and titrated to therapeutic aPTT.

• Embolectomy
 – Indicated for persistent hypotension, if thrombolysis 

fails or is contraindicated (Aklog, Stein)
• IVC filter

 – Prevents migration of thrombus from lower extremi-
ties to pulmonary vasculature; not effective for upper 
extremity DVT.

 – Indicated for PE when anticoagulation is contraindi-
cated (i.e., bleeding risk) (Guyatt).

 – Anticoagulation should be started even in patients with 
IVC filters once bleeding risk deemed acceptable.

Anticoagulation and thrombolysis even in the setting of a 
hemodynamically significant PE may be contraindicated in 
patients with intracranial hemorrhage. Various medical orga-
nizations provide guidelines as to the timing of initiation or 
resumption of anticoagulation. The European Stroke 
Initiative recommends that patients with a strong indication 
for anticoagulation, such as a history of embolic stroke with 
atrial fibrillation, should be restarted on warfarin after 
10–14 days, depending on the risk of thromboembolism and 
ICH (intracerebral hemorrhage) recurrence (Goldstein). The 
American Heart Association suggests that, in patients with a 

very high risk of thromboembolism for whom restarting war-
farin is considered, warfarin may be restarted 7–10 days after 
ICH onset. The American College of Chest Physicians rec-
ommends starting prophylactic-dose heparin the day after an 
ICH, with no clear guidance on restarting warfarin.

 Coagulopathy

 Overview

Anticoagulants and antiplatelet drugs are used with increas-
ing frequency for the treatment of a variety of disorders 
including atrial fibrillation, thromboembolic disease, and 
stroke. In addition, bleeding dyscrasias may be seen in pri-
mary coagulopathies such as hemophilia or secondary to 
liver disease, disseminated intravascular coagulation, or sep-
sis. Coagulopathic patients who are suffering from bleeding 
complications such as intracranial hemorrhage or need surgi-
cal intervention may require acute reversal of coagulopathy.

 Incidence

• Warfarin use is associated with a two- to fivefold increase 
in the rate of intracerebral hemorrhage (ICH).

• Risk of ICH associated with warfarin use increases with 
elderly population, hypertension, history of cerebrovas-
cular disease, and intensity of anticoagulation

Table 92.2 Assessment of the patient with possible pulmonary embolism

Assessment Findings Notes
Electrocardiography S1Q3T3

Right ventricular strain
Atrial arrhythmias
Right bundle branch block

Often nonspecific changes
Nondiagnostic

Computed tomographic pulmonary 
angiography (CTPA)

Evaluate for filling defects in pulmonary 
vasculature; Sensitive and specific for diagnosing 
PE (van Belle); If negative for PE, CTPA may 
detect alternative pulmonary abnormalities that 
may explain the patient’s clinical findings

Potential contrast reaction; renal injury

V/Q scan Mismatch in ventilation and perfusion; Reserved 
for patients in whom CTPA is contraindicated

Most useful for patients with high probability  
of PE and high-probability V/Q scan; Low 
specificity; Test of choice in pregnant patients

Angiography Historic gold standard; evaluate for filling defect 
or cutoff in pulmonary vasculature

Invasive study
Potential contrast reaction; renal injury

d-Dimer Level <500 ng/mL by ELISA excludes PE unless 
the pretest probability is high (Stein D-dimer)

Baseline elevation in acute/chronic illness, 
pregnancy, elderly (Crowther, Rathbun)
Less sensitive in patients with subsegmental PE 
(De Monyé)

Ultrasound Upper or lower extremity Doppler showing filling 
defect in appropriate clinical setting

Not definitively diagnostic of PE; Not appropriate 
as initial diagnostic test for PE; Reserve for 
patients in whom definitive testing is 
indeterminate or contraindicated (van Rossum, 
Righini)
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• Dual antiplatelet therapy with aspirin and clopidogrel 
increases the risk of ICH twofold compared with aspirin 
alone (0.4% versus 0.2%) (Connolly)

• Symptomatic ICH occurs in 6.4% of acute stroke patients 
treated with rt-PA at 3 h and 7.9% of those treated up to 
4.5 h

• Target specific oral anticoagulants including rivaroxaban, 
dabigatran, apixaban, and edoxaban are associated with 
lower rates of ICH than warfarin (Schaefer, Chatterjee)

 Risk Factors

• Pharmacologic platelet inhibition
• Anticoagulation
• Disseminated intravascular coagulation
• Uremia
• Liver failure
• Sepsis
• Massive blood loss
• Bleeding disorders

 Crisis Management

Indications for platelet transfusion

• Neurosurgical procedure and platelet count less than 
100 × 109/L (Liumbruno)

• Platelet count greater than 100 × 109/L with platelet dys-
function not responsive to DDAVP or cryoprecipitate

• Massive blood transfusion (expect platelets to fall below 
50 × 103/μl following two times blood volume replace-
ment) (Stainsby)

One six-pack of pooled platelets (derived from six units 
of whole blood) contains at least 3 × 1011/L platelets which 
should raise the peripheral blood platelet count by at least 
20,000–30,000/μL (ASH-SAP). The role for platelet transfu-

sion in patients with intracranial hemorrhage recently on 
antiplatelet therapy has become more defined. While bleed-
ing in the setting of antiplatelet therapy is often treated with 
platelet transfusion in clinical practice, a prospective, ran-
domized controlled trial showed that platelet transfusion 
after spontaneous cerebral hemorrhage associated with anti-
platelet therapy seems to increase the risk of death or depen-
dence as compared to patients who did not receive platelet 
transfusion (Baharoglu); see Table 92.4.

To correct a coagulopathy, a variety of hemostatic agents 
may be considered. The choice of hemostatic agent depends 
on the clinical scenario. Determining the cause of the coagu-
lopathy is essential to determining the appropriate treatment 
plan. Table 92.3 outlines drugs available to treat coagulopa-
thies. Table 92.4 provides an overview of blood products and 
clotting factor concentrates used to assist in hemostasis. 
Hemodialysis may be considered in patients with dabigatran- 
associated severe bleeding (Siegal).

Prothrombin complex concentrates and activated pro-
thrombin complex concentrates for warfarin and target spe-
cific oral anticoagulants have not been directly compared. 
Per the Neurocritical Care Society 2016 guidelines for the 
reversal of warfarin in intracranial hemorrhage, more reli-
able INR correction occurs with four-factor PCC over 
three- factor PCC (Frontera). Recombinant factor VIIa is 
significantly more expensive, replaces only one coagula-
tion factor as compared to the PCCs that replace more, and 
has a short half-life (De Oliveira Manoel). Recombinant 
factor VIIa is not recommended for VKA or direct throm-
bin inhibitor reversal. PCCs are recommended over recom-
binant factor VIIa for direct factor Xa inhibitor reversal.

After successful reversal of pharmacologically induced 
coagulopathy and further stabilization of the patient, practi-
tioners need to initiate discussions regarding the need, the 
timing, and the dosing of anticoagulation if warranted. The 
current practice varies considerably between clinicians 
regarding the many patient groups due to the paucity of 
evidence- based guidelines.

Table 92.3 Drugs to treat coagulopathy

Drug Mechanism Administration Clinical use Notes
Protamine Neutralizes heparin; 

Disrupts heparin- 
antithrombin complex

1 mg protamine neutralizes 
100 units of heparin; 
Neutralizes heparin within 
5 min; check aPTT to verify 
reversal
1 mg of protamine 
neutralizes 1 mg enoxaparin; 
1 mg of protamine 
neutralizes 100 units 
dalteparin

Heparin reversal Completely neutralizes UFH; 
Only partially reverses LMWH 
due to anti-factor Xa activity 
only 60% neutralized; Still 
consider if significant bleeding 
on LMWH

Vitamin K Provides substrate for 
vitamin K-dependent 
factors II, VII, IX, and X

PO, IV, or SQ; 12–18 h onset 
(Hoffman)

Bleeding/supratherapeutic 
INR on warfarin; vitamin K 
deficiency

Anaphylaxis with IV; Erratic 
absorption with SQ (Raj) (Van 
Berkel)
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Table 93.3 (continued)

Drug Mechanism Administration Clinical use Notes
Desmopressin 
(i.e., DDAVP)

Increases plasma 
concentrations of factor 
VIII and vWf as a result of 
their release from vascular 
endothelium (Mannucci 
desmopressin)

IV, SQ, or IN administration
Peak levels (~2 to 4 times 
baseline) achieved 
30–60 min after IV and 
60–90 min after SQ or IN 
administration (Mannucci 
hemostatic drugs)

Hemophilia A and Type 1 
vWD for low-risk 
procedures; congenital 
platelet disorders; Uremia; 
qualitative platelet defect

May repeat doses every 
12–24 h, but tachyphylaxis may 
occur after three or four doses
Associated with a 2.4-fold 
increase in the risk of 
perioperative MI in cardiac 
surgery patients (Levi)

Antifibrinolytics Bind reversibly to 
plasminogen blocking 
plasminogen to fibrin and 
its activation and 
transformation to plasmin

ε-Aminocaproic acid PO, IV
Tranexamic acid PO, IV

Mucosal hemorrhage 
(epistaxis, oral bleeding, 
menorrhagia, GIB); Bleeding 
from trauma (Shakur)

Case reports of thrombosis with 
these agents (Hoffman); 
Tranexamic acid is 10× more 
potent in vitro than 
ε-aminocaproic acid

Activated 
charcoal

Reduces dabigatran 
adsorption in the gut (Van 
Ryn)

PO Dabigatran reversal if early 
ingestion of the drug (i.e., 
within 2 h) (Siegal)

No known role in reversal of 
factor Xa inhibitors (Siegal)

Idarucizumab Antibody that directly 
neutralizes the effects of 
dabigatran

Immediate onset; Provides 
full reversal up to at least 
24 h in most patients

Reversal of the anticoagulant 
effects of dabigatran for 
emergency surgery/urgent 
procedures or in life- 
threatening or uncontrolled 
bleeding

Thromboembolic risk; 
Hypersensitivity; Risks of 
serious adverse reactions in 
patients with hereditary fructose 
intolerance due to sorbitol 
excipient (Praxbind®)

Andexanet alfa Binds and sequesters the 
FXa inhibitors rivaroxaban 
and apixaban; inhibits the 
activity of tissue factor 
pathway inhibitor, 
increasing tissue factor-
initiated thrombin 
generation

IV
Dosing regimen is based on 
specific factor Xa inhibitor 
given, its dose, and time last 
taken

Labeled indication: reversal 
of anticoagulation from 
apixaban or rivaroxaban in 
patients experiencing 
life-threatening or 
uncontrolled bleeding;
off-label use: reversal from 
anticoagulation from direct 
and indirect factor Xa 
inhibitors

Associated with arterial and 
venous thromboembolic and 
ischemic events, cardiac arrest, 
and sudden deaths

UFH unfractionated heparin, LMWH low molecular weight heparin, SQ subcutaneous, vWf von Willebrand factor, IN intranasal, vWD von 
Willebrand disease, MI myocardial infarction, GIB gastrointestinal bleed

Table 92.4 Blood products and clotting factor concentrates used to assist in hemostasis

Product Clinical use Mechanism/dosing Onset of action/dosing Notes/risks
Platelets Bleeding (other than intracranial 

hemorrhage) in the setting of 
thrombocytopenia, uremia, platelet 
antagonist drug use

One six-pack of pooled 
platelets should raise the 
peripheral blood platelet 
count by at least 
20,000–30,000/μL 
(ASH-SAP)

Immediate/variable Transfusion reaction; 
Viral transmission

Fresh frozen 
plasma

Liver disease, disseminated 
intravascular coagulation, on 
warfarin and/or vitamin K 
deficiency requiring urgent reversal, 
dilutional coagulopathy from 
massive transfusion, TTP

Fibrinogen; factor XIII; 
vWF; factor VIII 
primarily bound to its 
carrier protein vWF; and 
the vitamin K-dependent 
factors II, VII, IX, and X 
(Hoffman)

10–15 ml/kg (1 unit of plasma 
contains 200–280 ml); Variable 
onset for INR reduction may 
need to redose every 4–6 h

Volume overload; Viral 
transmission

Cryoprecipitate Congenital or acquired 
hypofibrinogenemia, vWD, or 
hemophilia A (when factor 
concentrates are unavailable), 
uremia, life-threatening hemorrhage 
secondary to thrombolytic therapy 
(ASH-SAP)

Replaces fibrinogen, 
factors VII, XIII, and 
vWF

Adult dose is 1 unit/5 kg body 
weight, up to a total dose of 10 
units (bags); Will raise 
fibrinogen by 0.5 g/L 
(Droubatchevskaia) Variable 
onset for fibrinogen replacement

Volume overload; Viral 
transmission

Activated PCC 
(FEIBA®)

Hemorrhage, perioperative bleeding 
or routine prophylaxis in 
hemophilias A and B; Off-label for 
acquired hemophilia and 
intracranial hemorrhage associated 
with non-VKA anticoagulants

Replaces Factors II, VII, 
IX, and X

Onset is within 15–30 min; 
Half-life is 4–7 h; variable 
dosing

Thrombosis; Infectious 
transmission (made 
from human blood)

(continued)
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Gastrointestinal Hemorrhage 
in Neurosurgical Critical Care

Corey R. White and Kamila Vagnerova

 Overview

Upper gastrointestinal bleeding (UGIB) is a common medi-
cal condition that results in high morbidity and mortality. 
Peptic ulcer disease (PUD) is the most common related cause 
of UGIB in general population.

Attenuating risk factors for PUD, including prevention of 
Helicobacter pylori (H. pylori) infection, avoidance of non-
steroidal anti-inflammatory drugs (NSAID), and reduction 
of gastric acid and stress, help to minimize ulcer occurrence 
and bleeding/rebleeding rates. Stress-related ulcers are a 
common cause of acute UGIB in intensive care unit (ICU) 
patients. There is a paucity of data specific to neurosurgical 
and neurocritical care patients. Thus, much of the informa-
tion provided in this chapter specific to ICU patients in par-
ticular is based on evidence from the general ICU patient 
population.

Two major risk factors for overt GI bleeding due to stress 
ulceration:

• Mechanical ventilation >48 h (odds ratio 15.6)
• Coagulopathy – international normalized ratio (INR) >1.5, 

platelet count <50,000, or partial thromboplastin time of 
more than two times the control value (odds ratio 4.3)

Among patients with one or both of these risk factors, 
almost 4% develop clinically important UGIB compared to 
0.1% with neither risk factor.

Additional risk factors for stress ulceration:

• Advanced age
• Shock
• Sepsis
• Hepatic failure
• Acute renal failure
• Multiple trauma
• Burns >35% of total body surface area
• High-dose glucocorticoid therapy
• Traumatic brain injury
• Traumatic spinal cord injury
• History of PUD or UGIB

Most UGIB in critically ill is due to gastric or esophageal 
ulcerations. Stress ulceration can also cause perforation 
(<1% of surgical ICU patients). However, endoscopy (EGD) 
performed within 72  h of a major burn or cranial trauma 
reveals acute mucosal abnormalities in >75% of patients. In 
isolated head injury, GI tract dysfunction presents early and 
includes risk of GI bleed (see Table 93.1 for risk factors in 
postoperative patients).
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Table 93.1 General and selected neurosurgical risk factors in postop-
erative patients

Risk factors in postoperative patients Incidence of UGIB (%)
Male 6.64
Female 3.40
Age >50 years 9.88
Age <50 years 3.35
Adrenocortical hormone therapy 5.46
No adrenocortical hormone therapy 2.13
GCS <10 17.5
Intracerebral hematoma 15.7
Intraventricular hemorrhage 10.0
Subdural hematoma 6.00
Extradural hematoma 2.94
Tumor of fourth ventricle 15.79
Tumor of brainstem 7.89
Tumor of cerebral hemisphere 5.71
Tumor of sellar hypothalamus 3.74
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 Prevention

Incidence of overt UGIB ranges from 1.5% to 8.5% of all 
ICU patients but may be as high as 15% if no prophylaxis 
is used. It is widely accepted that prophylaxis is indicated 
for ICU patients at risk; however, there is lack of consensus 
regarding which stress ulcer prophylaxis intervention 
should be used. Antisecretory agents such as histamine H2 
receptor antagonists (H2RA) or proton pump inhibitors 
(PPI) decrease the risk of stress-related mucosal damage 
and UGIB in high- risk patients. H2RA blockers are often 
considered first-line agents; however, thrombocytopenia 
can develop in neurosurgical patients on H2RA.  For 
patients who are at high risk, the number needed to treat 
with prophylaxis (H2RA or PPI) to prevent one GI bleed is 
30. The Surviving Sepsis Campaign guidelines recommend 
stress ulcer prophylaxis in patients with severe sepsis/sep-
tic shock who have bleeding risk factors and suggest PPI 
use rather than H2RA for stress ulcer prophylaxis. Other 
studies also favor the use of PPI over H2AR due to the 
lower rates of GIB.

Recent meta-analysis of eight randomized controlled trials 
(RCT) evaluating the use of the stress ulcer prophylaxis in 
neurocritically ill patients concluded that prophylaxis with 
either PPI or H2RA reduced the incidence of UGIB as well as 
all-cause mortality when compared to placebo or no prophy-
laxis without increasing the risk of nosocomial pneumonia.

Although less commonly used, antacids and sucralfate are 
more effective than no prophylaxis in reducing overt bleed-
ing (see Table 93.2 for recommendations). Enteral feeding 
has also proven beneficial due to its ability to improve 

splanchnic blood flow and alone may reduce the risk of overt 
GI bleeding due to stress ulceration.

The use of antisecretory agents may increase the inci-
dence of Clostridium difficile infection and nosocomial and 
postoperative pneumonia. This risk should not prevent the 
use of GI prophylaxis, when indicated, in critically ill 
patients.

Prophylaxis is recommended for ICU patients with:

• Mechanical ventilation >48 h
• Coagulopathy (platelet count <50,000 per m3, INR >1.5, 

or partial thromboplastin time (PTT) >2 times the control 
value)

• GI ulceration or bleeding within the past year
• Traumatic brain injury or spinal cord injury
• Severe burns >35% of the body surface area
• Two or more of the following: sepsis/septic shock, ICU 

>1 week, occult GIB >5 days, high-dose steroids

In 2016 Buendgens’ review supported pharmacologic 
prophylaxis in patients with known peptic ulcer disease, cra-
niocerebral injury, cardiogenic shock, post liver or renal 
transplant, acute renal failure, and NSAID use.

 Crisis Management

Most patients with acute UGIB can be managed with fluid 
and blood resuscitation, medical therapy, and endoscopic 
intervention. All patients with UGIB require urgent gastro-
enterology consultation.

Table 93.2 Common medications used for prophylaxis of stress- related mucosal disease

Medication Route Standard dosing Renal dosing
Histamine H2 receptor antagonists
Cimetidine IV 50 mg/h continuous infusion If CrCl <30 mL/min: 25 mg/h

PO; NG tube 300 mg every 6 h If CrCl <30 mL/min: 300 mg every 12 h PO 
or IV

Ranitidine IV 50 mg every 6–8 h If CrCl <30 mL/min: 50 mg every 18–24 h
PO 300 mg loading dose and then 150 mg 

every 12 h
If CrCl <30 mL/min: 150 mg daily

Famotidine IV 1.7 mg/h continuous infusion If CrCl <30 mL/min: 0.85 mg/h by 
continuous infusion

PO; NG tube; IV 20 mg every 12 h If CrCl <30 mL/min: 20 mg once daily
Sucrose–aluminum complex
Sucralfate PO; NG tube 1 g every 6 h Use with caution in severe renal impairment
Proton pump inhibitors
Esomeprazole PO; NG tube; IV 40 mg every day –
Lansoprazole PO; NG tube 30 mg every day –
Omeprazole PO; NG tube; IV 40 mg on the first day and then 20–40 mg 

daily
–

Pantoprazole PO; NG tube; IV 40 mg every day –

IV intravenous, CrCl creatinine clearance, PO by mouth, NG nasogastric
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 Pathophysiology and Clinical Presentation

The upper GI tract is protected by mucosa. Disruption in this 
mucosal layer or a significant shift in pH begins the process 
of ulceration. Ulcerations usually occur in the acid- producing 
areas, the fundus, and body of the stomach but may also 
develop in the distal esophagus, antrum, or duodenum. 
Ulcerations are usually shallow and cause slow bleeding 
from the superficial capillary beds and rarely lead to hemo-
dynamically significant bleeding. Deeper lesions, usually 
occurring between the third and seventh ICU day, may erode 
into the submucosa which can result in injury of larger ves-
sels and massive hemorrhage or even organ perforation.

UGIB commonly presents with melena or hematemesis. 
Common reasons for UGIB in ICU patients include the 
following:

• Impaired mucosal protection – Under normal conditions 
the glycoprotein mucous layer forms a physical barrier to 
hydrogen ion diffusion and traps bicarbonate, but it may 
be denuded by increased concentrations of refluxed bile 
salts or uremic toxins common in critically ill patients. 
Alternatively, or in addition, mucosal integrity may be 
compromised due to poor perfusion associated with 
shock, sepsis, and trauma.

• Hypersecretion of acid – Excessive gastrin stimulation of 
parietal cells has been detected in patients with head 
trauma, whereas it is usually normal or subnormal in most 
other ICU patients. Gastric acid and pepsin are essential 
cofactors in the pathogenesis of peptic ulcers. Control of 
gastric acidity is an essential therapeutic maneuver in 
active UGIB.

• Helicobacter pylori infection – H. pylori is a spiral bacte-
rium that infects the superficial gastric mucosa. It may 
contribute to stress ulceration, but the evidence is limited. 
It disrupts the mucosal layer, liberating pepsin and hydro-
gen ions, leaving underlying mucosa more vulnerable. 
The immune response to H. pylori incites an inflamma-
tory reaction that promotes further tissue injury.

• NSAID-induced injury results from both systemic prosta-
glandin inhibition and local effects. The majority of 
NSAID-induced ulcers are clinically uncomplicated and 
asymptomatic. NSAIDs may play a role in nonhealing 
ulcers.

• Steroids – Systemic steroids frequently used in neurosur-
gical patient almost double the risk of a new episode of 
UGIB or perforation. Concomitant use with high doses of 
NSAIDs has been associated with a 12-fold increased risk 
for upper GI complications.

• Head injury – GI dysfunction manifests as gastroparesis, 
ileus, increased intestinal mucosal permeability, and 
UGIB due to stress ulceration and coagulopathy. Plasma 
levels of cortisol and advanced age are independent pre-

dictors of stress ulcers following acute head injury. There 
is a relationship between the severity of head injury and 
the incidence of gastroparesis. Significant gastric intramu-
cosal acidosis occurs commonly in severe head injury. 
Primary insult to the central nervous system likely results 
in derangement of splanchnic blood flow secondary to 
neurohumoral mechanisms.

 Patient Assessment

 Clinical Assessment
The medical history, physical examination, and initial labo-
ratory values are important for triage decisions, assessing 
resuscitation requirements, need for further treatment, con-
sults, and prognosis (see Fig. 93.1).

• Medical history
 – Prior GI bleed, GI symptoms, alcohol use/abuse
 – Gastrotoxic medication, e.g., NSAIDs, anticoagulants, 

antiplatelet agents
 – Comorbidities (renal and coronary artery and periph-

eral vascular diseases)
 – Head injury

• Physical exam and monitoring
 – Hemodynamic stability

 (a) Tachycardia, thready pulse

Acute upper GI
bleeding

Multiple
adverse

prognostic
factors

ICU bed
IV Fluids blood

transfusion
IV PPI

Urgent
endoscopy
(<12 hours)

Early
endoscopy
(<24 hours)

Routine
endoscopy

Monitored
bed IV fluids

blood
transfusion?

IV PPI

Regular
medical

floor
IV fluids
IV PPI

Stable patient:
minimal adverse

prognostic
factors

Eldery patient or
patient with few

adverse
prognostic factors

Initial clinical assessment: medical
history, physical examination & initial

laboratory tests

Fig. 93.1 Initial management and triage of patients with UGIB. 
(Adapted from Cappell and Friedel (Cappell & Friedel, 2008))
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 (b) Systolic pulse pressure variation (arterial line) of 
greater than 13 mmHg

 (c) Hypotension, orthostatic hypotension
 (d) Hypoxia

 – Abdominal examination
 (a) Bowel sounds, abdominal tenderness, ascites

 – Signs of chronic liver disease or portal hypertension
 (a) Hepatomegaly, splenomegaly
 (b) Palmar erythema, spider angiomata, caput medusa
 (c) Peripheral edema

 – Signs of shock (see vital signs listed above)
 (a) Cold clammy extremities
 (b) Altered mental status

 – Rectal examination
 (a) Occult or gross blood

 – Laboratory work-up
 (a) Complete blood count (CBC), basic metabolic 

panel (BMP), coagulopathy work-up, type and 
screen

Nasogastric aspiration with saline lavage is useful in 
detecting intragastric blood. Care must be taken regarding 
the use of saline that is colder than normal body temperature, 
as this may cause hypothermia, shivering, and additional car-
diovascular stress.

Surgical consultation is recommended for ongoing active 
or recurrent UGIB, massive bleeding, bleeding associated 
with significant abdominal pain, acute lower GIB, variceal 
bleeding, and suspicion for acute abdomen. Patients with 
severe symptoms, signs of shock, continuing hematochezia, 
and/or significant comorbidities are critically ill and require 
aggressive treatment/intervention.

 Intervention/Treatment

First, stabilize the patient. Secure IV access (two large-bore 
(16 gauge or larger) IVs), and initiate resuscitation by warmed 
fluid administration. Start crystalloid infusion to maintain the 
blood pressure, and send for type and cross- match of several 
units of packed erythrocytes. Evaluate the patient for airway 
protection and secure the airway, if needed. Maintain cardio-
respiratory support as needed, and treat associated conditions 
(e.g., sepsis, myocardial infarction, traumatic brain injury). 
Begin general supportive measures including supplemental 
oxygen by nasal cannula and cardiac monitoring (e.g., EKG, 
blood pressure, and pulse oximetry).

Patients with massive bleeding, active hematemesis, 
hypoxia, tachypnea, or altered mental status should have air-
way protection (i.e., endotracheal intubation). Keep the 
patient NPO for urgent EGD and potential surgery, and place 
a Foley catheter to monitor urine output. Transfuse packed 
erythrocytes for hemodynamic instability despite crystalloid 
resuscitation, hemoglobin <9  g/dL in high-risk patients or 

<7  g/dL in low-risk patients, and consider fresh frozen 
plasma for coagulopathy or platelets for thrombocytopenia 
(platelets <50,000). For massive transfusion protocols, most 
authorities now advocate administration of units of packed 
erythrocytes, plasma, and platelets in a ratio of 1 to 1 to 1.

Immediate gastroenterology consultation obtains surgical 
and interventional radiology consultation for any large-scale 
bleeding. Balloon tamponade may be performed as a tempo-
rizing measure for patients with uncontrollable variceal 
hemorrhage.

 Empiric Pharmacotherapy

PPIs are the initial medical therapy. Currently pantoprazole 
and esomeprazole are the only intravenous formulations 
available in the United States; start with an IV bolus of 
80 mg, and continue IV infusion at 8 mg/h for a total of 72 h. 
Alternatively, treatment with IV pantoprazole or esomepra-
zole at a dose of 40 mg twice daily can be used rather than a 
high-dose continuous infusion. Trials have failed to show 
superior outcomes with high-dose continuous IV PPI admin-
istration compared with intermittent dosing. Giving the PPI 
intermittently rather than as a continuous infusion could 
decrease resource utilization and cost.

If no signs of rebleeding after 24 h, switch to oral PPI.
Octreotide is used in esophagogastric variceal bleeding 

and/or cirrhosis. Start with an IV bolus of 50 mcg, and con-
tinue IV infusion at 25–50 mcg/h for 2–5 days.

Nonselective beta-blockers also help to reduce portal 
hypertension.

Antibiotic (e.g., ceftriaxone, amoxicillin–clavulanate, or 
quinolone) prophylaxis should be started in any patient with 
GI hemorrhage with esophagogastric variceal bleeding and/
or cirrhosis.

 Endoscopy

EGD is a primary diagnostic and therapeutic tool for UGIB. It 
helps to determine the cause and provides rationale for triage 
of patients. The most commonly used methods for control of 
the bleeding are injection and cautery/thermal techniques, as 
well as mechanical therapy including endoclips and banding.

Key Points
• Stress ulcer prophylaxis is indicated for ICU 

patients with:
 – Mechanical ventilation >48 h
 – Coagulopathy
 – GI ulceration or bleeding within the past year
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 – Traumatic brain injury or spinal cord injury
 – Severe burns >35% of the body surface area
 – Two or more of the following: sepsis, ICU 

>1  week, occult GIB >5  days, high-dose 
steroids

• Stress ulcer prophylaxis can include the use of anti-
secretory agents (PPI, H2RA), sucralfate, antacids, 
and enteral nutrition. Either PPI or H2RA is most 
commonly used in high-risk patients as there 
remains a lack of consensus on which stress ulcer 
prophylaxis intervention should be used.

• The initial evaluation of UGIB involves an assess-
ment of hemodynamic stability and the necessity 
for fluid and blood resuscitation.

• Use IV PPI, continuous or intermittent dosing, as 
first-line agent in acute UGIB.

• All patients with UGIB require urgent gastroenter-
ology consultation.
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Intracranial Monitors in Neurosurgical 
Critical Care

Matthew A. Kirkman

 Introduction

While the clinical neurologic examination is the cornerstone 
of neuromonitoring, a complete clinical assessment is not 
possible in intubated or sedated/anesthetized patients. There 
are several devices available for monitoring a range of physi-
ological variables and guiding decision-making in the criti-
cal care setting, and these are discussed in detail in Chap. 5. 
The most commonly used devices include external ventricu-
lar drains (EVDs), intraparenchymal intracranial pressure 
(ICP) monitors, brain tissue oxygen (PbtO2) monitors, and 
cerebral microdialysis (CMD) probes. This chapter discusses 
the epidemiology, prevention, detection, and management of 
the commonest complications associated with these four 
devices. First, these monitoring devices and their indications 
are briefly described.

 Overview

 Intracranial Pressure Monitoring

ICP is the pressure inside the skull and thus in the brain tis-
sue; it is synonymous with the cerebrospinal fluid (CSF) 
pressure in the lateral ventricles. ICP monitoring is per-
formed widely in neurocritical care settings, as ICP is a ther-
apeutic target for several conditions (Table 94.1), and it also 
facilitates the quantification of cerebral perfusion pressure 
(CPP; itself another therapeutic target, calculated as the dif-
ference between mean arterial pressure and ICP). The identi-
fication and analysis of pathological ICP waveforms and 
assessment of cerebrovascular pressure reactivity are also 
possible through ICP monitoring.

Normal mean ICP is 5–10 mmHg in healthy, resting supine 
adults. Although thresholds for treatment of raised ICP vary 
both within and between specific conditions, in traumatic brain 
injury (TBI), a common indication for ICP monitoring, it is 
generally advised that ICP greater than 20–25 mmHg requires 
treatment due to an association with increased mortality; the 
latest (fourth edition) Brain Trauma Foundation (BTF) guide-
lines for severe TBI recommend treating ICP values >22 mmHg.

The most common methods of ICP monitoring include 
EVDs and intraparenchymal ICP monitors. EVDs measure 
CSF pressure in the lateral ventricles through either:

 1. A standard ventricular catheter connected via a fluid- 
filled system to an external pressure transducer

 2. A catheter incorporating microstrain gauge or fiber-optic 
technology

EVDs are the preferred method of ICP monitoring when 
prolonged monitoring and therapeutic drainage of CSF are 
necessary, but their insertion is more technically challenging 
than for intraparenchymal ICP monitors.
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Table 94.1 Indications for intracranial pressure monitoring

Indication Comments
Traumatic brain injury The most evidence-based indication. 

Recommended in specific TBI patients in 
the Brain Trauma Foundation guidelines 
and in expert consensus 
recommendations from the 2013 Milan 
conference on ICP monitoring in TBI

Aneurysmal subarachnoid 
hemorrhage
Intracerebral hemorrhage
Hydrocephalus A standard in hydrocephalus management, 

including chronic monitoring of normal 
pressure hydrocephalus

Hypoxic brain injury
Central nervous system 
infections
Fulminant hepatic failure
Perioperative management 
of neoplastic lesions with 
associated mass effect

ICP monitoring is becoming 
increasingly common in this setting
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Intraparenchymal ICP monitoring systems are of two 
broad types:

 1. Solid-state piezoelectric strain gauge devices (Codman) 
that incorporate pressure-sensitive resistors which trans-
late pressure-generated changes in resistance into ICP 
values.

 2. Fiber-optic devices (Camino, InnerSpace) which transmit 
light toward a mirror at the catheter tip which becomes 
distorted by changes in ICP; differences in the intensity of 
reflected light resulting from mirror distortion are trans-
lated into ICP values.

Intraparenchymal ICP monitors are usually placed ~2 cm 
into brain parenchyma through a cranial access device or at 
craniotomy when they can also be sited subdurally. These 
devices measure localized pressure but provide equivalent 
pressure measurements to ventricular catheters in most cir-
cumstances. The main limitations of intraparenchymal ICP 
monitors include “zero drift,” which can result in measure-
ment error over several days, and the inability to perform 
in vivo recalibration.

 Brain Tissue Oxygen Monitoring

Evidence that combining PbtO2 and ICP monitoring can 
identify cerebral hypoperfusion more reliably than ICP mon-
itoring alone has led to PbtO2 monitoring being increasingly 
incorporated into neuromonitoring strategies wherever ICP 
monitoring is indicated (Table 94.2). PbtO2 is a complex and 
dynamic variable that represents more than just a monitor of 
hypoxia/ischemia; values of PbtO2 result from the interac-
tion of all factors affecting cerebral oxygen delivery and 
demand (oxygen metabolism), the relative proportion of 
arterial or venous vessels in the region of interest, and tissue 
oxygen diffusion gradients.

Normal brain PbtO2 is 20–35 mmHg (2.66–4.66 kPa). 
PbtO2 monitoring is currently most commonly used in 
TBI, and many recommend commencing treatment mea-
sures in TBI when PbtO2 <20 mmHg (2.66 kPa) since this 
value represents compromised brain oxygenation. The lat-
est BTF guidelines for severe TBI make no recommenda-
tion about PbtO2 targets due to inconsistencies in findings 
between studies evaluating outcomes following PbtO2-
directed therapy. Although a systematic review incorporat-
ing 491 patients from four studies found overall outcome 
benefits from PbtO2-directed therapy compared to ICP-/
CPP-guided therapy alone (odds ratio of favorable out-
come = 2.1, 95% confidence interval = 1.4–3.1), all four 
studies were non-randomized, and only two were truly 
prospective.

Preliminary results from the prospective, phase II ran-
domized BOOST-2 trial, which evaluated the safety and 
efficacy of treatment based on ICP (target ICP <20 mmHg) 
and PbtO2 monitoring (target PbtO2 >20 mmHg) compared 
to ICP monitoring and management alone (same target 
ICP), have been recently released. In 110 adult patients with 
non- penetrating severe TBI, time spent with PbtO2 
<20  mmHg was significantly lower in those in the ICP/
PbtO2 group, with no difference in adverse events between 
the two treatment arms. There was a trend towards lower 
overall mortality and less poor outcome in the ICP/PbtO2 
group although these differences were not statistically sig-
nificant (p = 0.229 and p = 0.221, respectively); this is per-
haps unsurprising given the study was not powered for 
outcome. A larger phase III trial is now required to clarify 
and expand these findings.

PbtO2 catheters are similar in size to intraparenchymal 
ICP monitors and are placed in subcortical white matter 
through single or multiple lumen bolts, via a burr hole, or 
at craniotomy. Commercially available PbtO2 monitoring 
probes incorporate a Clark-type cell with reversible elec-
trochemical electrodes. Oxygen diffusing from brain tis-
sue crosses a semipermeable membrane and is reduced by 
a gold polarographic cathode which produces a flow of 
electrical current directly proportional to the tissue oxygen 

Table 94.2 Indications for brain tissue oxygen monitoring

Indication Comments
Traumatic brain injury The most evidence-based indication. 

The recent prospective, phase II 
randomized controlled trial 
(BOOST-2) confirmed the safety and 
efficacy of PbtO2-directed therapy in 
TBI. Further data from a larger phase 
III trial to clarify potential outcome 
benefits are awaited

Aneurysmal subarachnoid 
hemorrhage

Recommended in Neurocritical Care 
Society guidelines as a complement 
to transcranial Doppler and 
radiological monitoring for detecting 
vasospasm, although evidence to date 
is conflicting

Intracerebral hemorrhage PbtO2 monitoring may identify CPP 
targets for optimal cerebral 
oxygenation in comatose ICH 
patients

Neurocritical care patients – 
to allow titration of individual 
CPP targets, ventilator 
parameters, transfusion, and 
management of intracranial 
hypertension in combination 
with ICP monitoring

As recommended by the 
International Multidisciplinary 
Consensus Conference on 
Multimodality Monitoring

Intraoperatively for 
intracranial aneurysm and 
arteriovenous malformation 
surgery

Limited evidence supporting these 
indications at present

M. A. Kirkman
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tension. Probes are often placed in tissue immediately sur-
rounding a hematoma/contusion or in appropriate vascular 
territories in cases of aneurysmal subarachnoid hemor-
rhage (SAH); however, such precise placement can be 
technically challenging, and some prefer routine probe 
placement in normal- appearing frontal subcortical white 
matter on the non- dominant side.

 Cerebral Microdialysis

CMD is a bedside monitor of brain tissue biochemistry that 
monitors cellular metabolism as well as substrate supply 
and is thus able to identify both ischemic and nonischemic 
causes of cellular energy dysfunction and the ensuing met-
abolic crisis. Each of the biochemical substances measured 
in the clinical setting is a marker of a particular cellular 
process associated with glucose metabolism, hypoxia/isch-
emia, or cellular energy failure. In clinical practice, glu-
cose, lactate, pyruvate, glycerol, and glutamate are the 
variables most commonly measured, although the latter 
two are considered less useful in facilitating clinical deci-
sion-making. Glucose is the main substrate for brain 
metabolism, and periods of low cerebral glucose concentra-
tion, as well as elevated lactate- to-pyruvate ratio (LPR), are 
associated with unfavorable outcome after TBI. However, 
increased LPR may result from both ischemic and nonisch-
emic causes, with an elevated LPR in the presence of low 
pyruvate (and brain tissue oxygen tension) indicating clas-
sic ischemia, whereas elevated LPR in the presence of nor-
mal or high pyruvate indicates a nonischemic cause, i.e., 
mitochondrial dysfunction.

CMD has been most widely used in the critical care man-
agement of TBI and SAH (Table 94.3), and although most 
evidence of its clinical use relates specifically to these two 

conditions, the use of CMD can be considered in all patients 
at risk of developing cerebral hypoxia/ischemia, cellular 
energy failure, and glucose deprivation.

CMD-derived values that are usually recommended to 
guide clinical intervention are glucose <0.8  mmol/L and 
LPR >40, although a lower LPR threshold is recommended 
by some. When interpreting an elevated LPR, lactate concen-
tration >4 mmol/l is generally considered abnormal.

To perform CMD, a miniature microdialysis catheter is 
placed into brain tissue, and diffusion of molecules across the 
semipermeable dialysis membrane at its tip allows collection 
of substances that pass from the brain extracellular fluid into 
the dialysis fluid. Concentrations of glucose, lactate, pyru-
vate, glycerol, and glutamate can be measured in a semiauto-
mated analyzer at the bedside. Placement of the catheter in 
“at-risk” tissue is generally advocated, to facilitate assess-
ment of biochemical changes in the region most susceptible 
to secondary injury. In patients with diffuse injury, placement 
in the right (non-dominant) frontal lobe is advised.

 Complications Associated with Intracranial 
Monitors

Of the four intracranial monitors discussed in this chapter, it 
is EVDs that pose the biggest challenge in the prevention and 
management of complications. The three most important 
complications are infection, hemorrhage, and malposition-
ing/malfunctioning. The epidemiology, prevention, diagno-
sis, and management of these complications are now each 
discussed in turn. Given that the insertion techniques and 
safety profiles of intraparenchymal ICP monitors, PbtO2, and 
CMD probes are similar, for the remainder of this chapter, 
they are discussed collectively.

Table 94.3 Indications for cerebral microdialysis

Indication Comments
Traumatic brain injury The most studied indication, along with SAH. Recommended in the consensus statement from the 

2014 International Microdialysis Forum. Evidence supporting CMD use in TBI from studies on the 
subjects of outcome and prognostication, early warning system of secondary insults, monitoring and 
treatment of low cerebral glucose/guiding systemic glucose management and insulin use, monitoring 
during CPP augmentation/reduction, monitoring during neurological wake-up test, evaluating the 
effects of body temperature on cerebral chemistry, and monitoring after decompressive craniectomy

Aneurysmal subarachnoid hemorrhage The most studied indication, along with TBI. Recommended in the Consensus Statement from the 
2014 International Microdialysis Forum. Evidence supporting CMD use in SAH from studies on the 
same subjects as TBI (above), plus: deciding on transfusion thresholds

Intracerebral hemorrhage Limited evidence supporting these indications at present

Acute ischemic stroke

Hepatic encephalopathy

Epilepsy

Intraoperatively during neurosurgical 
procedures

Limited and low-quality evidence supporting the use of CMD for diagnostic purposes during 
neurosurgery. Furthermore, the temporal resolution of the only commercially available clinical 
system (hourly sampling rate) unlikely to be adequate for intraoperative monitoring

94 Intracranial Monitors in Neurosurgical Critical Care
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 Infection

 External Ventricular Drains

 Epidemiology
CSF infection is a primary concern following EVD place-
ment, as it is associated with increased mortality and mor-
bidity. Ventriculostomy-related infection (VRI) is more 
likely in the presence of specific risk factors (Table  94.4). 
Variations in insertion and management practices, study 
design, and methodologies, as well as a lack of universal 
agreement on specific diagnostic criteria, likely contribute to 
the wide variation in VRI rates in the literature (0–32%). 
However, most commonly, rates of 10% or less are reported, 
and a recent meta-analysis of 33 studies including 9667 
cases of EVD placement found a pooled infection incidence 
rate of 7.9% (95% confidence interval [CI] 6.3–9.4).

 Prevention
There are several measures which can be taken to reduce the 
chance of VRI (Table  94.5). As shown in a recent meta- 
analysis of 7 randomized and 29 non-randomized studies 
including 16,796 ventriculostomies, use of an antimicrobial 

(antibiotic- or silver)-impregnated catheter reduces the over-
all incidence of VRI compared to plain catheters (relative 
risk [RR] 0.44, 95% CI 0.35–0.56), although no difference in 
all-cause mortality was found. Although only half of the 
included studies provided data on specific bacterial species 
and Gram-positive/Gram-negative status, in subgroup analy-
ses antimicrobial-impregnated catheters did not appear to 
reduce infections associated with Gram-positive bacteria, all 
staphylococci, coagulase-negative Streptococcus, and 
Staphylococcus aureus. Interestingly, antimicrobial- 
impregnated catheters were associated with an increased risk 
of methicillin-resistant Staphylococcus aureus (MRSA; RR 
2.64, 95% CI 1.26–5.51), nonstaphylococcal (RR 1.75, 95% 
CI 1.22–2.52), and Gram-negative (RR 2.13, 95% CI 1.33–
3.43) infections. There is insufficient evidence to recom-
mend one specific type of antimicrobial catheter over another 
or to evaluate the relative effectiveness of different antibiot-
ics contained in the antibiotic-impregnated catheters.

Tunneling of the catheter subcutaneously has been shown 
in several studies to reduce the risk of VRI, and, although the 
optimal length of tunneling is unclear, extending tunneling to 
more than 10 cm away from the burr hole appears to offer no 
additional benefit. To prevent CSF leak, ensuring equiva-
lence of the dural puncture hole and catheter width at the 
time of EVD insertion is important, as is meticulous suturing 
of the skin after EVD removal.

Use of an EVD management bundle to standardize care 
has been shown to reduce CSF infection rates, with impor-
tance placed on aseptic insertion techniques, avoidance of 
manipulation of the EVD collection system unless absolutely 
necessary, and the use of sterile dressings. No recommenda-
tions about specific dressings can be made, owing to the lack 
of evidence for the relative effectiveness of different types of 
dressing in reducing infection. It is recommended that rou-
tine CSF sampling should be avoided except where clinically 
indicated; the use of antimicrobial-impregnated catheters 
means routine sampling is less likely to produce clinically 
useful information. There is currently no strong evidence to 
suggest that the use of antibiotics for the duration of EVD 
placement is superior to periprocedural administration alone, 
and in fact the former may increase the risk of resistant 
organisms developing as well as Clostridium difficile colitis. 
As such it is recommended that only one dose is given, prior 
to EVD insertion. The choice of specific antibiotic should be 
dictated by local antibiograms. Routine antibiotic prophy-
laxis in the presence of CSF leak without any evidence of 
CSF infection is not recommended.

The decision about how long to keep a ventricular cath-
eter in situ is particularly contentious. There is a recognized 
association between the duration of catheter placement and 
infection risk. However, the relationship is not necessarily 
linear, and studies performed to date have shown that, 
1  week after catheter insertion, infection risk can either 

Table 94.4 Some of the risk factors for CSF infection following EVD 
insertion

Subarachnoid hemorrhage
Intraventricular hemorrhage
Systemic infection
Craniotomy and other neurosurgical procedures
Repeated manipulations of the EVD system for flushing and/or CSF 
sampling
Cranial fracture with CSF leak
CSF leak around the EVD site
Duration of placement

Table 94.5 Advice to reduce infection risk during the management of 
external ventricular drains

Periprocedure
  Adhere to a standardized EVD management bundle
  Administer one dose of periprocedural intravenous antibiotics
  Use antimicrobial-impregnated catheters
  Cleanse the EVD catheter insertion site using an antimicrobial 

agent at the time of insertion
  Couple the dural puncture hole and catheter width at the time of 

EVD insertion
  Tunnel the catheter subcutaneously
  Use antibiotic-impregnated sutures for wound closing
  Use standardized sterile dressings
Post-insertion
  Adhere to a standardized EVD management bundle
  Avoid routine CSF sampling, obtaining CSF only when clinically 

indicated
  Avoid routine changing of catheters and catheter sites
  Remove the EVD as soon as the clinical situation allows
  Suture the skin meticulously following EVD removal

M. A. Kirkman
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increase, decrease, or plateau. Furthermore, the routine 
changing of catheters and catheter sites is not recom-
mended, as there is no convincing evidence that routinely 
changing catheter sites reduces the risk of VRI, and there is 
evidence that catheter changes can increase the risk of 
infection. Taken together, it is therefore difficult to provide 
a recommendation on the maximum length of time a cath-
eter should stay in prior to being replaced, but EVDs should 
definitely be removed as early as the clinical situation 
allows.

 Diagnosis
Despite EVDs being commonly used in neurocritical care 
settings, there is no consensus on specific diagnostic criteria 
for VRI. Although positive CSF Gram stain and CSF culture 
are the gold standard for diagnosing VRI, false-negative 
Gram stains occur commonly (even in culture-positive 
CSF), and CSF cultures can be affected by concomitant 
antibiotic therapy. In addition, organisms can colonize the 
catheter or contaminate the CSF without resulting in an 
infection, and infection is not the only cause of CSF inflam-
mation. Although timely treatment with appropriate antimi-
crobials is key to the successful treatment of VRI, it takes 
several days to receive a definitive CSF culture result. 
Nosocomial ventricular drainage- related infections are 
often difficult to diagnose because of nonspecific CSF find-
ings, subtle signs of infection, and slow-growing and fas-
tidious microorganisms delaying identification of pathogens 
and appropriate treatment.

Clinical signs of VRI include fever, tachycardia, tachy-
pnea, meningismus, a reduced level of consciousness, and 
photophobia. Muscle rigidity and seizures may also be pres-
ent. However, clinical signs may be subtle, particularly in the 
early stages. Three findings in the CSF can support the diag-
nosis of ventriculitis in susceptible patients: elevated (100–
5000) polymorphonuclear leukocytes, decreased glucose 
(<40 mg/dL), and elevated protein. Serum white blood cell 
(WBC) count and C-reactive protein (CRP) do not appear to 
facilitate the diagnosis. The CSF cell index – calculated as 
the ratio of leukocytes to erythrocytes in CSF divided by the 
ratio of leukocytes to erythrocytes in peripheral blood – was 
developed to account for the dilution effect of CSF hemor-
rhage seen in intraventricular hemorrhage (IVH) on the 
increase in CSF white blood cells. The cell index should 
equal one at the time of IVH onset, as the CSF relationship 
of leukocytes to erythrocytes should be equal to that in 
peripheral blood.

A significant rise in the cell index has been shown to 
occur 3 days before the conventional diagnosis of catheter- 
related ventriculitis in one prospective study of 13 patients 
with EVDs placed for IVH.  However, recent retrospective 
data from 39 patients with EVDs and proven CSF infection 
showed no significant increase in the cell index at the time of 

EVD insertion compared to 48 h before the occurrence of 
infection and the time culture-proven infection. Although 
these data cast doubt on the sensitivity of the cell index, it 
remains widely used; a stagnant cell index cannot rule out 
VRI, but an increased cell index does support a diagnosis of 
VRI.

Taken together, these findings support the notion that 
diagnosing VRI should primarily rely on the clinical picture 
of the patient and the results of CSF Gram stain and cultures. 
It is possible that in the future CSF cytokines and other 
inflammatory markers may allow a more accurate biochemi-
cal diagnosis of CSF infection, but at present data on these 
are limited.

 Crisis Management
There is no consensus on what constitutes optimal treat-
ment of VRI. Initial management of the febrile patient with 
an EVD in whom VRI is suspected should, as a minimum, 
include obtaining a CSF sample for Gram stain and culture, 
as well as peripheral blood cultures. There is no robust evi-
dence to support a specific antimicrobial or duration of 
treatment, and decisions should be made using local guide-
lines with microbiology input. Ventriculitis most frequently 
involves Gram-positive organisms; however, if the CSF 
fluid sample is particularly purulent, treatment should be 
initiated immediately with a broad-spectrum antimicrobial 
agent that covers resistant Gram-positive and Gram-
negative bacteria. Intraventricular antimicrobial therapy for 
VRI results in faster sterilization of CSF and normalization 
of CSF microscopy, and it is recommended as a treatment 
in those who fail to respond to intravenous antimicrobials 
alone or when organisms have a high minimum inhibitory 
concentration (MIC) to antimicrobials that do not achieve 
high CSF concentrations – particularly multidrug-resistant 
organisms.

For an optimal response to treatment of the infection, it 
is often necessary to remove any infected hardware, which 
should be replaced or externalized when necessary and 
appropriate. Some clinicians base their decision about 
catheter removal on the causative organism, particularly 
since Gram-negative bacterial infections are associated 
with a high frequency of relapse if the catheters are 
retained.

 Intraparenchymal ICP, PbtO2, and CMD Probes

 Epidemiology
Infection rates associated with intraparenchymal ICP, 
PbtO2, and CMD probes are lower than for EVDs. In a 
single-center series of 61 patients undergoing multimodal-
ity monitoring with various combinations of neuromoni-
toring devices (including ICP, PbtO2, and CMD) for a 
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range of acute brain pathologies, an infection rate of 4% 
was reported when excluding patients with EVDs in situ. 
However, these data did not identify device- or monitoring 
modality-specific risks. Other (largely retrospective) data 
specifically focusing on intraparenchymal ICP probes sug-
gest the infection rates following intraparenchymal ICP 
monitor insertion, including superficial infection and 
intracranial abscess, are low (0–2.9%). There are no robust 
data to suggest any significant variation in infection rates 
between specific intraparenchymal ICP devices. Most 
series of patients undergoing PbtO2 monitoring report a 
0% infection rate associated with PbtO2 probe insertion 
although, relative to ICP monitoring, it is a new monitor-
ing modality and data are limited. Similarly, relevant stud-
ies on CMD are limited, but data from a retrospective 
analysis of 174 consecutive patients from one center who 
underwent CMD reported a 0% infection rate.

 Prevention
Unlike for EVDs, there is no robust evidence suggesting 
that duration of intraparenchymal probe placement influ-
ences infection risk, even in patients undergoing long-term 
ICP monitoring. Nevertheless, the infection risks of intra-
parenchymal monitoring can be minimized through follow-
ing a strict aseptic insertion technique and, following 
insertion, avoiding handling of the monitor unless abso-
lutely necessary. Routine prophylactic antibiotics are not 
recommended.

 Diagnosis
Clinical features of an infected intraparenchymal monitor 
tend to be subtler than those associated with VRI. Nevertheless, 
the patient may present with clinical signs of infection (e.g., 
fever, tachycardia, tachypnea) and other features of cerebritis 
or abscess such as headaches, focal neurological deficits, sei-
zures, behavioral changes, meningismus, and nausea/vomit-
ing. Cutaneous involvement is often apparent through local 
erythema and/or pus. In cases of suspected infection, con-
trast imaging should be performed to look for a ring- 
enhancing lesion suggesting intracranial abscess. Ultimately, 
however, confirmation of an infection is only possible 
through microbiological analysis of a sample (which may 
include the device itself).

 Crisis Management
Replacement or removal of the device is often recommended, 
as well as commencement of intravenous antibiotics in line 
with local guidelines and microbiology advice. Neurosurgical 
opinion should be sought, particularly in the presence of a 
deep-seated infection.

 Hemorrhage

 External Ventricular Drains

 Epidemiology
Owing in part to heterogeneity in study design, methodol-
ogies, and definitions, there is wide variation in the 
reported estimates of bleeding risk associated with EVD 
insertion (0–41%). Although it is important to recognize 
that subdural hematoma(s) may develop as a result of CSF 
overdrainage and that hemorrhage may be associated with 
removal of the ventricular catheter, studies evaluating 
bleeding risk associated with EVDs have tended to focus 
on bleeding resulting directly from insertion of the ven-
tricular catheter – which is the focus of the remainder of 
this chapter. Detailed thromboprophylaxis management 
for patients with EVDs (and intraparenchymal monitors) is 
beyond the scope of this chapter, and the reader is referred 
to Chap. 83 of this book and also to Neurocritical Care 
Society guidelines on the insertion and management of 
EVDs (Fried et  al. 2016  – see “Suggested Reading” 
below).

Key Points
Infection
• Infectious complications of intracranial monitors 

can be reduced by several means, including use of a 
standardized management bundle for EVDs.

• When an EVD is required, use of an antimicrobial- 
impregnated catheter is strongly recommended.

• Periprocedural antibiotics are recommended for 
EVD insertion, but otherwise prophylactic antibiot-
ics are discouraged for any type of intracranial 
monitor.

• Routine changing of catheters and catheter sites is 
not recommended.

• Clinical signs of infection associated with intracra-
nial monitoring devices may be subtle.

• CSF analysis and culture are crucial to confirming 
the diagnosis and optimizing the management of 
VRI.

• Early broad-spectrum treatment should be initiated 
in the presence of infection associated with intra-
cranial monitoring.

• To minimize infection risks, intracranial monitoring 
devices should be removed as soon as the clinical 
situation allows.

M. A. Kirkman
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Many studies may underestimate the risk of hemorrhage 
following EVD insertion, as frequent or systematic imaging 
surveillance is not common. It is also important to note that 
not all placement-associated hemorrhages are symptomatic, 
and life-threatening hemorrhage is extremely uncommon. A 
recent meta-analysis of 18 studies including 2829 cases of 
EVD placement found a pooled hemorrhage incidence rate 
of 8.4% (95% CI 5.7–11.1) and pooled symptomatic hemor-
rhage incidence rate of 0.7% (95% CI 0.4–1.1).

 Prevention
To date, there are no well-designed studies that address 
potentially modifiable risk factors for placement-associated 
hemorrhage such as blood pressure at the time of insertion, 
coagulopathy, and the number of attempts before success-
ful cannulation. Reversal of coagulopathy according to 
local protocols prior to EVD insertion should be performed 
in all cases except dire emergencies, as it has been shown 
that hemorrhage rates are higher in patients with coagulop-
athy. To minimize the risk of bleeding in neurosurgical pro-
cedures, a platelet count of 100,000/mm3 has been 
recommended as the appropriate threshold for transfusion.

 Diagnosis
Whether or not a patient presents clinically with EVD, 
placement- associated hemorrhage is dependent on several 
factors, including whether the patient is fully awake or 
sedated/anesthetized and the size and location of the hemor-
rhage. Bleeding may occur within the ventricular system and/
or anywhere along the tract of the ventricular catheter, includ-
ing extra-axially. In asymptomatic patients, EVD placement-
associated hemorrhages are often detected incidentally on 
postoperative imaging. Bleeding may present clinically with 
seizures or reduced consciousness and, if affecting critical 
brain anatomy, may lead to the patient developing neurologi-
cal deficits; in such instances, immediate computed tomogra-
phy (CT) imaging of the head is indicated. EVD 
placement-associated hemorrhage may be detected through 
darkening of the CSF passing into the EVD drainage system, 
even in the presence of pre-existing SAH/IVH.

 Crisis Management
In many cases, hemorrhage associated with EVD insertion 
can be managed conservatively, with either close neurologic 
monitoring if the patient is awake and responsive or with 
serial CT imaging if not. In some instances, for example, 
large superficial hematomas with mass effect, surgical evac-
uation of the hematoma may be required. If there is a large 
blood load within the ventricular system associated with 
incipient hydrocephalus, contralateral EVD insertion may be 
indicated. Decisions regarding the appropriateness and time-
liness of surgery in such instances should always involve 
local neurosurgical teams.

 Intraparenchymal ICP, PbtO2, and CMD Probes

 Epidemiology
Hemorrhages associated with intraparenchymal devices are 
often located within the parenchyma adjacent to the monitor-
ing device, but extra-axial hematomas can also occur. The 
bleeding risk associated with intraparenchymal monitoring 
devices is largely considered to be lower than that for EVDs, 
with no robust data to suggest any significant variation 
between specific devices. In a series of 61 patients undergo-
ing different combinations of multimodality monitoring, 
including the three intraparenchymal probes discussed here, 
a hemorrhage rate of 3% was reported, but device- or moni-
toring modality-specific risks were not described. Reported 
rates of hemorrhage specifically associated with intraparen-
chymal ICP monitors vary between 0–10.7%, but rates in 
patients with known coagulopathies can be higher. Data 
from a prospective study of 1000 patients undergoing intra-
parenchymal ICP monitoring found a hemorrhage risk of 
2.5%, with symptomatic hemorrhages occurring in 0.6%. 
Observational studies of patients undergoing PbtO2 monitor-
ing report hemorrhage rates of 1.7–2.9%, with very few 
cases of symptomatic hemorrhage reported in the literature. 
Data on CMD probe-related hemorrhage are limited, 
although a retrospective single-center study of 174 patients 
undergoing CMD reported a 0% hemorrhage risk.

 Prevention
As for EVD insertion, coagulopathy should be corrected, and 
platelet count should be 100,000/mm3 or higher prior to intra-
parenchymal probe insertion in all but the most urgent of cases, 
to minimize the risks of placement-related hemorrhage.

 Diagnosis
Most hemorrhages associated with intraparenchymal moni-
tors are asymptomatic, and most patients undergoing intra-
parenchymal ICP monitoring, PbtO2 monitoring, or CMD 
are sedated, anesthetized, or otherwise neurologically 
impaired. Thus, many hemorrhages associated with intrapa-
renchymal monitors are detected incidentally on postopera-
tive imaging. However, placement-associated hemorrhages 
may present with seizures, reduced consciousness, or, if the 
hemorrhage affects critical brain anatomy, neurological def-
icits. Any patient suspected of having placement-related 
hemorrhage should undergo CT imaging of the head.

 Crisis Management
As for EVDs, in many cases intraparenchymal probe 
placement- associated hemorrhage can be managed conserva-
tively, with either close neurologic monitoring if the patient is 
awake and responsive or with serial CT imaging if not. It is 
extremely uncommon for a hemorrhage resulting from an 
intraparenchymal pressure monitor to require surgical  
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intervention, although potential cases should always be dis-
cussed with the local neurosurgical department.

 Malpositioning/Malfunctioning

 External Ventricular Drains

 Epidemiology
Malpositioning of EVD catheters can increase morbidity and 
mortality through several means, including increasing time 
with untreated hydrocephalus, damage caused by passing 
through critical brain structures, and increasing the risk of 
complications (including infection) associated with multiple 
passes of the catheter. Reported rates of EVD malpositioning 
vary widely in the literature. One single-center retrospective 
review of 183 post-EVD insertion scans covering a 2-year 
period found that over 60% of EVDs were not situated in the 
desired target and that 40% of these required revision/rein-
sertion procedures. It is not uncommon for ventricular cath-
eters to become blocked, particularly after long-term use.

 Prevention
There is no robust evidence to support a relationship between 
an individual’s seniority or experience with inserting ventricu-
lar catheters and complication rates. Similarly, most evidence 
suggests that EVDs inserted in the neurocritical care unit, 
including by intensivists, are no more likely to result in com-
plications such as malpositioning or infection relative to those 
inserted in the operating room. Although there are a range of 
solutions designed to improve the accuracy of EVD insertion, 
including the use of intraoperative neuronavigation, data eval-
uating the outcome effects of these interventions are generally 
of low quality and lack meaningful comparison groups.

Following successful insertion, ventricular catheters can 
be dislodged/inadvertently externalized through nursing pro-

cedures and other interventions. It is therefore important to 
ensure the external part of the catheter is securely attached to 
the patient’s scalp at the time of insertion (e.g., through using 
a three-point suturing technique) and to avoid handling the 
EVD where possible.

 Diagnosis
Catheter malpositioning can be detected in several ways 
(Table 94.6), but a malpositioned catheter whose tip is lying 
in the subarachnoid space may allow CSF drainage, and such 
instances may only be detected incidentally on post-insertion 
imaging. A loss of CSF output from a previously functioning 
EVD should raise suspicions of a dislodged/inadvertently 
externalized EVD, although other causes such as catheter 
blockage should also be ruled out (Fig. 94.1).

 Crisis Management
EVDs that are suboptimally placed but still functioning do 
not usually require revision. However, a nonfunctioning 
EVD requires further evaluation (Fig. 94.1), including con-
sideration of whether or not the EVD is still required.

 Intraparenchymal ICP, PbtO2, and CMD Probes

 Epidemiology
Malpositioning of intraparenchymal ICP, PbtO2, and 
CMD probes is less studied than malpositioning of EVD 
catheters, and, for PbtO2 and CMD probes, it is generally 

Table 94.6 Potential indicators of malpositioned or malfunctioning 
intracranial monitoring devices

External ventricular drain
  Attenuated CSF output into the drainage system
  Absent or unexpected ICP readings
  Absent or unexpected ICP waveform
  Inadequate responsiveness of ICP readings to stimulated increases 

in ICP (e.g. through applying abdominal pressure)
  Neurological signs/symptoms (typically in the awake patient) if 

the catheter has passed through critical brain structures
Intraparenchymal ICP monitor
  Absent or unexpected ICP readings
  Absent or unexpected ICP waveform
  Inadequate responsiveness of ICP readings to stimulated increases 

in ICP (e.g., through applying abdominal pressure)
  Neurological signs/symptoms (typically in the awake patient) if 

the device has passed through critical brain structures
Brain tissue oxygen monitor
  Absent PbtO2 readings
  Unexpected PbtO2 readings (at least 1 h after insertion)
  Inadequate responsiveness of PbtO2 readings to an oxygen 

challenge
  Neurological signs/symptoms (typically in the awake patient) if 

the device has passed through critical brain structures
Cerebral microdialysis
  Unexpected results
  Neurological signs/symptoms (typically in the awake patient) if 

the device has passed through critical brain structures

Key Points
Hemorrhage
• To minimize bleeding risk, coagulation parameters 

should be normal, and the platelet count should be 
100,000/mm3 or higher before placement of an 
intracranial monitor, except in dire emergencies.

• Small hemorrhages are common, and most hemor-
rhages are asymptomatic, detected incidentally on 
post-insertion imaging.

• In the awake and responsive patient, serial neuro-
logic examinations may help monitor for hemor-
rhage progression; in others, serial imaging is 
advised.

• Larger hematomas with mass effect may require 
neurosurgical intervention.

M. A. Kirkman
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recommended that correct probe placement is confirmed 
with a cranial CT scan. Many centers routinely place intra-
parenchymal ICP and PbtO2 probes into frontal subcortical 
white matter, and malpositioned probes are a particular 
concern when more complex targets are chosen, such as 
the region surrounding a hemorrhage or contusion. 
Malfunctioning of intraparenchymal probes can result 
from probe and/or screw dislocation or defect and trans-
ducer/cable/fiber-optic damage. Rates of technical compli-
cations following intraparenchymal ICP monitor insertion 
vary widely from 0% to 25.4%. Reported rates of technical 
complications following PbtO2 probe insertion vary from 
5.9% to 17% and for CMD probes vary from 0% to 29%.

 Prevention
As for EVD insertion, no robust evidence supports a rela-
tionship between an individual’s seniority or experience with 
inserting intraparenchymal devices and complication rates. 
To prevent dislodgement/inadvertent externalization, the 
device should be securely attached to the patient’s scalp at 
the time of insertion (e.g., through using a three-point sutur-
ing technique), and subsequent handling of the probe and its 
connections should be avoided where possible. Although 
malfunctioning of intraparenchymal monitors is difficult to 
prevent, to improve detection of technical problems with 

PbtO2 probes, it is widely recommended that an “oxygen 
challenge” is performed post-insertion and thereafter on a 
daily basis to confirm probe function and responsiveness; a 
normal probe response is an increase of 200% or more from 
baseline PbtO2 following an increase in FiO2 to 1.0 for 
approximately 20 min, although impaired pulmonary func-
tion can affect responsiveness.

 Diagnosis
Malfunctioning or malpositioned intraparenchymal moni-
tors may be detected in several ways (Table 94.6), although 
many malpositioned intraparenchymal monitors are 
detected incidentally on post-insertion imaging. Suspicions 
of a malfunctioning or malpositioned intraparenchymal 
probe should prompt the clinician to perform a visual 
examination of the external hardware, and if this appears 
satisfactory, a CT of the head should be performed to check 
probe positioning and for any disconnection. It must be 
remembered that PbtO2 readings are expected to be unreli-
able for approximately the first hour after insertion, due to 
the “run-in” period.

 Crisis Management
If the positioning of the intraparenchymal monitoring device 
is suboptimal but continues to give reliable readings, revision 

Fig. 94.1 Example of a 
management algorithm for an 
external ventricular drain 
(EVD) that is not functioning
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is not usually required. However, if the device is nonfunction-
ing and is still required for ongoing monitoring, it should be 
replaced under strict aseptic conditions.
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Central Nervous System Infection 
in Neurosurgical Critical Care

David W. Van Wyck and Michael L. James

 Overview

Postoperative CNS infection following neurosurgical pro-
cedures has been reported to occur at rates ranging between 
0.2% and 6% when perioperative prophylaxis is utilized. 
Older studies reported higher rates, but many did not 
include antibiotic prophylaxis. CNS infections are associ-
ated with prolonged hospitalizations, high readmission or 
reoperation rates, and increased risk of disability or death. 
The most common presentations of these infections include 
surgical site infections, meningitis, subdural empyema, and 
epidural, cerebral, or spinal abscess. Early infection can 
sometimes be difficult to detect clinically, as the symptoms 
often overlap with typical postoperative symptoms. 
Surgical site infections are often treated with a short course 
of antibiotics or wound debridement but can sometimes 
require more complex treatment if infections move to 
deeper tissues. Less commonly, intracranial infections, 
such as meningitis, subdural empyema, or brain abscess, 
must be identified as early as possible to prevent irrevers-
ible neurological injury through aggressive treatment 
courses. Finally, surgical infections after spine surgery may 
involve intervertebral disc space infection (diskitis), osteo-
myelitis, or spinal epidural abscess. Early identification of 
spinal epidural abscess is important since outcomes are 
related to the severity of neurological symptoms at 
presentation.

Cerebral angiography and neurointerventional therapies 
are being increasingly utilized by neurosurgeons in patient 
care. Scant data currently exist regarding the risk of CNS 

infection associated with these procedures. Despite this, risk 
of CNS infections with these procedures appears low, and no 
recommendations for prophylaxis with these procedures cur-
rently exist.

Risk factors associated with postoperative neurosurgical 
infections vary among studies and appear to be dependent on 
the study design. Risk factors which consistently recur in the 
literature with stronger associations include cerebrospinal fluid 
(CSF) leakage, preoperative traumatic injury, prolonged sur-
gery, early reoperation, entry into the paranasal sinuses, and 
use of external ventricular drainage devices (EVDs), dural sub-
stitutes, and craniotomy as the surgical method. In spinal sur-
geries, surgery in the lumbar and sacral regions is associated 
with higher risk of infection than those in cervical or thoracic 
regions. Other risk factors reported in the literature include 
male sex, extremes of age, prior neurosurgery, the operating 
surgeon, a history of diabetes, use of perioperative steroids, 
immunocompromised states and malignancy, meningioma as 
the diagnosis, and wound closure with staples, though many of 
these are less well established. The use of prophylactic antibi-
otics has been shown to decrease the risk of infectious compli-
cations in high- and low-risk patients after neurosurgery and is 
now standard practice in most institutions.

 Prevention

Perioperative antibiotic prophylaxis has been shown to lower 
the incidence of scalp and bone flap infections, subdural empy-
ema, and abscess in neurosurgical patients, but does not reduce 
rates of postoperative meningitis. The routine use of prophylac-
tic antibiotics is supported through retrospective, prospective, 
and meta-analysis showing a reduction in postoperative infec-
tions in patients at both low and high risks for complications. 
Prophylaxis extending beyond 24 h after surgery is associated 
with higher incidence of infection with resistant organisms and 
higher mortality in those who became infected. Thus, periproce-
dural prophylaxis is  supported over extended antibiotic prophy-
laxis. For routine neurosurgical procedures, first-generation 
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cephalosporins (i.e., cefazolin 2–3 g IV (depending on patient 
weight) given 60 min prior to incision; redose if surgery goes 
beyond 4 h) are often used to target common skin colonizers, 
gram- positive cocci (Staphylococcus aureus and Staphylococcus 
epidermidis). Neurosurgical patients who have experienced 
prolonged hospitalization prior to surgery are at higher risk for 
infection with methicillin-resistant S. aureus, vancomycin- 
resistant Enterococcus, or gram-negative organisms. Thus, van-
comycin IV 1  g q12h and ceftazidime IV 2  g q8h for 72  h 
post-operation are examples of commonly used regimen in such 
scenarios. Furthermore, trauma patients may require broad-
spectrum coverage to include anaerobic coverage (i.e., metroni-
dazole 500 mg IV q6h), particularly when penetrating injury is 
present. In any patient who is felt to be at high risk for infection 
from non-cutaneous or less commonly encountered organisms, 
consultation with an infectious disease specialist is advised.

Infection rates associated with the placement of EVDs are 
reported to be between 0% and 22%. However, the use of cath-
eters impregnated with antibiotics or coated with silver 
nanoparticles is increasing in the hopes of reducing the risk of 
catheter-associated meningitis and ventriculitis. Results of ran-
domized control trials and retrospective showing a reduction in 
positive CSF cultures with the use of such devices should be 
interpreted with caution. Antibiotic-impregnated catheters may 
suppress otherwise positive culture results when CSF is drawn 
through them. If antibiotic-impregnated catheters are not used, 
use of continuous prophylactic antibiotics after drain place-
ment appears largely institution and physician dependent. 
Current evidence for this practice is conflicting and likely of no 
benefit beyond sterile insertion and handling. Likewise, data 
comparing infection rates between standard drainage catheters 
with prophylactic antibiotic use and antibiotic-impregnated 
catheters is scant. Another unsettled issue is the possible asso-
ciation between duration of catheter use and risk of infection. 
While a number of studies have reported increased risk of 
infection with catheters left in place for more than 5–9 days, 
several other studies have shown no relationship between dura-
tion and infection. Other monitoring devices, such as intracra-
nial bolts for pressure monitoring and lumbar CSF drains, have 
a lower reported incidence of associated infections at 0–4% 
and 3–5%, respectively. Risk of infection with lumbar CSF 
drains may increase risk with puncture site CSF leaks and dura-
tion of use longer than 4 days. Additionally, continuous pro-
phylactic antibiotic use for lumbar CSF drains does not appear 
to reduce the incidence of infection. In all cases, anti- infective 
protocols should involve sterile procedures at placement, mini-
mal CSF sampling that occurs only under sterile conditions, 
and maintenance of insertion site cleanliness.

Systemic complications can also increase the risk for 
postoperative CNS infections. Maintaining perfusion, tem-
peratures, metabolism, and nutrition within physiologic 
parameters is recommended. Hyperglycemia should be 
avoided to reduce the risk of systemic infections and possible 
seeding from remote infection sites.

A summary of the efficacy of antibiotic prophylaxis in 
several common neurosurgical procedures is summarized in 
Table 95.1.

 Evaluation and Management 
of Postoperative CNS Infections

 Surgical Site and Bone Flap Infections

 Pathophysiology and Clinical Presentation
• Involves superficial complications or those that occur out-

side the cranial vault such as wound necrosis and/or 
impaired wound healing and subgaleal infection.

Table 95.1 Prevention of postsurgical infections

Specific 
indication

Efficacy of prophylactic antibiotics/
recommendations

Craniotomy Efficacy established. Reduces rates of scalp and 
bone flap infections, empyema, and abscess
Recommended dose: cefazolin 1–3 g IV 60 min 
prior to incision (depending on patient size)
Alternative dosing: vancomycin 1–2 g IV 
(depending on patient size) 2 h prior to incision 
(beta-lactam allergies, high risk for MRSA)
No benefit in reducing rate of postoperative 
meningitis

Spinal surgery Efficacy established; reduces superficial and 
deep complications
Recommended dose: cefazolin 1–3 g IV 60 min 
prior to incision (depending on patient size)

Placement of 
CSF shunt

Efficacy established; ~50% reduction in infection 
rate
Recommended dose: cefazolin 1–3 g IV 60 min 
prior to procedure (depending on patient size)

Basilar skull 
fractures with or 
without CSF leak

No evidence for routine use of prophylactic 
antibiotic

EVD Controversial – studies suggesting beneficial 
effect but no definitive evidence
Single dose at time of insertion more common 
than continued coverage (avoid resistant 
microorganisms)
Recommended dose: cefuroxime 1.5 g IV q8h × 
24 h periprocedurally
Other preventative measures
No difference in infection rate for ICU vs. 
operating room insertion
Technique – strict aseptic technique, tunneling of 
catheter away from insertion site and minimal 
entry into system (i.e., CSF sampling only when 
clinically indicated) associated with decreased 
infection rates
Use of drug-impregnated catheters appears to 
reduce the risk of EVD-associated infections
Routine catheter exchanges do not decrease the 
risk of infection

Lumbar drain Efficacy not established; infection risk may 
increase after 4 days

Intracranial 
pressure monitors

No consensus. Low overall risk for infectious 
complications

D. W. Van Wyck and M. L. James
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• Most studies report an overall surgical site infection rate 
of 5–7%, generally higher after traumatic injury (up to 
10.1%).

• Bone flap infections make up 15–35% of all surgical site 
infections.

• Most commonly caused by gram-positive cocci: 
Staphylococcus aureus (75%) and Staphylococcus epi-
dermidis (11%). The most common gram-negative 
organism is Acinetobacter baumannii (14%). According 
to some studies, there may be a higher incidence of 
gram-negative infections in lumbar and sacral spinal 
surgery. This may reflect the predominant skin flora in 
that region, intraoperative inoculation, or postoperative 
contamination with organisms contained in fecal matter 
and urine.

• Risk factors: long-duration surgeries (>4 h), craniotomy 
as surgical method, lumbar or sacral region surgery, pro-
longed hospitalization, reoperation, prior irradiation, 
immunosuppressive medical conditions, use of drains/
foreign body, dural substitutes, wound closure with sta-
ples, diagnosis of meningioma.

• Can result in cranial osteomyelitis or meningitis if unrec-
ognized and/or untreated.

 Patient Assessment
• Fever, local erythema, tenderness, wound dehiscence, ± 

purulent discharge.
• Symptoms typically manifest after 48 h, but can take days 

or weeks to develop.

 Intervention
• Skull films or computed tomography (CT) with bony win-

dows if there is concern for osteomyelitis.
• Fluctuance deep to the wound requires surgical drainage 

and debridement of tissue.
• Obtain wound culture to determine etiologic organism 

and to determine specific antibiotic regimen.
• Treat empirically for gram-positive organisms with first- 

generation cephalosporins (e.g., cefazolin 2 g IV q8h).
• Await cultures if patient is not toxic appearing before 

starting antibiotics. Tailor antibiotic regimen to culture 
and sensitivity results.

• Bone flap is devascularized and consequently more at risk 
for infection therefore warranting aggressive therapy: 
removal of bone flap, prolonged systemic antibiotics 
(4–6  weeks), and delayed cranioplasty after infection 
eradicated.

• There has been some renewed interest in recent years in 
antibiotic irrigation, such as a wash-in-wash-out irriga-
tion systems to continuously infuse an antibiotic (e.g., 
vancomycin 500 mg/L infused at 10 mL/h per drain for 
5 days) through the epidural and subgaleal spaces, con-

stantly bathing infected material in antibiotic solution in 
hopes of salvaging bone flaps.

 Postoperative Meningitis and Ventriculitis

 Pathophysiology and Clinical Presentation
• Inflammation of the meninges or ventricular lining, 

respectively.
• Overall incidence of postoperative bacterial meningitis or 

ventriculitis is 0.3–8%. Most studies report a rate <5%.
• Mortality rate: approx. 20%.
• Risk factors: device-related communication between the 

CSF and external environment (CSF shunts, ventricular 
drainage catheters), posterior fossa surgery, CSF leaks, 
perioperative steroid use.

• Common organisms in healthy patients reflect skin flora: 
S. aureus (90%), S. epidermidis, and Proprionibacteria 
seen with ventriculoperitoneal shunts.

• Consider gram-negative organisms in patients with 
extended hospital stays and organisms prevalent to hospi-
tal environment.

• Clinical manifestations are nonspecific and may overlap 
with neurological abnormalities expected in the postop-
erative period.

• The most common symptoms are fever and an altered 
level of consciousness +/− meningismus.

• Approximately 10% of patients with bacterial meningitis 
will present with seizures.

• Between 10% and 20% of patients may also have cranial 
nerve deficits, particularly cranial nerves III, VI, and VII.

 Patient Assessment
• CNS imaging prior to lumbar puncture in patients who 

have undergone recent craniotomy.
• CT – expected postsurgical changes in most patients may 

show leptomeningeal enhancement if contrasted study is 
performed.

• Magnetic resonance imaging (MRI) – meningeal enhance-
ment especially apparent in coronal sections. Also sensi-
tive for discovering potential sources of bacterial 
invasions, such as osteomyelitis or sinusitis. In the case of 
ventriculitis, there is often abnormal periventricular or 
subependymal signal intensity and enhancement of the 
ventricular lining.

• CSF analysis
 – Polymorphonuclear leukocytosis (WBC >1000 cells/

mm3; 90% polymorphic neutrophils) is suggestive of a 
bacterial etiology. In blood contaminated CSF (e.g., 
traumatic puncture, subarachnoid hemorrhage, etc.), 
the ratio of leukocytes to erythrocytes in CSF versus 
whole blood (cell index) should be considered. A cell 
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ratio of WBC/RBC ≤1:100 is unlikely in bacterial 
meningitis. A CSF WBC/RBC ratio ≥1:100 should 
raise concern for underlying infection).

 – Increased protein (>150  mg/dL; nonspecific, present 
with disruption of blood–brain barrier).

 – Decreased glucose (<40  mg/dL; CSF/serum glucose 
ratio <0.4 has a sensitivity of 77% and specificity of 
87% for bacterial meningitis).

 – Gram stain and culture for diagnosis (60% and 80% 
yield drops, respectively, with perioperative 
prophylaxis).

 – Increased CSF lactate (>4  mmol/L; high specificity 
and sensitivity for bacterial meningitis). The CSF con-
centration of lactate is independent of serum lactate 
and is believed to be elevated due to anaerobic glycol-
ysis occurring in brain tissue secondary to decreased 
cerebral blood flow and oxygen uptake. This rapid, 
inexpensive assay may help identify bacterial causes 
of meningitis.

• Antibiotics can be initiated prior to obtaining CSF sam-
ple. A short course of antibiotics prior to CSF sampling 
does not alter CSF WBC count, glucose, or protein, and 
cultures remain positive.

• Routine surveillance of CSF to help identify infection has 
not been shown to be more helpful in predicting infection 
than monitoring for clinical evidence of infection or fol-
lowing systemic white blood cell counts (WBCs).

Aseptic meningitis is a chemical irritation of the menin-
ges from blood or tumor antigens introduced into the sub-
arachnoid space at time of surgery and may account for up 
to 70% of postoperative meningitic symptoms. Aseptic 
meningitis has also been associated with longer operating 
times. CSF findings may be similar to those seen with post-
operative bacterial meningitis. Antibiotics are unhelpful, but 
patients show clinical improvement with corticosteroids. If 
CSF cultures are repeatedly negative and aseptic meningitis 
is the diagnosis, antibiotics can be discontinued.

 Intervention
• Removal of hardware (e.g., shunts) and other suspicious 

material (bone flap).
• Empiric antibiotic coverage: gram-positive (vancomycin 

1  g IV q12h) and gram-negative (third- or fourth- 
generation cephalosporin, e.g., ceftazidime 2 g IV q8h or 
cefepime 2 g IV q8h). Metronidazole 500 mg IV q6h can 
be added for anaerobic coverage.

• IV vancomycin at usual dosages can achieve therapeutic 
concentration in CNS for at least 72  h postoperatively 
(possibly due to damage to blood–brain barrier that occurs 
during neurosurgical procedures and lasts for days). Due 
to limited CSF penetration, some advocate the adminis-
tration of intraventricular vancomycin for EVD- associated 
staphylococcal ventriculitis given these patients may have 
less blood–brain barrier disruption compared to postop-
eratively. Others argue the intraventricular inflammatory 
reaction in response to the local application is 
counterproductive.

• Watch for neurologic complications: seizures from focal 
areas of cortical irritability (e.g., subdural effusion/paren-
chymal abscess, septic thrombophlebitis) and hydroceph-
alus secondary to inflammatory exudates.

 Cranial Epidural Abscess and Subdural 
Empyema

 Pathophysiology and Clinical Presentation
• Involves a collection of pus between the dura and the 

skull (epidural abscess) or the dura and arachnoid mater 
(subdural empyema).

• Associated with craniotomy wound site infection, sup-
puration of paranasal sinuses, or foreign body from 
trauma.

• Epidural abscesses alone may not cause neurologic symp-
toms, but 10% of epidural abscesses are associated with 
subdural empyema.

• Subdural empyema is a surgical emergency potentially 
progressing to death if untreated (70% of patients die or 
were disabled when treatment is delayed beyond 72 h).

 Patient Assessment
• Fever, headaches, seizures, periorbital edema, papill-

edema, mental status change, and focal neurological 
deficits.

• Classic triad for subdural empyema: sinusitis, fever, and 
neurologic deficits.

• Postoperative cases are typically subtle and insidious.
• Lab data are nondiagnostic.
• Epidural abscess seen as lentiform (biconvex) and subdu-

ral empyema seen as crescentic on imaging.
• MRI is preferred over CT scan for diagnosis. Enhanced 

MRI can usually differentiate from other subdural collec-
tions (effusion, hematoma) – increased signal adjacent to 
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cerebral cortex due to inflammatory edema suggests 
empyema; MRI may demonstrate complications such as 
cortical/dural vein thrombosis.

 Intervention
• Seizure prophylaxis for subdural empyema.
• Initial empiric IV antibiotic therapy should be broad spec-

trum (e.g., vancomycin 1 g IV q12h plus cefepime 2 g IV 
q8h or meropenem IV 2 g q8h). Add metronidazole 500 mg 
IV q6h if anaerobes are suspected. Subsequent consultation 
with infectious disease specialists is recommended.

• Craniotomy with surgical debridement is the preferred 
intervention. Stereotactic burr holes are less commonly 
utilized due to poor exposure and inability to completely 
drain purulent material. Antibiotic therapy alone can be 
used for a small subdural empyema (diameter <1.5 cm) or 
in those with contraindications to surgery.

• Operative cultures positive in 90%; adjust empiric ther-
apy to culture and sensitivity results, and extend IV anti-
biotics out to 4–6 weeks.

• Serial imaging following evacuation to monitor for re- 
accumulation of purulent material.

 Cerebral Abscess

 Pathophysiology and Clinical Presentation
• Incidence between 0.2% and 0.6%.
• Mixed infections with multiple organisms are common.
• Etiologic agents in postoperative patients with cerebral 

abscess most often include aerobic Streptococci spe-
cies, Staphylococcus aureus, Clostridium species, and 
Enterobacteriaceae (i.e., Proteus mirabilis or 
Escherichia coli).

• Solitary lesion from bacteria introduced intracranially at 
the time of surgery and trauma or via contiguous spread 
from a parameningeal focus.

• Multiple lesions associated with systemic infection and 
hematogenous spread (gray–white junction, often in 
MCA artery distribution).

 Patient Assessment
• Most common symptoms: headache and altered mental 

status.
• Laboratory findings are generally nondiagnostic.
• Ring-enhancing lesion – CT/MRI has 95–99% sensitivity 

in detecting brain abscess; steroids may decrease enhance-

ment in early stages. MRI diffusion-weighted imaging 
can help confirm a suspected abscess.

 Intervention
• Non-operative management can be considered with a 

small abscess (<2.5 cm), the absence of mass effect, with 
a known etiologic organism, in cases with multiple small 
abscesses or when the abscess is located in eloquent brain.

• Most cases require surgical intervention in addition to 
long-term antibiotic course of 6–8 weeks.

• Aspiration (stereotactic, ultrasound guidance) is best for 
deep abscesses or in cases involving multiple abscesses.

• Excision is a more definitive treatment but is most often 
performed in later, encapsulated stages when the abscess 
can be removed intact.

• Initial antibiotic coverage includes vancomycin 1  g IV 
q12h, a third- or fourth-generation cephalosporin (e.g., 
ceftazidime 2  g IV q8h or cefepime 2  g IV q8h), or 
meropenem 2 g IV q8h and metronidazole 500 mg IV q6h 
for anaerobic coverage.

• Steroids are used in cases with severe edema.
• Anticonvulsants are appropriate for prophylaxis if the 

abscess is adjacent to the cortex and are necessary in any 
patient presenting with seizures.

Table 95.2 summarizes the evaluation and treatment of 
postoperative infections of the head and brain

 Postoperative Spinal Infections (Table 95.3)

 Pathophysiology
• Incidence of postoperative spinal infection is related to 

the type of procedure: decompressive laminectomy, 
 discectomy, and spinal fusion <3%; increases to as much 
as 12% with use of instrumentation.

• Primary pathogens: S. aureus, S. epidermidis, and 
β-hemolytic streptococci. Gram negatives are less com-
mon but include Klebsiella pneumoniae, Escherichia coli, 
Pseudomonas aeruginosa, and Proteus species. Gram- 
negative infections also tend to have the shortest time to 
onset of infection (median days to infection: 15). Delayed 
infections caused by Propionibacterium acnes and diph-
theroids can occur out to 37 days after surgery.

• Patient risk factors include advanced age, obesity and 
diabetes, prolonged hospital bed rest, and remote 
infection.
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Table 95.3 Postoperative spinal infection

Spinal infection Clinical presentation Assessment Intervention
Wound Infection Persistent temperature elevation several 

days post-op
Tenderness, erythema, swelling, 
drainage

Gram stain, culture Antibiotic therapy tailored to culture results
Wound debridement and irrigation for deep tissue 
or persistent infection despite antibiotic therapy

Diskitis Acute cases occur 1–2 weeks after 
surgery
Typically asymptomatic immediately 
after surgery
Excruciating back pain or spasms with 
or without radiation to legs within 
2 weeks
Extreme local tenderness and fever

Spine XR
Labs: ↑ESR ↑CRP (nonspecific). 
WBC usually normal
CT sensitive early
MRI with gadolinium can 
differentiate diskitis from 
expected post-op changes

Early recognition and treatment to prevent chronic 
infection
Disc space aspiration (CT-guided) often negative
4–6 weeks of antibiotics until normalization of 
ESR/CRP
Spinal immobilization
Uncomplicated diskitis rarely requires surgery (vs. 
osteomyelitis requiring surgical intervention)

Spinal epidural 
abscess

Fever (uncommon), spinal tenderness, 
weakness, sensory abnormalities, 
paralysis, reflex abnormalities (early 
hyperreflexia; late hypo- or 
hyperreflexia)
Progression and time course of symptoms 
uniform: radicular symptoms within 
3 days, followed by weakness within 36 h 
and paralysis over the next 24 h
Cervical epidural abscesses develop 
more rapidly and with severe neurologic 
deficits and possibly respiratory 
compromise

MRI (greatest diagnostic 
accuracy and the primary 
diagnostic evaluation)
Labs: ↑WBC (absent in half of 
cases); ↑ESR (>75 mm/h) 
common, nonspecific
Check blood cultures (positive in 
50–60% of cases)
Gram stain and culture of 
aspirated or surgically obtained 
fluid

Emergent spinal decompression
Empiric antibiotic therapy: vancomycin 1 g IV 
q12h PLUS cefepime 2 g IV q8h or meropenem 
2 g IV q8h; for PCN allergy, ciprofloxacin 400 mg 
IV q8h. Adjust pending culture results
Continue IV therapy for 4–6 weeks followed by 
oral therapy

WBC white blood cell count, ESR erythrocyte sedimentation rate, CRP C-reactive protein

Table 95.2 Postoperative infections of the head and brain

CNS infection Clinical presentation Assessment Intervention
Wound Site 
Infections/Bone 
Flap Infections

Fever, local erythema, 
tenderness, wound 
dehiscence, ± purulent 
discharge
Presentation can be delayed 
by days to weeks

Gram stain, culture
Plain films, CT, or MRI to 
assess for bone flap infection

Await culture results if patient is nontoxic in appearance
Cefazolin 2 g IV q8h or vancomycin 1 g IV q12h if MRSA 
suspected; adjust pending culture results, and continue for 
4–6 weeks
Wound debridement and irrigation for deep tissue or persistent 
infection despite antibiotic therapy
For bone flap infection, consider flap removal vs. wash-in, 
wash-out antibiotic irrigation

Meningitis/
ventriculitis

Fever, altered mental status 
+/− meningeal signs
Fever, headache, seizures, and 
cranial nerve III, VI, and VII 
abnormalities are less 
common
May be difficult to distinguish 
from normal postoperative 
symptoms

Imaging: MRI or CT with 
contrast showing enhancement 
of meninges or ventricular 
lining
Labs: CSF with PMN 
leukocytosis, ↑ protein,  
↓ glucose, ↑ lactate
CSG gram stain and culture

Remove any infected materials (drains, bone flap, etc.)
Broad spectrum, empiric antibiotic coverage: vancomycin 1 g IV 
q12h PLUS third- or fourth-generation cephalosporin (e.g., 
ceftazidime 2 g IV q8h or cefepime 2 g IV q8h) OR meropenem 
2 g IV q8h; for PCN allergy, use ciprofloxacin 400 mg IV q8h
Metronidazole 500 mg IV q6h for anaerobic coverage if 
indicated
Infectious diseases consult

Cranial Epidural 
Abscess or 
Subdural Empyema

Fever, headaches, periorbital 
edema, mental status changes, 
focal neurological deficits
Typically has an insidious 
onset

CT or MRI with contrast (MRI 
preferred)
Epidural abscess is lentiform 
in appearance; subdural 
empyema has crescenteric 
shape
Obtain operative cultures

Emergent surgical debridement and removal of bone flap
Empiric antibiotic therapy: vancomycin 1 g IV q12h PLUS a 
third- or fourth-generation cephalosporin (ceftazidime 2 g IV 
q8h or cefepime 2 g IV q8h) OR meropenem 2 g IV q8h; for 
PCN allergy, ciprofloxacin 400 mg IV q8h. Adjust pending 
culture results
Metronidazole 500 mg IV q6h for anaerobic coverage
Continue IV therapy for 4–6 weeks followed by oral therapy
Infectious disease consult

Cerebral Abscess Most common symptoms: 
fever and altered mental 
status
Less common sx: headache, 
seizures, focal neurologic 
deficits 

Labs are nondiagnostic
CT or MRI with contrast – 
shows ring-enhancing lesion
Centrally located diffusion 
restriction on diffusion- 
weighted imaging can help 
confirm abscess

Anticonvulsant therapy
Empiric antibiotic coverage: vancomycin 1 g IV q12h PLUS a 
third- or fourth-generation cephalosporin (ceftazidime 2 g IV 
q8h or cefepime 2 g IV q8h) OR meropenem 2 g IV q8h; for 
PCN allergy, use ciprofloxacin 400 mg IV q8h
Metronidazole 500 mg IV q6h can be added for anaerobic 
coverage if indicated
Infectious disease consult
Steroids when severe edema present
Surgical aspiration or excision

WBC white blood cell count, ESR erythrocyte sedimentation rate, CRP C-reactive protein
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• Surgical risk factors include prolonged surgery, hardware, 
and use of microscope.

• Spinal epidural abscess after decompression is rare, but 
rapid neurologic deterioration to paralysis occurs; associ-
ated with osteomyelitis; mortality for cervical spinal epi-
dural abscess approaches 18%.

 Cerebral Angiography 
and Neurointerventional Procedures

• Despite the increasing prevalence of cerebral angiogra-
phy and other neurointerventional therapies, little data 
currently exist on incidence of CNS infections following 
these procedures.

• The overall risk of infection with these procedures appears 
low (approximately 0.1%) with most cases occurring at 
the femoral artery puncture site.

• Several case reports of intracranial infections associated 
with neurointerventional procedures have been reported, 
most of which involve intracranial embolization.

• Reported pathogens have included Staphylococcus 
aureus, Burkohleria caeca, and Salmonella.

• The use of prophylactic antibiotics in these procedures 
has not been formally assessed. Given the low incidence 
of infection associated with these procedures, routine use 
of prophylactic antibiotics is discouraged and should only 
be considered in patients felt to have an elevated risk of 
infection for other reasons.
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Key Points
• Postoperative CNS infections, while uncommon, are 

serious complications with life-threatening potential 
and high economic burden. Patients at increased risk 
for postoperative infection should be identified and 
signs/symptoms concerning for infection should be 
aggressively evaluated and treated.

• Prophylactic antibiotics are standard practice in 
most patients undergoing neurosurgical procedures 
and reduce surgical site infections, subdural empy-
ema, and abscesses. They are less established in 
lowering the risk for meningitis, EVD-related infec-
tions, and lumbar drain-related infections. Gram- 
positive coverage is sufficient in most cases, but 
prophylaxis should be tailored to the individual 
patient after considering their clinical history and 
situation as well as institutional flora.

• EVDs may be left in place until clear evidence of 
infection develops. Catheter exchange and routine 
CSF sampling to monitor for infection are not rec-
ommended. Intraventricular antibiotics may be 
indicated in certain EVD-related infections.

• Postoperative meningitis or ventriculitis may pres-
ent subtly and be overlooked as normal postopera-
tive symptoms. When suspected, empiric antibiotics 
are warranted while awaiting CSF culture results 
and should be started as soon as possible to mini-
mize potential complications.

• Intracranial subdural empyema is a life-threatening 
condition requiring prompt recognition and surgical 
intervention; extradural empyema is typically a more 
subacute condition requiring removal of bone plate.

• Cerebral abscess is a rare neurosurgical complica-
tion. If identified early, it can be managed solely 
with IV antibiotics; otherwise it often requires sur-
gical aspiration or excision.

• The overall risk of CNS infection with cerebral 
angiography and other neurointerventional proce-
dures appears extremely low, and routine prophylac-
tic antibiotics are not recommended in these patients.

• There should be a low threshold for infectious dis-
ease consultation to assist in the medical manage-
ment of patients with postoperative CNS infections.
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Antiepileptic Drug Therapy 
in Neurosurgical Critical Care

Panayiotis N. Varelas and Denise H. Rhoney

 Overview

The prevalence of epilepsy is estimated worldwide at 0.5–
2% of the total population. One-fourth to one-third of these 
epileptic patients may have more than one seizure per month, 
and one-fifth may have medically uncontrolled seizures. On 
the other hand, many neurosurgical conditions increase the 
risk for seizures (Table 96.1).

Although the incidence of immediate seizures (within 
24 h) after craniotomy is estimated at 3% and 77.5% of those 
that occur within 6 h after aneurysm surgery, the incidence of 
perioperative AED use is unknown. Many of these patients 
receive AEDs on admission prophylactically and some thera-
peutically (if they present with a seizure or have a history of 
seizures). The AEDs used in this situation are often those 
available in an intravenous form. If seizures were diagnosed 
before the index admission or surgery, the majority of these 
patients will also be on chronic oral AED management, with 
various rates of compliance.

 Prevention

Medications that have epileptogenic potential should be 
avoided during the perioperative period in neurosurgical 
patients. Seizure activity has been reported with both vola-
tile and nonvolatile agents. For example, atracurium may 
decrease the threshold for seizures via accumulation of its 
metabolite laudanosine, and meperidine can also provoke 
seizures via its metabolite normeperidine and should be 
used with caution, if at all. The most widely reported vola-
tile anesthetic agent associated with seizures is enflurane; 
however, there are also reports of seizure activity with the 
use of sevoflurane especially in patients with a history of 
epilepsy. Other drugs that are associated with seizures in 
supratherapeutic concentrations (i.e., antibiotics) should 
have the dosage adjusted for the patient’s hepatic or renal 
impairment in order to minimize the occurrence of sei-
zures. Literature has suggested that 45% of seizures in the 
hospital or ICU are the result of alcohol or drug toxicity 
and drug withdrawal. For example, one-third of new onset 
seizures in critically ill patients has been attributed opioid 
withdrawal.

On the other hand, chronic AED administration may 
interfere with anesthetic agents during surgery. For example, 
liver enzyme inducers, like phenytoin, carbamazepine, or 
phenobarbital reduce the paralytic effect of nondepolarizing 
neuromuscular blockers. Higher doses of fentanyl may also 
be required in epileptic patients on AEDs to maintain compa-
rable analgesia.

Epileptic patients undergoing surgery may not have 
received their morning AEDs, and if those have a short half- 
life (e.g., valproate, gabapentin, carbamazepine), their levels 
may drop precipitously, and seizures may emerge during the 
postoperative period. Therefore, a clear list of the home 
AEDs and the last time that the patient received them is 
imperative. In patients undergoing intracranial electrode 
placement, the goal is to allow seizures to emerge in order to 
be recorded. These patients usually are left with fewer AEDs 
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Table 96.1 Risk for seizures after common neurosurgical interventions

Incidence of 
post-op seizures 
(%)

Incidence of 
post-op seizures 
(%)

Arteriovenous 
malformation

50 Glioma Biopsy 9
Metastasis Resection 20

Intracerebral 
hematoma

10–20 Suprasellar 
tumor

5

Cerebral 
aneurysm

7.5–38 Shunt 22

Meningioma 36 Abscess 92

Modified from Manaka et al. (2003)
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or at decreased doses in the postoperative period intention-
ally. The neuroanesthesiologist should have a clear under-
standing of the postoperative plan after discussion with the 
attending epileptologist or neurosurgeon.

If a serum concentration of the drug is routinely measur-
able, one should test a trough concentration. For most of 
AEDs, this corresponds to a level drawn 6–8 h after the most 
recent dose or a level before the scheduled next dose. 
Frequently, a mistake is made by not confirming the timing 
of the last dose and measuring the concentration at its peak 
phase: it will be artificially high (which may erroneously 
lead to withholding the next dose or reducing the amount). 
Seizures may also occur later if this drug drops to subthera-
peutic concentrations.

Another cause for confusion is the presence of low albu-
min in many critically ill or malnourished patients. AEDs 
highly bound to albumin (phenytoin, valproate) may have 
low total concentrations in this case, but the free concentra-
tion may be adequate. Therefore, free and total AED concen-
trations should always be measured before adding or 
withholding an AED that is highly protein bound.

Prophylactic administration of AEDs in patients undergo-
ing craniotomy without previous seizures is not advocated. 
Despite the presence of cerebral lesions, such as tumors or 
ischemic stroke, the most recent guidelines do not support 
prophylactic AED treatment. For head trauma, the guidelines 
support treatment for up to 1 week to prevent early posttrau-
matic seizures. For hemorrhagic stroke, the current trend is 
that they should not be continued for more than 1 week in 
patients with subarachnoid hemorrhage after securing the 
cerebral aneurysm and for a brief period (e.g., up to 1 month) 
after ICH, especially lobar. The physician should, however, 
individualize the treatment, since specific subgroups of 
patients may benefit from prophylactic AEDs for longer peri-
ods. The selection of AED agent for prophylactic administra-
tion is less clear with older AED agents (i.e., phenytoin, 
valproate, etc.) associated with significant drug interactions 
and adverse effects including negative cognitive outcomes. 
The newer agents (levetiracetam and lacosamide) have fewer 
adverse effects but limited amount of data to support their 
prophylactic administration.

If seizures had occurred before or during surgery, how-
ever, AEDs should be administered as in any other nonneu-
rosurgical patient presenting with seizures.

 Crisis Management

 Pathophysiology and Clinical Presentation

Presurgical brain pathology is the most common reason for 
having preoperative seizures. Two major mechanisms, 
however, play a role in the development of seizures after 
craniotomy:

• Free radical generation, mainly due to iron and thrombin 
from blood components that have leaked in the tissue dur-
ing surgery

• Disturbance of ion balance across the cell membranes due 
to local ischemia or hypoxia

Additionally, one should not forget that systemic etiologies 
may also play a role:

• Severe hypoxia–ischemia
• Drug/substance toxicity or withdrawal
• Metabolic derangements
• Systemic infection, including meningitis, ventriculitis, or 

encephalitis

The majority of postoperative patients will present with 
partial seizures, either simple partial (focal motor or sensory 
phenomena without alteration of consciousness), complex 
partial (with alteration of consciousness), or partial with sec-
ondary generalization (bilateral tonic–clonic convulsions 
with loss of consciousness). Primary generalized seizures 
may also occur in an epileptic patient carrying this diagnosis, 
but pseudoseizures should be considered as low probability 
in the postoperative period.

The definition of status epilepticus (SE) has evolved over 
the years, and now many experts define it as either a prolonged 
seizure or multiple seizures in sequence lasting for >5–10 min 
(without regaining consciousness in between). A more omi-
nous condition is refractory status epilepticus (RSE), defined 
as status not controlled after the initial parenteral therapy with 
the first 2–3 standard “front-line” AEDs or lasting >1–2 h.

 Patient Assessment

• Basic ABCs (establishing a patent airway; assist ventila-
tion as needed; assess and control cardiovascular func-
tion). Avoid hyperventilation (unless mandated for other 
reasons).

• Secure more than one intravenous catheter (peripheral 
catheters can be easily dislodged or veins blown during 
convulsions).

• Draw labs for electrolytes, glucose, AED concentrations, 
ammonia and liver enzymes, toxicology screen, and blood 
gases. Derangements such as hypoglycemia, hyponatre-
mia, hypocalcemia, hypomagnesemia, hypoxia, or hyper- 
or hypocarbia should be corrected.

• (Initial management of patient is discussed below). After 
discussion with the attending neurosurgeon or epileptolo-
gist, consider a STAT CT of the head to exclude hemor-
rhage or ischemia.

• Electroencephalogram (EEG), either emergent or contin-
uous, based on the continuation of seizures and the mental 
status of patient (to exclude ongoing nonconvulsive sei-
zures or SE).

P. N. Varelas and D. H. Rhoney
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 Intervention/Treatment

 Patients Already Taking AEDs Before Surgery
The home AEDs should be administered orally at the usual 
doses in epileptic patients as soon as they are awake enough 
to swallow or as soon as a bedside swallowing evaluation is 
completed (because many neurosurgical patients may emerge 
from surgery with significant new deficits precluding safe 
oral administration of food and drugs). An alternative, place-
ment of a naso- or orogastric tube and administration of the 
AEDs, is also feasible in the majority of cases.

It is preferable, however, to use AEDs available in paren-
teral forms in the postoperative period because of potential 
erratic enteral absorption. Currently, seven major AEDs are 
available in an intravenous form in the USA (Table  96.2), 
with three additional general anesthetics frequently used for 
refractory status epilepticus (pentobarbital, propofol, and 
midazolam). These medications should be used in the IV 
form to substitute the oral form of the same medication (until 
the enteral route and absorption is confirmed) or if an extra 
dose is required to reach therapeutic concentrations rapidly. 
Additionally, they can be used as a temporary alternative to 
different home AEDs not available parenterally, if an oral/

gastric administration is not feasible or enteral absorption is 
questionable. As a rule of thumb, total IV doses are similar to 
the total daily oral dose of the same medication but may be 
administered at different frequencies. It is important to 
remember the following:

• Phenytoin can be administered at a maximum rate of 50 mg/
min (in nonemergent situations in 30–60 min for 1 g IV) and 
is mixed only with normal saline. Since the cardiovascular 
suppression effects are synergistic with anesthetics, rate of 
administration should be much slower in the anesthetized 
patient. Phenytoin also exhibits nonlinear pharmacokinet-
ics, which may lead to supratherapeutic or subtherapeutic 
concentrations, so a free level (target 1–2 μg/ml) should also 
be measured. In the absence of IV access, fosphenytoin can 
be administered IM as phenytoin equivalents (PE, i.e., 1 mg 
of PE is the same as 1 mg of phenytoin).

• Phenobarbital’s sedative effect is minimized after a few 
weeks and, therefore, in chronic users, may not be a prob-
lem in the postoperative period.

• The two benzodiazepines, lorazepam and diazepam, are 
rarely used in chronic AED regimens, and their use is lim-
ited to management of seizures or SE (vide infra).

Table 96.2 Intravenously available AEDs

IV AED Mechanism of action

Protein 
binding 
(%) T 1/2 (hours)

Metabolism; 
elimination Therapeutic level Dose

Phenytoin or 
fosphenytoin

Na + channel block 90–96 24 ± 12 Hepatic 10–20 μg/ml L: 18–20 mg/kg IV
M: 3–5 mg/kg/day IVa

Phenobarbital Prolongs Cl− channel 
conductance

20–45 96 ± 12 Hepatic; renal 
25%

10–40 μg/ml L: 20 mg/kg IV
M: 2–4 mg/kg/day IV

Pentobarbital Prolongs Cl− channel 
conductance

35–40 15–50 Hepatic; renal 10–50 μg/ml L: 10–15 mg/kg IV
M: 0.5–10 mg/kg/h IV 
to induce burst 
suppression on EEG

Propofol Inhibits GABA receptors; 
activates Cl conductance

95–99 3–12 depending 
on the duration 
of gtts

Hepatic; renal – L: 1–2 mg/kg IV
M: 2–10 mg/kg/h IV

Lorazepam Increases Cl− channel 
conductance

90 8–25 Hepatic – L: 0.07–0.1 mg/kg IV

Diazepam Increases Cl− channel 
conductance

90 24–57 Hepatic – L: 0.15–0.25 mg/kg IV

Midazolam Increases Cl− channel 
conductance

94–97 1–5 Hepatic; renal – L: 0.1 mg/kg IV
M: 0.1–1 mg/kg/h IV

Valproate Slow Ca++ channel block; 
Na + channel block

90 8 ± 2 Hepatic 50–120 μg/ml L: 10–25 mg/kg IV
M: 15–50 mg/kg/day 
IV

Levetiracetam Binding to synaptic vesicle 
protein 2A

<10 7 ± 1 Renal Not recommended 
by manufacturer

<65 year old: 
500–1000 mg q12 h IV
>65-year old: 
250–500 mg q 12 h IV

Lacosamide Na + channel block; binds to 
collapsin response mediator 
protein-2 (CRMP-2)

<15 13 Renal Not recommended 
by manufacturer

L: 200 mg IV
M:100–200 mg q12 h 
IV

L Loading dose, M maintenance dose
aDoses are phenytoin equivalents for fosphenytoin dosing (e.g., fosphenytoin IV: give 18 mg/kg phenytoin equivalents)
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• Valproate is an excellent drug for primary generalized 
epilepsies, but one should be careful using it in patients 
with hepatic failure, thrombocytopenia, and pancreatitis, 
if at all. Its administration can lead to hyperammonemia.

• From the newer AEDs, only levetiracetam and lacosamide 
are available in an IV formulation. These agents are 
renally eliminated, have minimal interactions with other 
common medications, and offer advantages in the ease of 
their use. However, patients with renal impairment will 
require dosage adjustment. Both agents have complete 
bioequivalence to the oral dose.

 Patients Experiencing a Single Postoperative 
Generalized Seizure

In this situation, there is usually no time to administer an AED 
while the patient is convulsing, and close observation for a sec-
ond seizure is required. During this period of time, three impor-
tant diagnostic and therapeutic steps should be undertaken:

 1. Prophylaxis for a second seizure is usually achieved by 
administering the home AEDs in patients with presurgical 
epilepsy. If the patient has never experienced seizures 
before, phenytoin IV (load and continue with the mainte-
nance dose, Table 96.2) or valproate (in phenytoin allergy) 
or levetiracetam (if allergy to the other two AEDs is sus-
pected or hepatic dysfunction is present) should be admin-
istered. Thiamine (100 mg IV) and lorazepam (1–2 mg IV 
over 3–5 min) are reasonable alternatives for patients with 
a history of heavy alcohol abuse. These patients are usu-
ally not at risk for loss of airway reflexes or catastrophic 
cardiovascular sequelae. However, the use of supplemen-
tal oxygen and padding of the bed are recommended.

 2. The diagnostic workup (see above).
 3. If the patients remain encephalopathic or with new unex-

plained focality in their neurological exam for more than 
20–30  min (which is the usual postictal confusional 
period), an emergent EEG is also reasonable, to exclude 
subclinical seizures or interictal activity accounting for 
the mental status change. Such situation should also result 
in a careful consideration of the need for an urgent head 
CT as the seizures could have precipitated postoperative 
hemorrhage or edema.

 Patients Experiencing Multiple Generalized 
Seizures or SE

This is an emergency and treatment should proceed at a 
fast pace. The management steps in this situation are simi-
lar to those for a single uncomplicated seizure (see above) 

as far as the diagnostic part (continuous video-EEG moni-
toring is advocated by many experts; consider STAT head 
CT). The treatment part is different with focus on ABCs 
and with benzodiazepines (lorazepam, see Table 96.3) as 
first-line AEDs.

• Lorazepam is preferable to diazepam, because of the lack 
of active metabolites and redistribution to extracerebral 
tissues. If these lines of defense fail and seizures continue, 
the algorithm uses midazolam or general anesthetics.

• Midazolam may convey an advantage compared to propo-
fol for seizure control, but if burst suppression becomes 
the goal (as in RSE), propofol and, especially, barbitu-
rates are stronger choices.

• Pentobarbital is preferable to phenobarbital because of 
shorter elimination (T 1/2 around 24 h vs. 96 h) and in a 
meta-analysis was more efficacious than midazolam or 
propofol (albeit with higher risk for hypotension). Blood 
concentration monitoring is not very helpful in this situa-
tion, since there is inconsistent relationship between 
serum concentration and seizure control.

Table 96.3 Management of multiple seizures or status epilepticus

Initial measures
  ABC. Preserve airway and oxygenation by intubation
  Check blood glucose. If less than 40–60 mg/dL, give 1 amp DW 

50%, and recheck in 30–60 min. Give 100 mg thiamine IV
  Check blood count, electrolytes, liver enzymes, toxicology screen, 

arterial blood gases, and antiepileptic drug concentrations
  Immediately and in parallel with above steps: IV lorazepam 

5–10 mg (0.1 mg/kg), diazepam 20–40 mg, or midazolam 
5–20 mg over 5 min

  Phenytoin loading dose 20 mg/kg at a maximum rate of 50 mg/
min or fosphenytoin 20 mg/kg PE at a maximum rate of 50 mg/
min (slower rate when under general anesthesia). Consider 
valproic acid IV load 15–20 mg/kg, maintenance 400–600 mg q6 
h in phenytoin-intolerant patients. Consider IV levetiracetam 
1500 mg bid, if patients are intolerant to phenytoin or valproic

  Continuous video-EEG monitoring, if available; consider STAT 
head CT

Seizures continue clinically or electrographically
Additional phenytoin or fosphenytoin (IV 5–10 mg/kg or 5–10 mg/
kg PE) or valproic acid IV load 15–20 mg/kg
Refractory status (seizures >60 min)
  Mechanical ventilation. Avoid hyperventilation (PaCO2 38–45, if 

intracranial pressure normal)
  Institute 10–20 s burst-suppression pattern on EEG: propofol 

2 mg/kg bolus IV and 100–150 mcg/kg/min infusion. 
Alternatively, or if burst suppression not achieved, use 
pentobarbital boluses (6–12 mg/kg IV at 0.2–0.4 mg/kg/min) and 
titrate infusion at 0.25–4.0 mg/kg/h

  Hemodynamic support – fluids, pressors, inotropes
  Consider STAT CT of the head, if not done; the EEG leads must 

be removed before the CT (to avoid artifacts) and replaced after
  Transfer to the neuro-ICU
  Once EEG suppressed, continue for 12–24 h and start weaning 

from general anesthetics

Modified from Varelas et al. (2013a, b)
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Key Points
• Home antiepileptics should be administered as ear-

liest as possible in the postoperative period.
• If the patient is unable to swallow or is vomiting, the 

intravenous form of the home drug should be used. 
If no IV form is available, load with one of the IV 
antiepileptics (phenytoin, valproate, levetiracetam, 
or lacosamide), if the patient had seizures before.

• Craniotomy per se is not a reason for prophylactic 
antiepileptics.

• If patient has one post-op seizure, check trough anti-
epileptic drug concentrations, and, if low, supplement 
with the IV form. Check STAT glucose and electro-
lytes. Consider STAT CT of the head and EEG.

• If patient has multiple seizures or enters SE, use the 
ABC algorithm in parallel with lorazepam up to 
0.1 mg/kg IV, load with phenytoin or fosphenytoin 
up to 20 mg/kg IV, do a fast diagnostic workup, and, 
if seizures continue, consider general anesthetics 
with continuous EEG monitoring.
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Withdrawal of Mechanical Ventilation 
in Neurosurgical Critical Care

Paul B. Bascom

 Overview

Patients arrive in the Neuro ICU in crisis, often the result of 
a sudden catastrophic injury to the brain. Sometimes, an irre-
versible injury is immediately apparent. In such cases, after 
urgent discussion with family, a decision is quickly made to 
forgo life-sustaining measures, allowing natural death. More 
often, the prognosis is uncertain at first. The Neuro ICU team 
therefore initiates emergency measures to sustain life. 
Typically, this means placement of an endotracheal tube and 
initiation of mechanical ventilation.

In the days, weeks, or months that follow, an understand-
ing of a poor prognosis may emerge. This should prompt a 
discussion with family members about whether to continue 
life-sustaining measures. A separate chapter of this book 
provides guidance on how to conduct these essential conver-
sations with families. Such conversations frequently con-
clude with a decision to withdraw life-sustaining measures, 
including mechanical ventilation, thus allowing natural 
death. Ethical principles hold that there is no meaningful dif-
ference between withholding life-sustaining measures and 
withdrawing them.

Once this difficult decision is made, some Neuro ICU cli-
nicians choose to play a very limited role in the subsequent 
process of withdrawal of mechanical ventilation. A typical 
set of orders might read: “Extubate when family ready, initi-
ate morphine infusion, titrate to comfort.” The actual process 
of withdrawing mechanical ventilation is delegated to the 
bedside nurse and respiratory therapist. This approach can 
lead to poor symptom control for the patient; increased stress 
on staff, particularly those who may not be experienced in 
withdrawal of mechanical ventilation; and insufficient sup-
port for the family outcomes.

 Implications for the Neurosurgical Patient

A poorly planned withdrawal of mechanical ventilation in 
the Neuro ICU can result in uncontrolled dyspnea, tachy-
pnea, and, in the worst cases, severe stridor. The trajectory of 
Neuro ICU patients after withdrawal of mechanical ventila-
tion can be variable. Some patients with catastrophic neuro-
logical insults will be comatose and nearly apneic. Such 
patients will generate minimal respiratory effort upon extu-
bation. They will exhibit no outward distress, though there is 
lively debate about whether these individuals nevertheless 
can experience suffering. Some patients will have some 
retained consciousness and certainly will experience visible 
suffering if respiratory distress occurs. Families suffer as 
well as they witness uncontrolled respiratory distress in their 
loved one, even if the patient is deeply comatose. A skillful, 
coordinated, and compassionate withdrawal of life support 
may help families’ transition to productive grieving with a 
sense of gratitude for a painless and comfortable dying.

 Concerns and Risks

Patients in the Neuro ICU may develop severe respiratory dis-
tress when mechanical ventilation is withdrawn. Specific char-
acteristics of Neuro ICU patients may account for this higher 
risk. Medical and surgical ICU patients typically have multi-
organ failure by the time a decision is reached to withdraw 
life-sustaining measures. Withdrawal of mechanical ventila-
tion is often accompanied by discontinuation of supplemental 
oxygen and vasopressor medications. This usually leads to 
prompt hypoxia and circulatory collapse. Death arrives within 
minutes, occasionally hours. Respiratory distress is blunted by 
brain hypo-perfusion and respiratory muscle weakness.

In contrast, many patients with catastrophic but isolated 
neurological conditions will have substantial, and even excel-
lent, cardiopulmonary function. This means that the  trajectory 
toward dying in these patients can be quite variable. A 1999 
study reported a wide range of time to death after withdrawal 
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of mechanical ventilation; 25% died within 1 hour and 69% 
within 24 hours, while 31% lingered near death for more than 
24 hours. One patient took 11 days to die.

In general, four broad trajectories can be expected, 
depending on underlying ventilatory function:

 1. Minimal ventilatory function with near-complete apnea. 
These patients will die quickly with minimal respiratory 
distress.

 2. Preserved ventilatory function and no upper airway 
obstruction. These patients will have minimal respiratory 
distress and may have enough ventilatory function for 
long-term survival without mechanical ventilation. In 
such cases, difficult conversations will be needed regard-
ing the provision of artificial hydration and nutrition to 
sustain life.

 3. Impaired ventilatory function. These patients will likely 
experience respiratory distress upon withdrawal of 
mechanical ventilation. They will have enough ventila-
tory reserve to sustain life in the short term and to gener-
ate respiratory effort. However, ventilatory function will 
be insufficient to prevent hypercarbia and hypoxia, thus 
triggering respiratory distress. These patients will require 
a slower, stepwise reduction in ventilatory support. 
Reassessments occur with each reduction, with opioids 
administered to palliate tachypnea and dyspnea prior to 
subsequent reductions.

 4. Preserved ventilatory function with severe upper airway 
obstruction. This is the most challenging patient. 
Withdrawal of mechanical ventilation will be uncompli-
cated. However, removal of the endotracheal tube may 
lead to stridor and severe respiratory distress.

 Coordinated Process of Withdrawal 
of Mechanical Ventilation

The following are specific recommendations for a coordi-
nated stepwise process for withdrawal of mechanical 
ventilation:

• Remain present. The draw of competing clinical obliga-
tions and the inherent discomfort in confronting mortality 
means that it will always be easier to depart from the bed-
side once a decision to withdraw mechanical ventilation 
is made. Remaining present will allow the provider to 
witness and receive the gratitude of the family for their 
loved one’s safe and peaceful dying.

• Involve the family in the formulation of the plan for with-
drawal of mechanical ventilation.
Family preferences can and should influence the pace and 
timing of a withdrawal. It may also be helpful to discuss 
the family’s expectations for administration of hydration 
and nutrition, if prolonged survival without mechanical 

ventilation is expected. Withdrawal may be delayed so 
that families can gather at the bedside for the death. 
Families with specific religious beliefs or practices may 
wish to incorporate those rituals into their time at the bed-
side. Some family members will prefer to remain at the 
bedside throughout the process. Others will prefer to 
remain in the waiting room until stable breathing and 
symptom control are achieved. Others will choose to 
leave the building and ask to be notified by phone when 
the death occurs. Such preferences should be solicited 
and respected. Family perception of their loved one’s dis-
tress should be sought, as perhaps the “gold standard” 
assessment of suffering.

• Attend to the family’s needs.
Create a setting conducive to family presence in the room. 
Encourage families to bring in photos, music, or other 
mementos of their loved one. Extraneous medical devices 
should be removed from the patient’s room. Families will 
benefit from specific guidance about what to expect as the 
withdrawal proceeds. Provide frequent updates as new 
information emerges. A clinician’s calm presence in the 
room as extubation proceeds will help reassure families 
that symptoms will be promptly assessed and alleviated.

• Perform a spontaneous breathing test (SBT) to calculate 
the rapid shallow breathing index (RSBI).
The SBT helps anticipate the patient’s likely trajectory 
after withdrawal of mechanical ventilation providing 
valuable information for both families and for the care 
team. The RSBI is calculated by placing the patient on 
CPAP 5/5 without a backup rate and observing the 
patient’s underlying respiratory rate and tidal volume. 
The RSBI is defined as respiratory rate divided by tidal 
volume, measured in liters. RSBI = RR ÷ TV.

A patient with intact respiratory function will have a 
RSBI of approximately 20 (RR = 10. TV = 0.5  l RSBI 
20 = 10 ÷ 0.5). When the SBT reveals excellent respira-
tory function, families can be advised well in advance that 
dying may be prolonged. The team can begin the process 
of discharge planning. The bedside nurse will not need to 
aggressively medicate with morphine. The respiratory 
therapist can proceed directly the withdrawal in a single- 
step process.

Patients with near apnea will have an only modestly 
elevated RSBI of around 50, despite profound impair-
ment in ventilatory capacity, owing to lack of respiratory 
drive and low respiratory rate (RR = 5, TV = 0.1 RSBI 
50 = 5 ÷ 0.1. When the SBT reveals minimal respiratory 
function, families can be advised that the death will 
occur quickly. The bedside nurse will know that premed-
icating with opioids may not be necessary. The respira-
tory therapist can proceed directly with single-step 
withdrawal, without a stepwise downward titration in 
ventilatory support, as is needed when respiratory dis-
tress is anticipated.
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Patients with impaired ventilatory function (TV = 250 ml, 
0.25 l) but intact respiratory drive (RR = 25) will have an 
elevated RSBI of 100 (25 ÷ 0.25 = 100). This result alerts the 
teams that a stepwise withdrawal of ventilator support will 
be required, with opioids given to blunt respiratory distress.

• Use opioids, usually morphine, to palliate respiratory 
distress.
Opioids have a specific palliative effect on dyspnea. 
Morphine, a natural opiate extracted directly from the 
opium poppy, was first discovered more than 200 years 
ago and has traditionally been the drug of choice in pallia-
tive care. The semisynthetic opiates, such as hydromor-
phone and oxycodone, and the synthetic opioid fentanyl 
are more similar to morphine than different. Nevertheless 
some clinicians prefer these to morphine, based on subtle 
differences in pharmacokinetics or side effect profile. 
Effective symptom control is probably more dependent 
on timely reassessment, and dose escalation when indi-
cated, than on the selection of a specific opioid.

Opioids help blunt the sensation of dyspnea. Of course, 
when given in excessive doses, morphine will cause respi-
ratory depression, even death. However, when given in 
therapeutic doses, opiates may paradoxically prolong life. 
Opioids can blunt tachypnea, which leads to respiratory 
fatigue and premature death. Opioids are the preferred 
drug when mechanical ventilation is withdrawn. 
Benzodiazepines are useful as general sedatives, but have 
no specific effect of respiratory distress. They can be a 
useful adjunct to opiates, but should not be used as alone 
during withdrawal of mechanical ventilation.

• Use small, frequent, bolus doses of morphine, not con-
tinuous infusions
Opioids should be administered as a bolus. Refer to the 
order in the back of this chapter for usual doses. Doses 
can be doubled and repeated as often as every 5–10 min-
utes when symptoms remain uncontrolled. Continuous 
infusion is not indicated for withdrawal of mechanical 
ventilation. Time to steady state after initiation of a con-
tinuous infusion is 3–4 half lives, or 6–12 hours. Serum 
levels of opioids will keep rising for 6–12 hours after the 
initiation of a continuous infusion, risking overdose. 
Continuous infusions are useful to maintain steady-state 
opioid levels, once symptom control has been achieved. A 
continuous rate can be started at a rate about 25% of the 
bolus dose required to achieve symptom control.

• Wean ventilator support in a stepwise method, when dis-
tress is predicted by SBT.
Those patients with elevated RSBI and dyspnea noted on 
SBT require gradual stepwise decrease in ventilator sup-
port over 10–30 minutes. The first step is to administer an 
initial bolus of an opioid and then switch the ventilator to 
pressure support (PS) mode without mandatory rate or 
backup breaths. This allows the patient’s underlying 
respiratory drive to emerge. Subsequently decrease PS by 

25 or 30%, allowing the demand on the respiratory sys-
tem to increase. Further opioid doses are given based on 
the presence of respiratory distress. Once respiratory 
drive and effort are controlled (RR < 20 and calm) at PS 
of 5, then extubation can proceed. Those patients whose 
SBT revealed little risk of distress, either near-complete 
apnea or excellent ventilatory capacity, can proceed 
directly to extubation without this stepwise weaning.

• Remove the endotracheal tube, when possible.
Removal allows a family to see their loved one’s last 
moments free of medical devices. In addition, leaving the 
endotracheal tube in place may prolong the dying process 
unnecessarily. In some circumstances, the endotracheal 
tube serves to keep the upper airway open sufficiently to 
allow a weakened respiratory system to sustain life. 
Removal of the endotracheal tube can produce an increase 
in upper airway resistance significant enough to cause 
those patients with impaired respiratory drive to decline 
much more quickly than had been predicted by the SBT.

Removal of the endotracheal tube is usually well toler-
ated. A few patients with intact or heightened respiratory 
drive at the time of extubation will risk stridor and severe 
respiratory distress upon extubation, if airway resistance is 
increased. This risk for dyspnea may not be apparent from 
the SBT.  Deflating the cuff to ensure that air can pass 
unobstructed through the upper airway prior to extubation 
will help identify those select patients in whom stridor 
may occur, requiring very aggressive use of opioids and 
sedatives. In rare cases, nebulized racemic epinephrine for 
tracheal edema or an oral airway upper airway obstruction 
can be an effective short-term palliation for stridor should 
opioids be insufficient to palliate dyspnea and stridor.

Noisy breathing without dyspnea is common and prob-
ably more distressing to the family and care team than to 
the patient. Noisy breathing often resolves with changes 
in body position. Anticholinergics such as atropine or gly-
copyrrolate are routinely given for noisy breathing, 
though there is no evidence that they are effective.

• Create a plan for coordinated care outside the ICU, when 
necessary.
Some patients will survive days after extubation. These 
patients can be transferred from the ICU to a hospital 
ward, hospice unit, or even the patient’s home, in certain 
circumstances. Transfers of care must be well coordinated 
to insure continuity of symptom control and complete 
understanding of goals of care and family needs by the 
accepting medical team. Careful and ongoing assessments 
of prognosis will ensure that transfers happen only when 
justified by expected duration of life. Update the family as 
soon as new information emerges that alters the patient’s 
expected trajectory. When survival after extubation was 
unexpected, a separate, explicit discussion with family 
members about discontinuation of artificial nutrition and 
hydration will be required. Ideally, some discussion of the 
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possibility of transfer out of the ICU, and the need for a 
decision about artificial hydration and nutrition, will occur 
ahead of time, along with the discussion about proceeding 
with withdrawal of mechanical ventilation.

• Maintain communication with family and staff through-
out the process.
Kind and empathetic words, such as “You all have dem-
onstrated how much you care for your loved one in mak-
ing this difficult decision,” “He (or she) must have been a 
remarkable person,” or “This is such as sad time for all of 
you,” will be help families feel supported as they enter 
their time of grief. This can be a time also for the team to 
gather with family together and share memories they have 
of the patient, to express gratitude for the opportunity to 
care for patients and families in such an emotional and 
difficult time (Table 97.1).
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Table 97.1 Sample order set to guide withdrawal of mechanical 
ventilation

Do not resuscitate, do not intubate (if not already noted in chart)
Attending signature______________________________
Note written in chart documenting discussions with family leading to 
change in goals of care to comfort.
Nursing interventions
1. Implement standards of nursing care for end of life/comfort care.
2. Remove NG tube, extra IV sites.
3.  Continue monitoring as often as needed to assess patient comfort/

prognosis.
Respiratory therapy interventions
1. Perform Spontaneous Breathing Trial (CPAP 5/5, room air).
2.  Record symptoms and measure respiratory rate and tidal volume 

to calculate the Rapid Shallow Breathing Index (Tobin) score.
3.  Resume prior ventilator settings if patient becomes symptomatic 

or unstable.
MD orders
Discontinue all medications, IV fluids, and tube feeds. The only 
exceptions are medication such as vasopressors that sustain life 
moment to moment, which should be continued until family 
indicates they are ready.
Medication principles for vent withdrawal
1. Provide frequent boluses as necessary to control symptoms.
2.  If already on analgesics and sedatives, maintain continuous 

infusion at current level.
3.  No change or initiation of in continuous infusion until patient 

stable and extubated.
Opioid (choose one only)
  Morphine 2–10 mg IV q 5-15” as needed for prn pain/dyspnea 

RR >20
  Hydromorphone 0.5–2 mg IV q 5-15” prn pain/dyspnea RR >20
  Fentanyl 25–100 mcg IV q 5-15” prn pain/dyspnea RR >20
Sedative (choose one only)
  Lorazepam 1–2 mg q 15” IV prn distress
  Midazolam 1–2 mg q 15” IV prn distress
  Propofol 20–40 mg q 5” IV prn distress
Begin upon confirmation from family that ready to proceed
1.  Discontinue pressors – if indicated. If death likely upon 

discontinuation of pressors, await imminent cardiac death before 
ventilator withdrawal.

2. Wean mechanical ventilation to CPAP and room air
  (a) If earlier SBT uneventful proceed directly to withdrawal of 

mechanical ventilation.
  (b) If symptomatic for respiratory distress during SBT, then wean 

pressure support and oxygen to CPAP and room air over 20–30 
minutes, administering bolus opiate +/− sedative with each 
decrease in ventilator support to maintain calm respirations.

3.  Discontinue ventilator and extubate (unless patient has 
tracheostomy)

  (a) Proceed only if symptoms controlled.
  (b) Perform cuff leak test to ensure patency of upper airway.
  (c) Monitor carefully for upper airway obstruction.
  (d) Administer nebulized racemic epinephrine prn stridor 

uncontrolled by opioids.

Table 98.1 (continued)

Key Points
• Remain present.
• Involve the family in the formulation of the plan for 

withdrawal of mechanical ventilation.
• Attend to the family’s needs.
• Perform a spontaneous breathing trial (SBT) to cal-

culate the rapid shallow breathing index (RSBI).
• Use an opioid, usually morphine, to palliate respira-

tory distress.
• Use small, frequent, bolus doses of opioids, not 

continuous infusions.
• Wean ventilator support in a stepwise method, when 

distress is predicted by SBT.
• Remove the endotracheal tube, except when severe 

dyspnea and stridor are anticipated.
• Create a plan for coordinated care outside the ICU, 

when necessary.
• Maintain communication with family and staff 

throughout the process.

P. B. Bascom
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Brain Death in Neurosurgical Critical 
Care

Amit Prakash and Basil Matta

 Overview

Brain death is best defined as absence of clinical brain func-
tions when the primary etiology is known and demonstrably 
irreversible. The key findings in brain death are coma, 
absence of brain stem reflexes, and apnea. Irreversible loss of 
higher brain functions of consciousness and cognition is 
classified as persistent vegetative state and should not be 
confused with brain death.

Whole brain death formulation codified as “an individual 
who has sustained irreversible cessation of all functions of the 
entire brain, including the brain stem, is dead,” by the Uniform 
Determination of Death Act 1993 is the accepted norm in the 
USA, Canada, and most parts of the European Union (EU). It 
mandates ancillary testing to confirm the diagnosis.

The brain stem formulation of brain death was formally 
adopted in the UK in 1995. In 2008, the Academy of Medical 
Royal Colleges published a code of practice, which builds upon 
the earlier code published in 1998. It provides rigorous criteria 
for confirming death in clinical settings where confirmation of 
death by brain stem testing is appropriate (Table 98.1).

 Diagnosis of Brain Stem Death

In the UK, clinical testing must be undertaken by two physi-
cians who have been fully registered for more than 5 years 
and are competent in the procedure and independent of the 
transplant team. At least one should be a consultant. Testing 
should be undertaken by the doctors together and must be successful on two occasions in total. The legal time of death 

for documentation is when the first set of tests, which finds 
the irreversible cessation of all functions of the entire brain, 
including the brain stem, was completed.

 Preconditions

All of the following conditions must be fulfilled before clini-
cal testing is undertaken:
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Table 98.1 Potential complications associated with brain stem death

Complication Physiological cause Manifestation
Neurological Hypothalamic and 

pituitary failure
Hypothermia, neurogenic 
diabetes insipidus (DI)

Cardiovascular Sympathetic storm 
secondary to 
medullary ischemia 
followed by 
autonomic 
dysfunction

Myocardial dysfunction, 
dysrhythmias followed by 
decreased cardiac output, 
systemic vascular resistance, 
and asystole

Pulmonary Sympathetic storm 
with resultant 
pulmonary edema 
and interstitial 
hemorrhage

Hypoxemia and impaired gas 
exchange

Renal Hypotension and 
hypovolemia 
secondary to 
cardiovascular 
dysfunction

Renal failure and 
parenchymal damage

Endocrine HPA axis failure 
along with 
sympathetic surge

DI (polyuria > 200 mL/h 
with S. osmolarity > 300, U 
osmolarity < 200)
Hypothyroid state and 
decreased intrinsic ADH 
contributing to autonomic 
instability

Metabolic Sympathetic surge, 
DI, hypothalamic- 
pituitary axis failure

Hyperglycemia, insulin 
resistance, ↑Na+,↓K+, 
↓Mg+,↓Ca+, ↓PO4

Coagulation 
(rare)

Release of tPA and 
fibrinolytics from 
affected brain tissue

Bleeding diathesis including 
DIC
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 – The etiology of irreversible brain damage must be known. 
In most cases this is obvious, but when the primary event 
was prolonged circulatory insufficiency or cerebral 
hypoxia, it may take longer to establish the diagnosis and 
to be confident of the prognosis.

 – The patient must be irreversibly comatose, unresponsive 
and apneic, and artificially ventilated.

 – There should be no consideration that the state is due to 
depressant drugs. The action of narcotics, tranquilizers, 
and hypnotic agents can be prolonged due to hypothermia 
or renal/ hepatic failure. If drug assays are available, it is 
recommended that testing should not be undertaken if 
thiopentone level is >5  mg/L or midazolam level is 
>10 μg/L. If opioids or benzodiazepines are thought to be 
contributing to the coma, specific antagonists such as nal-
oxone or flumazenil should be used. In other circum-
stances, residual sedative effects must be predicted 
according to pharmacokinetic principles.

 – There is diversity of regulatory requirements for core tem-
perature depending upon region, which should be adhered 
to. At the time of testing, core temperature should be greater 
than 34 °C in the UK and greater than 36 °C in the USA.

 – Potentially reversible circulatory, metabolic, and endo-
crine disturbances must have been excluded as the cause 
of the continuation of unconsciousness.
• The mean arterial pressure should be consistently 

>60  mmHg with maintenance of normocarbia and 
avoidance of hypoxia, acidemia, or alkalemia 
(PaCO2 < 6.0 KPa, PaO2 > 10 KPa, and pH 7.35–7.45).

• Sodium levels above 160  mmol/L and below 
115 mmol/L are associated with unresponsiveness.

• Serum potassium concentration above 2 mmol/L and 
significant weakness are unlikely unless levels of mag-
nesium and phosphate are <0.5 and >3.0  mmol/L, 
respectively.

• Severe hypoglycemia with glucose levels below 
3.0 mmol/L and significant hyperglycemia with levels 
above 20 mmol/L can itself be associated with coma 
and stupor and should be corrected.

• Thyroid storm, myxedema, and Addisonian crisis may 
be associated with severe neuromuscular weakness or 
coma. These conditions are extremely rare; however, if 
there is any clinical reason to expect these disturbances, 
then appropriate hormonal assays should be undertaken.

 – Neuromuscular blocking agents and other drugs must 
have been excluded as the cause of respiratory inadequacy 
or failure.

 – An underlying high cervical spine injury and associated 
cord injury can rarely cause apnea and invalidates the 
apnea test.

 Brain Stem Testing

The brain stem often fails from the rostral to caudal direc-
tion, and therefore, it is logical to undertake testing in the 
same manner (Table 98.2).

 Ancillary Testing

Confirmatory tests are essential when doubt exists about the 
clinical findings, conditions preclude an apnea challenge, or 
suspicion of confounding conditions exists. These are rou-
tinely undertaken in parts of the world where the whole brain 
death concept is applicable.

EEG A result of no activity greater than 2 μV at a sensitiv-
ity of 2 μV/mm with the filter set at 0.1 or 0.3 second and 
70 Hz over a 30-minute time span supports the diagnosis of 

Table 98.2 Brain stem testing

Reflex Cranial nerves tested Procedure BSD criteria Remarks
Pupillary reflex II and III, localizes to 

midbrain
Direct and consensual reflex No response to either Pupil size indicates the site of 

brain stem involvement
Oculocephalic reflex 
(doll’s eye reflex)

III, VI, and VIII 
localizes to midbrain 
and pons

Move head to right or left while 
noting eye movement

Eyes move with the 
head and are not fixed 
to a point

Cervical fracture or instability 
must be ruled out

Corneal reflex V, VII, and III localizes 
to pons

Touch the cornea with cotton to elicit 
eyelid closure

No response Normal response is “Bell’s 
phenomenon” (upward 
rotation of eye)

Oculovestibular 
reflex

III, VI, VIII, and IV 
localizes to midbrain 
and pons

Elevate the head 30°, irrigate 
tympanic membrane with 50 cc iced 
water

Eyes tonically deviate 
toward the side of the 
stimulus

Ensure intact tympanic 
membrane

Gag and cough 
reflexes

IX and X, both localize 
to medulla

Cough-tested by stimulation of carina 
by suction catheter, gag by 
stimulating the posterior pharynx with 
a tongue depressor

Both reflexes should 
be absent

Apnea test Demonstrates the failure 
of medullary drive for 
ventilation

Pre-oxygenate at saturation greater 
than 95%, induce apnea to achieve 
EtCO2 > 6 kPa

No spontaneous 
breathing

Oxygen insufflation at 2–5 L/
min or CPAP may be used to 
maintain oxygenation

A. Prakash and B. Matta
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brain death. Reversible causes such as barbiturate poisoning 
may result in an isoelectric EEG in a living patient.

Cerebral angiography is the gold standard for diagnosis of 
brain death and conclusively proves the absence of cerebral 
perfusion. The absence of intracerebral filling detected above 
the entry level of the carotid or vertebral artery in the skull 
confirms the diagnosis of brain death. The study needs trans-
portation to neuroradiology suite and can take several hours.

Technetium nuclear medicine scan As with the cerebral 
angiogram, it is a positive test that confirms the diagnosis of 
brain death by demonstrating failure of uptake in the brain 
consistent with absent cerebral perfusion.

Other techniques include CT and MR angiography and 
transcranial Doppler studies.

 Legal Status

The legally acceptable definition of death varies in different 
parts of the world. Brain stem death is lawfully accepted in 
Australia and New Zealand. Few states in the USA accept 
this, and most require additional confirmatory testing. While 
in South Africa neither form of testing is legally acceptable 
as death.

The following table depicts the situation in the EU 
(Table 98.3):

 Controversies

Despite numerous publications there is a paucity of evidence- 
based literature to support many current practices related to 
brain death determination. Definitions of brain death vary 
around the world and so does physician expertise specified to 
be qualified for testing. Many guidelines explicitly exclude 
transplant physicians from brain death determination process. 

Clinical assessment criteria however are similar in all guide-
lines except for subtle differences notably:

 – North American guidelines recommend an apneic thresh-
old PaCO2 ≥ 60 mm of Hg and some also require an aci-
demic pH <7.28.

 – Oculocephalic or doll’s eye reflex is not required by the 
UK code for brain death determination.

 – Many guidelines (including the UK) incorporate specific 
core temperature thresholds for clinical determination of 
brain death, but recommended thresholds range from 
32.2 °C to 36.0 °C without clear evidence base for any of 
these limits.

Where full examination is restricted by the nature of the 
injuries, it is generally, but not uniformly, recommended that 
ancillary diagnostic testing be performed.

 Brain Death and Family

It is imperative that clear communication exists between the 
relatives and the caring team. The information given must be 
honest, clear, concise, consistent, and communicated in a 
sensitive manner. In most cases the nursing staff are the pri-
mary point of contact and should be included in all discus-
sions with the family. The pace of the process that should be 
individualized to the family would generally be determined 
by their level of understanding.

Care of the brain stem dead patient is subsequently dic-
tated by the presence and wishes of the next of kin and the 
potential for donation. If donation is not an option, ventilatory 
support can be withdrawn at a time acceptable to all parties.

Table 98.3 Legal status in EU

Country in EU BSDa legally accepted Confirmatory tests needed
Belgium Yes No
Denmark Yes Yes
France Yes Yes
Germany No Yes
Italy Yes Yes
Netherlands No Yes
Spain Yes Yes
UK No No

aBSD Brain stem death

Key Points
• The definition of brain death varies in different 

parts of the world with whole brain death requiring 
ancillary testing being the norm in the USA, 
Canada, and most of Europe with the exception of 
the UK where brain stem death is legally and medi-
cally accepted.

• Strict adherence to the criteria for brain death diag-
nosis should be followed according to the region 
and institution.

• The diagnosis of brain death is primarily clinical. 
However, ancillary tests are performed when the 
clinical criteria cannot be applied reliably or are 
legally applicable.

• Attentive care of the brain dead organ donor should 
be undertaken to preserve organ viability.
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Organ Donation

Pamela A. Lipsett

 Introduction

Advances in the science of immunology and transplantation 
have made organ donation a culturally and socially accepted 
practice. However, in spite of advances in patient selection 
and pretransplantation management, the imbalance between 
the number of patients on the waiting lists for organ donation 
and the number of available organs for transplantation con-
tinues to widen. According to the United Network for Organ 
Sharing (UNOS), as of January 2016, over 133,0353 patients 
are on the waiting list for organ donation, with 7592 deceased 
donors having given the gift of life to 20,845 transplanted 
patients in 2015. Every 10 min it is estimated that someone 
is added to the waiting list, and an estimated 22 people on the 
waiting list die each day. This chapter will discuss the cur-
rent possibilities for organ donation and the ICU care of the 
potential organ donor, as well as a systems based approach to 
the development of institutional protocols for organ 
donation.

 Incidence and Epidemiology

In the United States and Canada, the majority of organ dona-
tion involves patients after neurologic determination of death 
(previously termed “brain death”), while living related and 
unrelated donors account for nearly 40%, and donation after 
cardiac death (DCD) accounts for about 7% of all donors [1]. 
With improved donor management, the percentage of donors 
over age 50 years accounts for nearly 35% of all deceased 
donors. Currently, up to one fourth of all deaths occur in 
intensive care units (ICUs) with patients dying according to 
either cardiac or neurological criteria. While many of the 
ICU deaths are related to respiratory failure or pneumonia, 

many patients die after withdrawal of life-sustaining mea-
sures. Up to 61% of deaths that occur in a neurological ICU 
may be related to withdrawal of support due to predicted 
poor prognosis for recovery and patient wishes. Given that 
many deaths occur in hospital intensive care units, strategies 
for improving the donation process have been focused in the 
ICU and have proven to be successful in facilitating organ 
donation. The strategies include aggressive donor manage-
ment (ADM) and the use of an in-house coordinator for 
organ donation (IHC). Recently, two critical care societies 
have developed a consensus statement for the management 
of the donor in association with the organ procurement 
groups [2].

Today, the most common mechanism of death for those 
who die and donate their organs is divided between cerebral 
anoxia (37 percent (%), intracranial hemorrhage or stroke 
(30 percent (%)) and head trauma (30 percent (%)). The shift 
away from death due to traumatic brain injury in younger 
patients to older patients with cerebrovascular disease with 
ischemic stroke or anoxic injury has important implications 
for the ICU care team caring for the potential organ donor.

 Pathophysiology of Brain Death and Medical 
Management of the Potential Donor

Alterations and instability in the virtually all organ systems 
can be expected as part of the physiological changes that 
occur as or after brain death occurs. In the early stages of 
brain death, there is a loss of blood pressure regulation and 
sympathetic tone. As cerebral ischemia progresses toward 
the brainstem, a “catecholamine storm” can arise, and a 
severe increase in systemic vascular resistance (SVR) and 
blood pressure occurs. This quickly subsides, and a decrease 
in systemic vascular resistance and vasodilatation and 
increase in capillary permeability and intravascular hypovo-
lemia and hypotension result. The primary goal of manage-
ment of the potential donor is to maintain adequate blood 
pressure through the use of volume expansion, either crys-
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talloids or colloids, often institution dependent (Table 99.1). 
More than 80% of patients will require some form of vaso-
active support. During this time period, ongoing aggressive 
medical management of the patient is critical to maintain 
optimal conditions for organ procurement and transplanta-
tion and ensure good graft function and quality of life for 
the recipient. Standard patient monitoring includes blood 
pressure measurement, cardiac monitoring, and measure-
ment of urine output and central venous pressures. While 
still controversial, some authors suggest that a pulmonary 
artery catheter (PAC) should be utilized to monitor hemody-
namics and to guide and balance fluid administration. 
However there are inadequate data to support this sugges-
tion definitively. The primary goal of management of the 
potential donor is to maintain adequate blood pressure 
through the use of volume expansion. Often additional vaso-
active agents are needed. As these situations are often het-
erogeneous, clinical trial evidence cannot guide us firmly 
with respect to the best vasoactive or inotropic agents to use 
in patients with hypotension and/or depressed cardiac con-
tractility. As noted above, first and foremost, the clinician 

must ensure that the patient is well hydrated, recognizing 
that maximal hydration is beneficial for renal transplanta-
tion, but worsens pulmonary transplantation. Dopamine has 
been typically a frontline agent for inotropic support, though 
it has not been shown to be superior to any alternative agent. 
The use of catecholamines has been shown to promote long-
term graft survival and a lower incidence of kidney rejec-
tion; however, some clinicians find the vasoconstrictive 
properties of these drugs harmful in that they may lead to 
organ ischemia by increasing systemic vascular resistance 
(SVR) especially in a hypovolemic donor. Vasopressin has 
been suggested for its catecholamine- sparing effects as ini-
tial therapy for hemodynamic support and the treatment of 
diabetes insipidus. Echocardiography is performed both to 
assist in hemodynamic monitoring and adequacy of volume 
and later to assess potential cardiac donation and focal wall 
motion abnormalities. Transthoracic echocardiography 
should be attempted as a first step to assess appropriateness 
for cardiac donation, but transesophageal echocardiography 
may be required. Serial echocardiographic assessments 
should be performed as cardiac abnormalities may resolve 
over time and reduction or removal of exogenous catechol-
amine support. Coronary angiography is recommended in 
donors >40 years of age and in younger patients with risk 
factors for early cardiac disease.

More than 90% of individuals will have abnormalities in 
the posterior pituitary function, with low or undetectable lev-
els of vasopressin. Hormones controlled by the anterior pitu-
itary are seen at variable levels (thyroxine, human growth 
hormone, adrenocorticotropic hormone, thyroid stimulating 
hormone). While the data supporting administration of a 
combination of hormones are mixed, current guidelines sup-
port the administration of intravenous vasopressin in the set-
ting of hemodynamic instability. 1-desamino-8-D-arginine 
vasopressin (desmopressin; DDAVP) is highly selective for 
the V2 receptor which mediates renal medulla antidiuretic 
effects and has little vasopressor activity. It should be used in 
patients without hemodynamic instability but with signs of 
dilute urine and diabetes insipidus, while vasopressin in 
doses typically less than (<) 0.04 units/min can be used in 
patients with both diabetes insipidus and hemodynamic 
instability. Doses above these typical values may at times be 
utilized cautiously.

As might be expected by common management strategies 
and the pathophysiology of brain death, electrolyte abnor-
malities are common in the dying patient with neurological 
injury. Hypernatremia may be used as a therapeutic strategy 
to treat the patient with elevated intracranial pressure. 
However, the clinician must be able to recognize and treat 
the patient who transitions to diabetes insipidus. Diabetes 
insipidus causes polyuria (>1–2 l/h), dehydration, hyperna-
tremia, and other electrolyte abnormalities (hypokalemia, 

Table 99.1 Goals of organ donor management

Overall goals of organ donor management
  Mean arterial pressure at least 60 mmHg
  Vasoactive agent requirement: ≤10 mcg/kg/min (dopamine, 

dobutamine)
  Urinary output ≥ 1.0 ml/kg/h
  Left ventricular ejection fraction >45%
Volume goals
  Pulmonary capillary wedge pressure 8–12 mmHg,
  Central venous pressure 6–8 mm Hg
  Action: fluids (crystalloids or colloids) and/or diuretics
Cardiac performance
  Cardiac index>2.4 l/min
  Left ventricular stroke work index ≥ 15 g∗m/cm3/beat
  Urine output ≥ 1.0 ml/kg/h
  Action: ionotropic agents (dopamine, dobutamine, or epinephrine)
Resistance
  Mean arterial pressure at least 60 mm Hg
  Systemic vascular resistance 800–1200 dynes∗s∗cm−3

  Action: vasopressors (norepinephrine, epinephrine, vasopressin)
Endocrine failure
Hormonal replacement
Drug Bolus dose Continuous infusion
Triiodothyronine 4.0 μg 3.0 μg/h
or
Thyroxine 20 μg 10 μg/h
and
Methylprednisolone 15 mg/kg, or 

1000 mg IV, or 
250 mg IV

100 mg/h

Vasopressin 1 U 0.5–4.0 U/h
Insulin 10 U (50% 

dextrose)
Maintain glucose at 
institutional standards
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hypomagnesemia, hyopcalcemia, and hypophosphatemia). 
Careful monitoring of urine output is essential and routine 
electrolyte monitoring is important. Monitoring donor 
sodium levels and correcting hypernatremia are critical for 
successful liver transplantation because high serum sodium 
levels (greater than 155 mEq/l) in the donor can lead to pri-
mary graft non-function.

While the absolute effectiveness of hormonal resuscita-
tion (HR) remains to be established, in unstable patients 
(mean arterial pressure (MAP) < 45  mmHg), it is recom-
mended (Table 99.1). Use of donor guidelines and meeting 
established goals of care results in an increase in the number 
of organs donated.

Identifying patients who are eligible for pulmonary dona-
tion is a significant challenge, with only 15–25% of patients 
being able to donate lungs. Strategies for pulmonary man-
agement are targeted at maximizing the PaO2/FIO2 ratio with 
a minimum of 300  mmHg. Patients who fail to meet this 
threshold should undergo a lung management protocol that 
includes judicious fluid administration, possible diuresis, 
chest physiotherapy, and therapeutic bronchoscopy and 
recruitment maneuvers. In some settings ex vivo perfusion 
strategies have been utilized to increase the potential donor 
pool. Bronchoscopy should be performed in all potential 
lung donors to assess for occult aspiration and infection and 
to perform therapeutic airway clearance. Steroid administra-
tion and maintaining of a central venous pressure of 
4–6 mmHg is considered optimal for pulmonary donation.

The liver, as an allograft, is fairly resistant to the immune 
factors which can cause immediate posttransplantation prob-
lems. As noted above, serum sodium should be maintained at 
levels less than 155 mEq/l. In addition, outcomes appear best 
if the central venous pressure of the donor is in the range of 
8–10 mmHg, PEEP is kept as low as possible, and nutrition 
is provided to restore glycogen in the liver. Bedside ultraso-
nography (US) has a limited role in guiding percutaneous 
biopsy when histologic results are needed to determine suit-
ability of the organ. Bedside US has a high sensitivity (96%) 
but a marginal specificity (68%) in the evaluation of hepatic 
steatosis and other liver abnormalities.

 Outcomes of Aggressive Donor Management

Aggressive donor management (ADM) protocols have been 
shown to reduce the incidence of cardiovascular death before 
consideration of organ donation and improve organ recovery 
and function in the recipient. In addition to the aggressive 
management noted above, identification of potential donors, 
and by using a clear facilitated process of the declaration of 
brain death, additional patients may be eligible for organ 
donation. The success of these programs is attributed to early 

aggressive management of the potential donor, education of 
the staff, a collaborative relationship with the Organ 
Procurement Organization (OPO), and guidelines of a stan-
dardized protocol.

 Identification and Process Management 
for the Potential Organ Donor

The identification of potential donors in the ICU is a multi-
disciplinary effort that should originate from identifying a 
high-risk patient population from the admitting diagnosis 
(traumatic brain injury, respiratory arrest, cardiac arrest, 
stroke, drug overdose, intraventricular hemorrhage) 
(Fig.  99.1). Accurate documentation of the presence or 
absence of central nervous system reflexes is critical when 
brain death is imminent and when explaining poor prognoses 
to families. The critical care nurse and the respiratory thera-
pist are often the first members of the ICU team to detect a 
change in the level of consciousness and loss of neurologic 
exam and notification of providers who can rapidly begin 
brain death testing should follow. Thus, timely initiation of 
brain death testing is imperative, as cardiac instability often 
follows.

While this chapter has focused on the clinical aspects of 
the medical management of the potential organ donor, com-
munication and support of the family during the discussion 
of grave prognosis and brain death testing are essential. 
Consent for organ donation is the biggest impediment to 
organ donation, and the family’s understanding of the death 
of the patient, and the initial interaction with the team 
requesting consent has been shown to influence the probabil-
ity of consent. The time period between identification of a 
grave medical prognosis and ultimate death allows the fam-
ily time to consider the imminent death of the patient, while 
the medical team maintains the dying patient in the best 
medical condition. Discussion of organ donation should be 
seen as a routine part of end-of-life process, and every patient 
and family must have the opportunity to consider organ 
donation.

In the United States, regulations state that the person 
requesting organ donation be specifically trained to perform 
this function and training and role delineation of the members 
of the multidisciplinary team help alleviate stress during the 
request for donation. A collaborative approach with the Organ 
Procurement Organization staff and hospital staff is consid-
ered best practice for informing the family of a patient’s 
death. Effective requesting is a term maximized by the Organ 
Donation Breakthrough Collaborative and begins with the 
“huddle.” The huddle is a short, timely, coordinated exchange 
between hospital and OPO staff which establishes an effec-
tive request process that meets the needs of the family. An 
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effective request includes the following components: the right 
person making the request, the right timing of the request, the 
right family and staff (including OPO) present for the request, 
and the right place for the request to occur. When death is 
imminent and the family understands the prognosis, the hos-
pital and OPO staff, working collaboratively, can introduce 
organ donation as a possibility and provide information to 
assist the family in understanding what to expect.

One best practice is the implementation of the In-House 
Coordinator (IHC). The IHC typically assists and facili-
tates the donation process by donor surveillance, timely 
referral, education, family support and consent, donor man-
agement, and hospital/family follow-up. The IHC improves 
the donation process, consent rates, and conversion rates 
for donation through early and frequent interaction with 
families of potential donors and ICU staff. In most hospi-
tals the ICU team provides ongoing medical care of the 
patient following brain death in collaboration with local 
procurement staff to ensure that the patient and family’s 
goals of donation can occur.

 Organ Donation After Circulatory 
Determination of Death

Organ donation after circulatory determination of death 
(DDCD) significantly contributes to the numbers of success-
ful organ donations, and protocol development in appropriate 
hospitals is expected by the Joint Commission to further 
increase this opportunity for patients and families involved. A 
patient may be considered a candidate for DDCD when the 
patient does not meet the criteria for brain death and the deci-
sion has been made to withdraw active life-sustaining medi-
cal support. Other patients who could be considered for 
DDCD are patients with non-recoverable and irreversible 
neurologic injury resulting in ventilator dependency but not 
fulfilling brain death criteria, end stage musculoskeletal dis-
ease, high spinal cord injury, and some pulmonary diseases. 
In all cases, the patient or family should have made the deci-
sion to withdraw life-sustaining therapy. When this decision 
to withdraw support has been made, but before the therapies 
have been withdrawn, an assessment should be made in 

Fig. 99.1 Organ donation 
process
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 conjunction with the local OPO and the ICU team, about 
whether the patient would be a candidate for organ donation 
after cardiac death. No predetermined assumptions about the 
candidacy of the patient should be made by the ICU team. 
The needs and respect of the patient and family at the time of 
withdrawal of life-sustaining therapy should be at the fore-
front of all decisions made about care, processes, and proto-
cols. Importantly, the candidacy of the patient for organ 
donation will depend on an assessment of whether death 
would occur within a predefined period of time (usually 1 h). 
A UNOS DCDD Consensus Committee developed criteria 
predictive of death within 60 min after withdrawal of life sup-
port (Table 99.2). A study prospectively using these criteria 
identified a clear relationship between the number of criteria 
and whether death occurred within 60  min with a total of 
29%, 52%, 65%, and 82% of patients with 0, 1, 2, and 3 of 
these criteria, respectively, dying within 60 min. Clinical staff 
must be prepared for potential DCDD scenarios in which 
death does not occur after withdrawal of life- sustaining thera-
pies. Institutional protocols should be prepared for this out-
come in establishing where a patient will receive care and 
ensure that families receive ongoing support. Authorization 
(formerly called consent) for donation of organs after cardiac 
death should include all donor-related procedures (placement 
of lines, administration of drugs such as heparin, withdrawal 
of the endotracheal tube, and termination of medication for 
blood pressure support). No donor- related procedures or 
medication administration should occur without authoriza-
tion. In some cases, the medical examiner or coroner must 
provide clearance before the staff of the hospital and procure-
ment agency can proceed with DCDD.

Hospital protocols will vary as to where withdrawal of 
support will occur. While it is ideal for a patient to be trans-
ferred to the operating room or near the operating room for 
withdrawal of support and DDCD, the needs of the family 
should be paramount in the development of protocols, and the 
family should have the option to be present (or not) with the 

patient at the time of withdrawal of support and death. If the 
family wants to be with the patient at time of death, the family 
support team must prepare them for what they will see and 
that they will need to leave the room shortly after death occurs 
so that organ donation procedures can occur. The psychoso-
cial needs of the family must be addressed, and members 
skilled in providing this support should be available on site.

In DDCD, members of the transplant recovery team are 
not allowed to be present in the operating room with the 
potential donor at the time of withdrawal of support nor are 
these personnel allowed to participate in the guidance or 
administration of end-of-life care or declaration of death. 
The Ethics Committee of the Society of Critical Care 
Medicine (SCCM) recommends that physicians who are part 
of the transplant team or who will be responsible for care of 
an identified recipient may not determine cardiac death. In 
DDCD deaths, only one physician is required to certify death 
because objective data from an arterial line transducer can 
confirm the physical exam findings. Once cardiorespiratory 
function has ceased, the patient is pronounced dead based on 
cardiopulmonary criteria in the usual fashion by the attend-
ing physician or designee, and the time of death is estab-
lished. If death does not occur within the established 
timeframe after withdrawal of life support (usually a 60 min 
time period), organ donation is not an option any longer, and 
protocols for continued end-of-life care and notification of 
the family need to be followed. The family must be aware of 
the fact that donation may not be possible and the hospital 
system should have a well-established process for aftercare 
in the event that death does not occur.

When cardiopulmonary function is absent, typically a 
predetermined time must elapse for the declaration of death 
and recovery of organs for donation. This time period is to 
ensure that reanimation cannot occur but keeps the needs of 
the transplanted organ and benefit of successful donation 
balanced. The Institute of Medicine guideline suggests 5 min 
but individual policies may vary from 2 to 5 min. The con-
sensus of the Ethics Committee of SCCM states that no less 
than 2 min is acceptable and no more than 5 is necessary. As 
soon as declaration of death is determined by the declaring 
physician, the organ recovery team can begin. All OPOs and 
transplant centers must develop and comply with protocols 
for organ recovery according to the Organ Procurement and 
Transplantation Network for Organ Sharing (OPTN/UNOS) 
standards which were established in 2007.

 Designations and Advanced Directives

The Uniform Anatomical Gift Act created the power for indi-
viduals to donate organs, eyes, and tissues. In 2006, this was 
revised to enable OPO’s access to the registries or Motor 
Vehicle Administration records to determine individuals’ 
preferences. On occasion, the ICU team may be faced with 

Table 99.2 United Network for Organ Sharing Consensus Committee 
criteria for prediction of death within 60  min of withdrawal of life- 
sustaining treatment

Apnea
Respiratory rate <8 or >30 breaths/min
Dopamine >15 mcg/kg/min
Left or right ventricular assist device
Venoaterial or venovenous extracorporeal membrane oxygenation
Positive end-expiratory pressure > 10 and SaO2 < 92%
FIO2 > 0.6 and SaO2 < 92%
Norepinephrine or phenylephrine > 0.2 mcg/kg/min
Pacemaker unassisted heart rate of < 30
IABP 1:1 or dobutamine or dopamine ≥ 10 mcg/kg/min  
and CI < 2.2 l/min/m2

IABP 1:1 and CI < 1.5 l/min/m2

SaO2 Arterial oxygen saturation, IABP intra-aortic balloon pump, CI 
cardiac index
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managing a situation where the patient has made the decision 
to be a donor by driver’s license designation, donor registry, 
or advance directive, yet the family may wish to override this 
decision. Legally the first-person authorization provides suf-
ficient grounds for organ procurement in all 50 states in the 
United States. ICU clinicians and OPO’s are sensitive to the 
potential conflict between first-person authorization given at 
an earlier time period and the wishes of a grieving family. A 
patient’s previously expressed preferences for organ dona-
tion are paramount, and as such the ICU clinicians and 
OPO’s should inform the decedent’s family of the legality of 
first-person authorization.

 Summary

The development of clear protocols and aggressive clinical 
management of potential donors with the use of specialized 
personnel for identification and management of donors is 
key to successful organ donation. Best practices for organ 
donation have been identified by the consensus of two large 
critical care societies and OPOS’s and should be employed 
in protocol development and in the verification of practice. 
Institutional commitment is critical to the success of organ 
donation protocols, and retention and recruitment of dedi-
cated professionals to care for these potential donors. 
Ongoing training of the intensive care staff, the inclusion of 
donation as part of the end-of-life decision-making and com-
mitment to the donation process with a multidisciplinary 
team approach to standardize donor management in the ICU 
will narrow the gap between the supply and demand for 
organ donation.
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Key Points
• Aggressive protocolized clinical management of 

potential organ donors is recommended.
• Specialized personnel should identify and help 

manage the potential donor.
• A collaborative working relationship with the local 

OPO should be employed for protocol development.
• Organ donation is part of the end-of-life care, and a 

multidisciplinary investment is needed for the best 
outcomes.
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Interaction with Family and Friends 
in Neurosurgical Critical Care

Amy E. Guthrie, Robert Hugo Richardson, 
and Mary Denise Smith

 Overview

In their clinical practice in the intensive care unit, clinicians 
constantly need to communicate with patients, families, and 
nonfamily members chosen as care partners. For the sake of 
inclusion, “care partner” will be used to refer to family and 
nonfamily members providing support and presence for the 
patient. Care partners are considered a unit of care and may 
consist of many people representing a variety of connections 
with the patient. Communication expertise is especially 
important when the patient is critically ill in an intensive care 
unit (ICU), where information exchange occurs more com-
monly with care partners. Communication challenges in the 
ICU are greater because critically ill patients frequently are 
unable to speak for themselves and the clinician is dependent 
on surrogate decision-makers to understand the patient’s 
goals and values regarding life and health-care. Evidence 
shows that skillful communication with care partners con-
tributes to higher patient satisfaction while also improving 
efficiency of the clinicians’ time and efficacy of treatment.

Clinician communication is crucial in developing a care 
partnership to improve outcomes for patients and families in 
the ICU. Communication patterns in the ICU consist of two 
major processes:

 1. Informal  – day-to-day contact to answer questions and 
report changes in the patient’s condition

 2. Formal – planned conferences attended by care partners, 
medical specialties, and an interprofessional health-care 
team

Health-care providers can maximize information 
exchange and consensus building if a trusting relationship is 
built early in the patient’s hospitalization and care partners 
feel supported and valued.

 Implications for the Neurosurgical Patient

 Building Rapport

There are many aspects to the care of the critically ill patient 
that can work to challenge the traditional clinician–patient 
relationship. Time pressures, lack of continuity, and technol-
ogy all add to the difficulty of relationship building. Because 
the ICU team often meets the Care Partners for the first time 
as a result of the patient’s severe illness, there is little time to 
establish the trust necessary to make major treatment deci-
sions. Clinicians should work to initiate contact early in the 
hospitalization by making an effort to meet them on the day 
of admission and remaining available for daily informal con-
tact. Providing a private meeting place can help the health- 
care team in building trust; however, many informal contacts 
occur at the bedside and are most effective using the five-step 
approach identified by the mnemonic VALUE.

• Value and seek the care partner’s input.
• Acknowledge the care partner’s emotional needs.
• Listen actively to what the care partner is saying.
• Understand by asking questions about the patient.
• Elicit questions from care partners.

Information can best be elicited by asking open-ended 
questions seeking what is important to the patient and how 
care partners have been affected by the current condition of 
their loved one.

100

A. E. Guthrie 
Department of Patient Relations, Oregon Health & Science 
University, Portland, OR, USA
e-mail: guthrieam@summahealth.org 

R. H. Richardson 
Departments of Pulmonary and Critical Care Medicine, General 
Medicine and Geriatrics, Oregon Health & Science University, 
Portland, OR, USA 

M. D. Smith (*) 
Departments of Internal Medicine and Palliative Medicine, Oregon 
Health & Sciences University, Portland, OR, USA
e-mail: smithm@ohsu.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17410-1_100&domain=pdf
mailto:guthrieam@summahealth.org
mailto:smithm@ohsu.edu


648

Initially, focus on common goals, and discuss routine 
aspects of care before introducing more emotionally charged 
information. Listen for the care partner’s perspective on the 
patient’s illness and goals of care, allowing them to do most 
of the talking during each meeting time. With each contact, 
continue to emphasize mutual goals and values.

As interaction increases, acknowledge the stress of hav-
ing a loved one in the hospital, and assess their readiness to 
come to terms with the patient’s illness. Utilize chaplains, 
social workers, and palliative care specialists to meet the 
additional needs of the care partners.

Finally, build consensus by identifying points of agree-
ment with broad goals and specific therapies. Building con-
sensus may require multiple touch points with care partners 
establishing continuous and open communication with easy 
access to the health-care team.

 Communication

There is evidence that care partners of the critically ill 
patients who survive the ICU hospitalization are less satis-
fied with communication from ICU clinicians than care part-
ners of patients who do not survive. Regardless of outcome, 
skillful communication can reduce emotional stress caused 
by the uncertainty of critical illness. In addition, care part-
ners report clinician communication skills as being equally 
important as clinical expertise.

There are many opportunities for informal clinician–care 
partner contacts in the ICU. However, a more formal meeting 
known as a Care Partner Conference conducted within 72 h 
of admission has been associated with reduced length of ICU 
stay and a favorable experience. Improved patient and care 
partner outcomes have been associated with consistent com-
munication by all health-care members and following Care 
Partner Conference guidelines listed in Table 100.1.

Table 100.1 Care Partner Conference

Preparation
  Identify all members planning to attend the meeting
  Capacity fluctuates, consider including the patient in the meeting 

when appropriate
  “Preconference”/provider conference
   Coordinate health-care team
   Discuss goals of meeting with health-care team
    Establish a unified medical opinion among health-care 

providers participating in the meeting to provide a consistent 
message

   Identify a meeting leader among the health-care team
  Arrange a private, quiet location with seating for all

Table 101.1 (continued)

  Limit distractions: plan for enough time to reduce interruptions
  Turn off pagers if possible
Open the meeting
  Introduce all attendees
    Establish and recognize appointed surrogate decision-maker or 

next of kin while addressing the importance of each member’s 
input

    Assess perception in the role of decision-maker along with 
influences affecting that role

  Establish and communicate overall goal of the meeting
    Allow for flexibility to change the original goal(s) for the 

meeting
  Inform the care partners that the meeting will allow them to speak 

for the patient, as the patient would communicate for him/herself
  Spend more time listening and less time talking
Elicit understanding
  Inquire about the care partner’s understanding of the patient’s 

illness and current course of treatment
  Review medical information
   Diagnosis and prognosis
   Current treatment plan
   Recommended changes to treatment plan
Elicit values and goals
  Multiple perspectives may be represented
  Understand ethnic and cultural influences on communication 

styles, medical treatment decisions, and end-of-life care
  Explore the care partner’s knowledge of the patient’s perspective 

on health and illness
   What would be acceptable outcomes for the patient?
  Explore the care partner’s perspective on health and illness
  Assist care partners to compare and contrast the perspectives if 

necessary
Discuss decisions that need to be made
  Establish a common understanding of the medical issues and 

probable outcomes
  Be clear that decisions rely on an exchange of medical 

information and their understanding of the patient’s values and 
desires for medical care

    Using substituted judgment by involving all individuals familiar 
with the patient’s wishes

   Seek consensus
Close the meeting
  Offer a brief summary of what was discussed
  Ask for final questions
  Express appreciation for the team approach to provide a plan 

closest to what the patient would have requested
  Acknowledge the difficulty of living with uncertainty
  Make a clear follow-up plan, including plans for the next meeting 

and how to contact the health-care team
Follow-up
  Document the meeting in the medical record. Record a summary of 

the information exchange, observations of all attendees, and plan
  Follow up with care partners to reassess information processing 

and understanding
  Arrange for emotional, spiritual, and social service team members 

to provide additional support opportunities
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 Concerns and Risks

 Care Partners as Surrogate Decision-Makers

There are significant consequences that individuals may 
experience when they are in the role of surrogate decision- 
maker either through appointment or through recognized 
hierarchies. Surrogates can experience increased stress asso-
ciated with decision-making, guilt about the decisions made, 
or doubting if they made the correct decision. The impact of 
these consequences can last for months and even years for at 
least a third of surrogates based on a systematic review of the 
literature.

Building consensus, while making treatment decisions for 
the incapacitated patient, represents an ethical challenge in 
clinical care. High-quality shared decision-making is a pro-
cess with many important components and requires more 
than a simple agreement to allow care partners to be involved 
in the process.

In a truly shared decision, physicians and care partners 
mutually influence the other, each potentially ending up with 
a different perspective and a different understanding than 
either would have reached alone. Shared decision-making 
promotes establishment of an environment of mutual influ-
ence and helps to eliminate power imbalances.

Shared decision-making relies on the standard of substi-
tuted judgment to make treatment decisions that the patient 
would have made if he or she were capacitated. This standard 
extends autonomy allowing the patient’s preferences and 
values to guide medical care during times of incapacity.

• Is there a recent advance directive document available? 
The written directives may have been completed at a time 
of health. It is important to share information regarding 
the patient’s change in health, expected outcomes, and 
prognosis.

• Can the care partners recall previous conversations when 
the patient clearly stated treatment preferences in similar 
situations and similar expected outcomes?

• Did the patient ever express an opinion regarding life- 
sustaining medical treatment of other loved ones or con-
troversial medical cases in the news?

When sufficient evidence is lacking to identify the 
patient’s preferences and values, health-care providers can 
encourage care partners to use the “Best Interests” standard, 
which directs them to make decisions based on what they 
perceive to be in the patient’s best interests. Questions to 
address when exploring Best Interest:

• Is there evidence the current treatment is causing the 
patient to suffer?

• Do the benefits of the treatment outweigh the burdens?

If consensus is not easily attained, points of conflict can 
be renegotiated by exploring the values and influences of 
the individuals in disagreement. If needed, discussions can 
be deferred to a later time; timed treatment trials can be 
offered; and if all else fails, it is acceptable to agree to 
disagree.

The stress, sorrow, and uncertainty that care partner’s 
experience while caring for a loved one in a critical condi-
tion can cloud accurate accounts of previous conversations 
and influence their evaluation of the patient’s best interests. 
Care partners of patients who are critically ill are at risk for 
developing multiple stress-related experiences or condi-
tions. Awareness of this has increased the focus on support 
in the intensive care units. The society of critical care medi-
cine describes the psychological conditions that care part-
ners experience as post-intensive care syndrome. Conditions 
that care partners may experience include anxiety, depres-
sion, complicated grief, post-traumatic stress disorder, and 
acute stress disorder. Stress levels are at risk for being higher 
if the patient died, if care partners were present at the time 
of death, if care partners believed the patient was at risk for 
dying, and if illness was either unexpected or illness was 
greater than 5 years in duration.

For that reason, it is important to acknowledge the 
physical, emotional, spiritual, and financial support of the 
as complete care for the ICU patient. Since decision-mak-
ing in the ICU is more frequently a process, and not an 
event, an interprofessional team is extremely helpful. 
Interprofessional team members should represent medi-
cine, nursing, social services, chaplaincy, and ancillary 
therapies. Key domains of care for patient and care part-
ners in the intensive care include management of physical, 
psychological, and spiritual distress patients, and care 
partners are experiencing communication and discussions 
with patient and/or care partners of goals of care taking 
into consideration the patient’s medical condition, progno-
sis and values, aligning treatments with patient prefer-
ences, and planning for care transitions. Palliative Care 
specialists are clinicians representing multiple disciplines/
professions with advanced training in communication 
skills and grief support that can assist care partners as they 
understand the meaning and realize the impact of the med-
ical information received. Recommendations to decrease 
the incidence or severity of post-intensive care syndrome 
include staff educated on assessing the needs of care part-
ners and incorporating those needs into the plan of care, 
providing education about the intensive care environment 
and what to expect, providing frequent updates in language 
of patient or care partners, assessing preferred decision-
making models/style, and involving care partners in the 
care of patients as appropriate and consistent with their 
comfort level  – i.e., massage, passive range of motion, 
applying lotion, and lip balm.
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 Grief Support

There is evidence that caregivers experience loss through 
emotional strain, financial hardship, and physical health risks 
even if the patient is expected to survive the ICU stay. When 
care partners are expected to speak for the patient, they also 
struggle with internal emotional tension between their own 
emotional reaction to the experience and the desire to make 
the right decision for the patient. That tension may also origi-
nate from a difference of values and health-care goals from 
those of the patient. Ethical and legal models recognizing the 
surrogate decision-maker as only a spokesperson overlook 
the emotional needs of those care members and underesti-
mate the influence that the fear of “giving up” on a loved one 
has on decision-making. Providing an interprofessional team 
with advanced skill in grief counseling can provide care part-
ners with emotional support and a framework for future grief 
work. Sensitivity to how all will grieve the experience of the 
hospital stay and the patient’s last days will incorporate indi-
vidualized care, increase satisfaction with care, and establish 
a foundation of healing through the bereavement process.
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Key Points
Cultivate a clinician–care partner relationship building 
practice by:

• Initiating contact upon admission to the unit
• Utilizing an interprofessional health-care team for 

additional support and continuity
• Organizing a Care Partner Conference within 72 h 

of admission to the unit and at regular intervals 
thereafter

• Planning to listen more and speaking less
• Acknowledging stressors using empathic statements

• Scheduling continuous and consistent 
communication

• Providing a route for easy access to team members 
familiar with the treatment plan

A. E. Guthrie et al.
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Anesthesia (cont.)
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patient’s core temperature, 139
preoperative assessment, 137
surgical positions, 138
surgical site infection, 140
wrong-site surgery, 140

patient factors, 329, 330
Aneurysm, 294

crisis management, 294, 295
prevention, 294
repair, 207
re-rupture, 64, 65

Aneurysm/arteriovenous malformation, 420
Aneurysmal subarachnoid hemorrhage (aSAH), 467, 469, 551

concerns and risks, 63
airway and ventilation management, 64
aneurysm re-rupture, 64, 65
cardiac complications, 65
hypernatremia, 66
intracranial pressure, elevation of, 65
seizure, 66
vasospasm and delayed cerebral ischemia, 65, 66

neurosurgical patients, implications for, 63
Angiography, TBI, 374
Ansa hypoglossus, 61
Anterior cranial fossa, 3
Anterior ischemic optic neuropathy (AION), 256
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local anesthesia, 184
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Brain oedema, 501
Brain stem, 3, 638
Brain swelling, 503
Brain tissue oxygen monitoring, 608
Brain tissue oxygen partial pressure, 38
Brain tissue pO2 monitoring, 310
Brain trauma, 126
Brain Trauma Foundation (BTF), 588, 607
Brain tumors, 124, 221
Brainstem, 3
Breathing, TBI, 375
Burr-hole craniostomy, 502

C
Calcium gluconate, 392
Camino, 608
Capnography, 289
Carbon dioxide (CO2) vasoreactivity, 340
Cardiac arrest/code, 290, 317

asystole and PEA, resuscitation protocol for, 322
causes of, 317
circulation
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Cardiovascular complications
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C-arm X-ray tubes, 447
Carotid artery angioplasty, 281
Carotid artery revascularization procedures, 279, 280

cardiovascular complications
hypotension and bradycardia, 283
myocardial infarction, 283
prevention, 283

CHS, 281
clinical presentation, 282
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Cerebral oximetry, 60
Cerebral oxygenation, brain and spinal cord monitoring, 38, 39
Cerebral perfusion pressure (CPP), 9, 25, 26, 30, 85, 203, 293, 308, 

326, 346, 419, 435
Cerebral salt wasting (CSW) syndrome, 17, 361, 437, 511, 512, 517, 

519, 582
Cerebral swelling, 203, 371
Cerebral vasospasm, 54, 469
Cerebrospinal fluid (CSF), 8–10, 307, 340, 413, 487

infection, 610
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crisis intervention, 379
prevention, 379

Cerebrovascular disease (CVD), 401
Cerebrovascular reactivity, 37, 38
Cerebrovascular surgery, perioperative challenges during

anesthetic agents, choice of, 208
aneurysm repair, 207, 208
AVM resection, 207, 210
bleeding, 209
cerebral aneurysms, repair, 210
cerebral bypass, 207, 210, 211, 213
complications, prevention of, 208
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crisis management, 211–213
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enhanced surgical access, 209
fluid management, 209
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temperature management, 209
ventilation, 208, 209

Cerebrovascular vasospasm, 454, 553
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predictors of, 551
prevention, 551–552
risk for, 552

Cervical spine immobilization, 375
Cervical spine surgery, airway crisis, 233

crisis management
postoperative airway complications, 235
preoperative airway complications, 235

intervention and treatment
postoperative airway complications, 236
preoperative airway complications, 236

intraoperative airway complications, 233
patient assessment

postoperative airway complications, 235
preoperative airway complications, 235

postoperative airway complications, 233, 234
preoperative airway complications, 233
prevention

intraoperative airway complications, 234
postoperative airway complications, 234, 235

Chemoreceptor trigger zone (CTZ), 532, 534, 535
Chemotoxic reactions, 473
Chiari malformations (CM)

decompressive craniectomy, 383
intervention and treatment, 385
patient assessment, 384, 385

Chronic pain patients, 109

fibromyalgia, 111
opioid addiction, 110
post laminectomy syndrome, 111
postoperative neurosurgical pain, 112
preoperative neuropathic pain, 112
preoperative opioid tolerance, 112
scalp pain, 109
spine surgery, 110

Circle of Willis, 4
Circulation

administering medications, 320
chest compression, 320
defibrillation, 320
drug administration, 321
medications, 321
TBI, 375

Circulatory determination of death (DDCD), 644, 645
Clostridium difficile colitis, 602, 610
C-MAC®, 354
CMD-derived values, 609
Coagulation, 52, 300
Coagulopathy

acquired problem with, 251
atrial fibrillation, 595
bleeding, 251
blood products and clotting factor, 597–598
coagulation factors, 251
congenital bleeding disorders, 251
crisis management, 253

intervention/treatment, 254
pathophysiology and clinical presentation, 253
patient assessment, 254

diagnostic and therapeutic approach, 253
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drugs to treat, 596–597
incidence, 595–596
percentage of, 252
platelet dysfunction, 252
platelet transfusion, indications for, 596
prevention, 252

anti-fibrinolytic agents, preoperative and/or intraoperative 
administration of, 253
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hypocalcemia, 252
intraoperative fluid replacement strategies, 252
measures, 252

recombinant factor VIIa, 596
risk factors, 596
risk factors and prevention strategies, 251
thromboembolic disease, 595
treatment plan, 596

Codman, 608
Communication failure, 157

assessment and teamwork complications, 334
clinical presentation, 334
closed loop communication, 158
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etiology of, 333, 334
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Communication failure (cont.)
negative communications, 158
perioperative period, 333
read back, 158
risk, incidence and epidemiology, 333
team communication, 158
verbal information, 157

Complete blood count (CBC), 604
Compound motor action potentials (CMAPs), 41, 239
Compressive stress, 372
Computed tomography (CT), 374, 417
Computed tomography angiography (CTA), 453
Computer-assisted neuro-navigation system, 268
Congenital bleeding disorders, 251
Congenital cardiac disease, 402
Continuous EEG (cEEG) monitoring, 40
Continuous positive airway pressure (CPAP), 351, 497
Contrast nephropathy

management and treatment of, 481
pathogenesis, 480
prevention of, 480

Contrast reactions, treatment strategies for, 474
Contrecoup, 372
Controlled hypotension, 244
Controlled ventilation, 288
Contusions, 372
Convulsive SE, 275
Cook tube exchanger, 357
CoolBlue, 589
Cooled cleaning solutions, 341
Corneal abrasion

assessment, 523
management, 523
non-neurosurgical patients, 523
presentation, 523
prevention, 523

Corneal abrasions, 523
Coronary angiography, 569, 642
Corpus callosotomy, 408–410
Cortical blindness, 259
Cortical somatosensory evoked potential, 41
Corticospinal pathway dysfunction, 11
Corticospinal tract, 8
Cortisol, 18
Coup, 372
COX-II blockers, 244
Cranial nerve(s), 5
Cranial nerve injuries, 11, 283, 284
Cranial nerve palsies, 501
Cranial vault, 10

compliance, 340
Cranioplasty, 505
Craniosynostosis and craniofacial surgery

blood loss and blood transfusion, 390
crisis management, 392
prevention, 390, 392

crisis management, 390
difficult airway, 389
increased intracranial pressure, 393

crisis management, 393
prevention, 393

prevention, 389, 390
venous air embolism, 392

crisis management, 392, 393
prevention, 392

Craniotomy, space-occupying brain lesions

anesthesia, induction and maintenance of, 221, 222
brain herniation, 224, 225
intraoperative complications prevention, 223, 224
intraoperative crisis management, 224, 225
postoperative complication prevention, 222–224
postoperative crisis management, 224, 225
premedication, 221
preoperative complications, 221–223

C-reactive protein (CRP), 611
Cricothyrotomy, 495
Critical illness myopathy, 81
Cryoprecipitate, 392
Cushing’s disease and syndrome, 19, 20

concerns and risks, 20
steroid hormone derangements, 20

Cyanoacrylate adhesives, 478
Cytotoxic edema, 27

D
Dantrolene, 304
d-Dimer, 52, 254
Deceleration, 372
Decompressive craniectomy, 383, 505

Chiari malformations, 383
intervention and treatment, 385
patient assessment, 384, 385

refractory ICH, 383, 384
refractory ICP

non TBI with, 386
patient assessment, 385
TBI with, 385, 386

Deep brain stimulation (DBS), 11, 189, 503
Deep cerebral veins drain, 5
Deep venous thrombosis (DVT), 508

prophylaxis, 508, 593
Defibrillation, 320
Delayed awakening, 329
Delayed cerebral ischemia (DCI), 65, 66, 502, 551

predictors of, 551
preventing, 551

Delayed emergence, 415, 416
Delirium

definition, 560
electrolyte derangement, 560
guidelines, 562
history of alcoholism, 560
hypertension, 560
intervention/treatment, 561
intraoperative sedation, 560
pathophysiology, 560
patient assessment, 560, 561
pharmacological agents, 560
poor postoperative pain control, 560
poor vision/hearing, 560
pre-existing dementia, 560
preventative measures, 561, 562
risk factors, 560

1-Desamino-8-D-arginine vasopressin, 642
Desmopressin (DDAVP), 53, 245
Dexamethasone, 19, 347, 432, 529, 533
Dexmedetomidine, 266, 428, 429, 437, 438
Diabetes insipidus (DI), 217, 218, 360–362, 415, 501, 511, 512, 517

posterior pituitary dysfunction
ADH secretion, 517
clinical presentation, 517
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crisis management, 518
patient assessment, 517–518

tumor surgery, 398
crisis management, 398
prevention, 398

Diagnostic and Statistical Manual of Mental Disorders (DSM), 560
Difficult mask, 352
Diffuse axonal injury (DAI), 371, 372
Diffuse injury, 372
Digital subtraction angiography (DSA), 403, 448, 454, 466
Dilute epinephrine, 469
Dilutional coagulopathy, 251, 487
Dimethyl sulfoxide (DMSO), 453
Direct thrombin inhibitors, 53
Disconnection syndrome, 410
Disseminated intravascular coagulation (DIC), 252
Dosimetry, 445
Double swivel connector with port (DSC), 352, 356
Down syndrome, 402
Droperidol, 533
Drug metabolism, 300
Dual antiplatelet therapy, 596
Duplex ultrasonography, 403
Dural arteriovenous fistula (DAVF), 455
Dural arteriovenous malformation (DAVM), 455
Dural fistula, 458
D-wave monitoring, 41
Dyspnea, 496

E
Electroconvulsive therapy (ECT), 271

cardiovascular complications, 271, 272
crisis management, 273
prevention, 272, 273

complications associated with, 271
incidence of, 271
musculoskeletal injuries, 276

crisis management, 276
prevention, 276

neurological complications, 275
crisis management, 275, 276
prevention, 275

pulmonary complications, 273, 274
crisis management, 274
prevention, 274

Electrocorticogram (ECoG), 40
Electroencephalogram (EEG), 116, 408

burst suppression, 45
cerebral ischemia, detects, 47
coherence and phase synchronization, 46
depth of anesthesia, 44
drug-specific signatures, 46
EEG data acquisition

consciousness and unconsciousness, 43
processed EEG, 44
raw EEG, 43

electrophysiologic monitoring, 40
GABAergic effect, 46
intraoperative awareness, 43
neurobiology of consciousness and the mechanisms, 46
raw and processed EEG, clinical utility of, 44, 45
TBI, 374
utility, 47

Electroencephalogram-based systems, 313
Electrolyte, 23, 31, 330

Electrolyte disturbances, 376, 415
Electromyography (EMG), 41
Electrophysiologic monitoring, 40, 41
Electroretinograms (ERGs), 259
Elevated intracranial pressure (ICP), 501
Embolization, 483
Emergence agitation, 428
Emergency MRI shutdown, 265
Emissary veins, 5
Encephalocele, 381

blood loss, 381
complications, 381
ICP, 381

End tidal carbon dioxide (ETCO2), 538
Endarterectomy, 46
Endocrine failure, 218
Endocrinologic emergencies

anterior pituitary insufficiency
absolute adrenal insufficiency, 515
adrenal gland atrophy, 515
clinical presentation, 516
crisis management, 516, 517
CSWS, 519
etomidate exposure, 516
hypercortisolemic response, 516
neuro-endocrine system, 515
patient assessment, 516
prevention, 516
relative adrenal insufficiency, 516

posterior pituitary dysfunction
DI, 517, 518
oat cell carcinoma, 517
SIADH, 518
water and salt balance, 517

Endoscopic neurosurgery
cardiovascular instability, 414, 415
complications of, 414
conventional neurosurgical procedures, 413
delayed emergence, 415, 416
diabetes insipidus, 415
electrolyte disturbances, 415
endoscope-assisted strip craniectomy, 413
non-communicating hydrocephalus, 413
pediatric indications, 413
prevention, 414
SIADH, 415
significant complications, 413
third ventriculostomy, 413
venous/arterial hemorrhage, 415

Endoscopic ventriculostomies, 368, 413
Endotracheal tube (ETT), 234, 352, 356
Endovascular neurosurgery, 176
Endovascular thrombectomy, 470
End-tidal carbon-dioxide (EtCO2), 267, 538
Epidermal growth factor receptor (EGFR), 502
Epidermal hematoma, 201
Epidermoid cysts, 503
Epidural hematomas (EDH), 12, 372

etiology, typical findings and mortality, 201, 202
neurogenic pulmonary edema

crisis management, 205
prevention, 204, 205

raised intracranial pressure and brain swelling
crisis management, 203, 204
prevention, 202, 203

risks, 202
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Epidural hematomas (EDH) (cont.)
seizures

crisis management, 205, 206
prevention, 205

sudden arterial hypotension
crisis management, 206
prevention, 206

uncontrolled/recurrent bleeding
crisis management, 204, 205
prevention, 204

Epilepsy, 407
surgery, 123

Epinephrine, 348
Epsilon-aminocaproic acid (EACA), 244–245
Esmolol, 428
Etomidate infusion, 516
Evoked potentials (EPs), 41
Extensor (Babinski) toe, 11
External ventricular drain (EVD), 366, 607, 610, 615, 619

collection system, 610
placement-associated hemorrhages, 613

Extracellular fluid (ECF), 39
Extracranial–intracranial (EC-IC) bypass surgery, 207
Extradural haematoma (EDH), 502
Extubation, 234

delayed emergence, 426, 427
drugs, 428
early emergence, 425, 426
emergence agitation, 428
ischemia and herniation, 425
metabolic changes, 425
neonatal blood pressure, 425
neurological complications, 427
pain, 427, 428
postoperative nausea and vomiting, 429
respiratory complications, 429
shivering, 427
stress-induced alterations, 425
stress-induced changes, 426
techniques, 428

F
Facial nerve, 61
Factor Xa inhibitors, 53
Fastrach™ approximation, 353, 354
Femoral artery, 59
Fentanyl, 328, 347
Fever, 302, 303, 360
Fiberoptic bronchoscope (FOB), 235, 352
Fiber-optic devices, 608
Fiberoptic nasal approach, 353
FLACC behavioral scale, 431
Flow-metabolism coupling, 340
Fluid

anemia, 32, 33
blood products, transfusion of, 33
intravenous fluids and blood products, indications, 32
IV solutions, 32
management, 31, 33
resuscitation, 31

Focal injury, 372
Follicle-stimulating hormone (FSH), 515
Formal communication, 647
Four-factor PCC (4PCC), 489
Fourier transformation, 43

Fresh frozen plasma (FFP), 180, 254, 390, 392
Frontotemporal craniotomy, 11
Frova® intubating introducer, 352
Functional MRI (fMRI), 408
Functional residual capacity (FRC), 496
Furosemide, 30, 252

G
GABAergic sedation, 557
Gamma knife surgery, 409
Gastroesophageal reflux disease (GERD), 274
Gastrointestinal tract (GIT), 534
General Anesthesia and Apoptosis (GAS) study, 100
Giant aneurysm, 456
Giant basilar tip aneurysm, 456
Glasgow Coma Scale (GCS), 35, 68, 373, 374, 428, 505, 525
Global ischemia, 301
Glomerular filtration rate, 480
Glucose control, 360
GOLIATH trials, 471
Graduated compression stockings, 593
Graves’ disease, 402
Growth hormone/acromegaly, 23

H
Haloperidol (Haldol), 561
Hardy scope, 216
Head injury, 603
Headaches (HA), 275
Healing, 300
Health Physics office, 443
Heated IV fluids, 299
Helicobacter pylori infection, 603
Helium escape, 265
Hematocrit, 11
Hematomas, 490, 491

formation, 218
Hemispherectomy, 409, 411
Hemispheric cytotoxic brain edema, 27, 409
Hemodynamic complications

blood pressure dysregulation, 509
bradycardia, 510
MI, 510, 511
NPE, 507
pulmonary embolism, 508

Hemodynamic instability, 590
Hemodynamic stability, 401, 521
Hemorrhage, 295, 372

external ventricular drains
crisis management, 613
diagnosis, 613
epidemiology, 612–613
prevention, 613

hydrocephalus, 368
intraparenchymal ICP, PbtO2, and CMD probes

crisis management, 613–614
diagnosis, 613
epidemiology, 613
prevention, 613

Hemorrhagic stroke, 52
Hemostatic abnormalities, 248
Hemostatic agents, clinical uses and mechanisms, 246
Heparin bolus, 280
Heparin overdosage
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management of, 482
prevention of, 482

Heparin–protamine complex, 482
Herniation syndromes, 13
HHH therapy, 469
High dose steroid therapy, 229
Histamine H2 receptor antagonists, 602
Histoacryl®, 453
Hoffman’s response, 11
Homonomous hemianopia, 409
Hydration, 288
Hydrocephalus, 365, 401, 404

aspiration risk, 366
etiologies, 365
hemorrhage, 368
latex allergy, 366, 367
myelomeningocele, 377, 378

intervention and treatment, 378, 379
pathology and clinical presentation, 378
patient assessment, 378
prevention, 378

perioperative concerns, 366
preoperative problem prevention with intracranial pressure, 366
prevalence, 365
slit ventricle syndrome, 369
surgical trauma, 367
symptoms, 365
treatment, 365
VAE, 367, 368

Hydrogen atom, 263
Hyperchloremic metabolic acidosis, 30
Hypercortisolism, 20
Hyperextension, 230
Hyperglycemia, 223, 376
Hyperkalemia

causes of, 583
therapeutic agents for, 584

Hypernatremia, 17, 32, 66, 329
Hyperosmolar therapy, 26, 375
Hypertension, 54, 217, 571, 572

aneurysm/AVM repair, 294
crisis management, 294
prevention, 294

CEA
crisis management, 294
prevention, 293

crisis management, 572
hemodynamic control of, 326
in intracerebral hemorrhage, 572

crisis management, 572
prevention, 572

ischemic stroke, 573
prevention, 572
TBI, 295

crisis management, 295
prevention, 295

during ventriculostomy, 368
Hypertensive euvolemia, 469
Hyperthermia, 297, 302, 432, 502

acute renal failure, 303
cardiovascular effects, 302
causes, 302
CBF and CMR, 303
cellular effects, 302
clinical and laboratory manifestations, 303
crisis management, 303, 304

numerous studies, 302
prevention, 303
response mechanisms, 298
TBI and, 376
thermoregulation, 298
thermoregulatory information processing, phases, 297
treatment approach for, 304

Hyperthyroidism, 21
Hypertonic saline (HTS), 29, 385, 386
Hyperventilation, 26, 28, 203
Hypocalcemia, 252
Hypoglossal nerve, 61
Hypokalemia, 32, 584
Hyponatremia, 16, 32, 361, 397, 402, 580
Hypoperfusion, 254
Hypotension, 60, 254, 283, 326, 501, 516

aneurysm/AVM repair, 294
crisis management, 294
prevention, 294

CEA
crisis management, 294
prevention, 293

ICH, 572
pediatric intraoperative cerebral resuscitation, 348
TBI, 295

crisis management, 295
prevention, 295

Hypothalamic stress, 51
Hypothalamic-optic pathway tumors, 402
Hypothalamic–pituitary–adrenal (HPA) axis, 15
Hypothermia, 246, 297, 427, 481, 482, 502

clinical implications of, 481
crisis management, 299

complications, 300, 301
monitoring sites, 300
neurosurgery, therapeutic in, 301

definition, 481
diagnosis of, 481
etiology of, 481
management of, 482
myelomeningocele, 380
prevention, 298, 299
response mechanisms, 298
thermoregulation during anesthesia, 298
thermoregulatory information processing, phases, 297
utilizing therapeutic, 301

Hypothermia for Aneurysm Surgery Trial (IHAST), 505
Hypothyroidism, 21
Hypoventilation, 501
Hypovolemia

adequate cardiac output, 511
CSW, 512
DI, 511, 512
optimal cerebral blood flow, 511

Hypoxemia, 273, 348
Hypoxic-ischemic injury, 372, 439

I
Iatrogenic induced hyponatremia, 361
Idarucizumab, 490
Impaired ventilatory function, 634
Incompatible monitoring devices, 267
Increased intracranial pressure (ICP), 414

encephalocele, 381
TBI, 374
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Induced coma/paralysis, 30
Induced hypothermia, 360
Inferior vena cava (IVC) filter, 594
Informal communication, 647
In-house coordinator (IHC), 644
Innercool therapies, 589
InnerSpace, 608
Insulin, 23
Intensive Care Delirium Screening Checklist (ICDSC), 548, 561
Intensive care risks

brain death, 439
hemodynamic support, 435, 436
intracranial pressure, 438, 439
meticulous fluid management

CSW, 437
diabetes insipidus, 437
elevated ADH levels, 436
hyperglycemia, 436
insulin resistance, 436
nonosmotic secretion of ADH, 436
postoperative hyponatremia, 436
small premature infants, 436

respiratory support, 435
sedation

dexmedetomidine, 437, 438
opioids/benzodiazepines, 437
propofol, 437

seizures
agents, 438
altered mental status, 438
nonconvulsive status epilepticus, 438
prophylaxis, 438
refractory status epilepticus, 438

sevoflurane anesthesia, 436
International normalized ratio (INR), 601
Interstitial edema, 27
Interventional neuroradiology

acute ischemic stroke, 449, 450
arterial hypertension, 475, 476
AVMs and fistulae, 449
blood pressure management, 450
carotid stenosis, 449
contrast reactions

anaphylactoid reactions, 473
chemotoxic reactions, 473
prevention, 473
chemotoxic reactions, 473

contrast-induced nephropathy
direct osmotic toxicity, 474
prevention, 474, 475
renal dysfunction, 474
renal failure, causes of, 474
risk for, 474
thrombo-embolic events, 474

fluoroscopy, 447
image process

alternative therapy, 453
arterial thrombosis (ischemic stroke), 458, 459
arteriovenous malformation, 454, 455, 457
cerebral aneurysms, 454
cerebrovascular vasospasm, 454
complication of, 453
diagnostic procedures, 453
intracranial/intracerebral haemorrhages, 453
occluding and opening interventions, 453
risks, 461

kyphoplasty, 450
monitoring patient, 448
neuroangiography suite, 447
patient comfort, 466
pediatric patients

contrast nephropathy, 480, 481
contrast reactions, 479, 480
diagnostic and therapeutic procedures, 477
digital subtraction angiography, 477
hemorrhage/hematoma at vessel puncture site, 481
heparin overdosage, 482
high-speed fluoroscopy, 477
hypothermia, 481, 482
intracranial hemorrhage, 478
occlusive complications, 478, 479
patient’s coexisting disease, 478
protamine reaction, 482, 483
VGAM, 483

procedural issues
acute ischemic stroke, 470, 471
acute ischemic stroke interventions, 465
acute stroke interventions, 467
anesthetic and hemodynamic drugs, 468
anesthetic goals, 466
antithrombotic therapy, 471
arteriovenous malformations, 465
cerebral vasospasm, 469
elective procedures, 465
fistulae, 465
hemodynamic goals, 466, 467
immobility, 466
non-GA sedation, 467
occlusive cerebrovascular diseases, 465
patient comfort, 466
physical environment, 465
procedural challenges
physical environment, 465
radiation safety, 465, 466
ruptured cerebral aneurysms, 467, 469

procedures
patient positioning, 447
vascular access, 448

radiation exposure, 447
ruptured intracranial aneurysm interventions, 449
spinal angiography, 450
unruptured intracranial aneurysm interventions, 449
vascular injuries, 450
venography, 450
venous manometry, 450
venous stenting, 450
vertebroplasty, 450

Interventional Neuroradiology Suite, 465
Interventional radiology (IR)

diagnostic procedures, 420
iMRI, 421
intracranial vascular malformations, 420
rescue protocols, 420
systems-based issues, 420
team-based culture of safe practice, 420
therapeutic procedures, 421

Intra-arterial nicardipine, 469
Intra-arterial vasodilators, 469
Intracerebral hemorrhage (ICH), 60

hypertension, 572
crisis management, 572
prevention, 572
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hypotension, 572
Intracranial aneurysm, 212, 301, 505
Intracranial compliance curve, 11
Intracranial Doppler ultrasonography, 144
Intracranial dynamics, 375
Intracranial hematomas, 201
Intracranial hemorrhage, 275, 478, 487

management of, 478
signs and symptoms of, 478

Intracranial hypertension, 25, 26, 30, 326, 493
Intracranial hypotension, 503
Intracranial monitors

brain tissue oxygen monitoring, 608–609
CMD, 609
complications, 609
external ventricular drains

crisis management, 611
CSF infection, 610
diagnosis, 611
prevention, 610, 611

ICP, 607, 608
intraparenchymal ICP, PbtO2, and CMD probes

crisis management, 612
diagnosis, 612
epidemiology, 611–612
prevention, 612

Intracranial pressure (ICP), 163, 419, 431, 438, 439, 537, 607–608
aneurysmal subarachnoid hemorrhage, 65
brain and spinal cord, 36
causes, 163
clinical presentation, 164
craniosynostosis and craniofacial surgery, 393

crisis management, 393
prevention, 393

decompressive craniectomy, 384
hydrocephalus, 366
indications, 165
medical and surgical actions, 166
patient assessment, 165
perioperative monitoring, challenges and management, 307–309
prevention/treatment, 163, 166
signs and symptoms, 164

Intracranial ultrasonography, 403
Intrahospital transport

arterial hypotension, 537
atelectasis, 537
catecholamine support, 537
checklist, 538
crisis management, 541
emergent transports, 537
equipment failures, 537
hypotension

and arrhythmias, 537
and hypoxia, 537

intracranial hypertension, 537
microdialysis catheters, 537
pneumothorax, 537
pre-existing PEEP requirement, 537
prevention

accompanying personnel, 539, 540
equipment, 538, 539
non-routine transports, 538
transport checklist, 538

recommended emergency, 539
respiratory complications, 537
risks, 538

secondary insults, 537
ventilator-associated pneumonia, 537

Intraoperative diabetes insipidus, 361
Intraoperative graft thrombosis, 213
Intraoperative heat loss, phases of, 299
Intraoperative hypothermia, 301, 487, 589
Intraoperative MRI (iMRI), 268, 421
Intraoperative neurophysiological monitoring, 115
Intraoperative tachycardia, 313
Intraoperative team

anesthesia provider, 154
circulating nurse preparation, 154
OR through emergence, 154
perioperative environment, 155
registered nurse, 153
risk and concerns, 155
surgical schedule, 153
team member changes, 155
team work and collaboration, 153

Intraparenchymal haematoma, 503
Intraparenchymal intracranial pressure (ICP), 607, 608
Intrathoracic trauma, 367
Intravascular cooling devices, 589
Intravascular volume, 32
Intravenous (IV) contrast agents, 263
Intraventricular antimicrobial therapy, 611
Intraventricular hemorrhage (IVH), 611
Intubation, 233, 234
Ionic contrast agents, 480
Ischemia, 401
Ischemic infarction, 501
Ischemic optic neuropathy (ION), 255–257, 259, 504
Ischemic stroke, 573

J
Jugular venous oxygen saturation (SvjO2), 38, 309, 310

K
Ketamine, 46, 346, 366, 376
Kyphoplasty, 450

L
Labetalol, 428
Labile hemodynamics, 60
Lactate-to-pyruvate ratio (LPR), 609
Landau-Kleffner syndrome, 411
Language localization, 3
Laryngeal mask airway (LMA), 190, 352, 353, 355, 390, 477, 494
Latex allergy

aspiration risk, 366, 367
myelomeningocele, 379

intervention and treatment, 380
pathology and clinical presentation, 380
patient assessment, 380
prevention, 379, 380

Lenticulostriate arteries, 4
Lidocaine, 203
Light-assisted blind intubation, 353
Line sepsis, 310
Local microcirculatory damage, 230
Lorezepam, 438
Louisville, 589
Low molecular weight heparin (LMWH), 593
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Lower airway obstruction, 493
Lubricated nasal trumpet, 351
Lumbar puncture, 12
Lumbar vertebra, 8
Lutenizing hormone, 515
Luteotropic hormone, 515

M
Magnetic resonance imaging (MRI), 263, 417

access zones, 264
anaesthesia techniques, 266, 267
anaesthesiologist, 264
anaesthetic equipment and monitoring, 265, 266
contrast agents, 263
crisis management during, 267, 268
iMRI, 268
magnetic scanner and computer-assisted neuro-navigation system, 

268
paediatric patients, 267

intensive care patients, 267
paediatric patients, 267

patient and personnel screening, 266
principle of, 263
risks involved with procedures

helium escape and emergency MRI shutdown, 265
RF pulses and magnetic gradient fields, 264, 265
static magnetic field hazards, 264, 265

scanner and environment, 263, 264
sedative agents, 266
TBI, 374

Malignant hyperthermia, 303, 304
Malignant infarction, 458–459
Mallampati classification, 234
Malpositioning/malfunctioning, external ventricular drains

crisis management, 614
diagnosis, 614
epidemiology, 614
intraparenchymal ICP, PbtO2, and CMD probes
crisis management, 615–616
diagnosis, 615
epidemiology, 614–615
prevention, 614, 615

Mannitol, 29, 30, 203
Manual in-line axial stabilization (MIAS), 231
Mask ventilation, 351
Massive blood transfusion, 596
Massive hemorrhage

tumor surgery, 396
crisis management, 396, 397
prevention, 396

craniotomy
AABB, 179
aneurysms, 175
anticoagulant medications, 178
arteriovenous malformations, 175
citrate intoxication, 181–182
colloids, 179
comorbid illness, 177–178
endovascular neurosurgery, 176
etiologies, 177
fluid management, 178
fresh frozen plasma, 180
hypertonic saline, 179
hypothermia, 177
intraoperative management, 176

intraoperative monitoring, 176
isotonic crystalloid, 178
massive transfusion protocol, 179
packed red blood cells, 180
patient assessment, 178
patient preparation, 175
platelet transfusion, 181
preexisting hemostatic defects, 177–178
tissue thromboplastin, 177
treatment of, 178

Massive transfusion protocol (MTP), 180
Master endocrine gland, 515
Maximal allowable blood loss (MABL), 392
Mayo Anesthesia Safety in Kids (MASK) study, 100
Mean arterial pressure (MAP), 293, 308, 419
Medial cerebral artery (MCA), 460
Medivance, 589
Metal and plexiglass shield, 466
Metallic implants, 267
Meticulous care, 64
Meticulous hemostasis, 244
Midazolam, 589, 590
Middle cerebral artery (MCA), 4, 458
Mild cognitive impairment (MCI), 105
Milrinone, 469
Minimal alveolar concentration (MAC), 116
Minimal ventilatory function, 634
Minimum inhibitory concentration (MIC), 611
Modern-day antibiotic-impregnated ventriculostomy catheters, 309
Modified infant pain scale (MIPS), 431
Monitored anesthesia care (MAC), 471
Motor Activity Assessment Scale (MAAS), 561
Motor evoked potentials (MEP), 11, 115, 240
Motor pathway, 9
Moyamoya disease, 420, 505
Moyamoya syndrome, 402
Multiple lobar resections, 411
Multiple subpial transections (MST), 408, 411
Musculoskeletal injuries, ECT, 276

crisis management, 276
prevention, 276

Myalgias, 276
Myelomeningocele, 366

CSF leak, 379
crisis intervention, 379
prevention, 379

hydrocephalus, 377, 378
intervention and treatment, 378, 379
pathology and clinical presentation, 378
patient assessment, 378
prevention, 378

latex allergy, 379
intervention and treatment, 380
pathology and clinical presentation, 380
patient assessment, 380
prevention, 379, 380

miscellaneous complications
blood loss, 380
hypothermia, 380
urinary retention, 381

neural placode, damage to, 377
spina bifida occulta and, 381

Myocardial dysfunction, 516
Myocardial infarction (MI), 283, 510, 511
Myocardial ischemia, 273, 510
Myogenic motor evoked potentials, 240

Index



663

N
Nasogastric aspiration, 604
National Institutes of Health Stroke Scale score, 505
Nationwide Inpatient Sample database, 256
Natriuretic peptides, 15, 16
N-butyl cyanoacrylate, 453
Near infrared spectroscopy (NRIS), 38–40
Nefopam, 502
Nephrogenic diabetes insipidus, 517
Nerve damage, 61
Neural placode, damage to, 377
Neuraxial local anaesthetic/opioids, 525
Neuroanesthesia

brain and spinal cord, monitoring, 35, 36
cerebral blood flow, 38
cerebral oxygenation, 38, 39
cerebrovascular reactivity, 37, 38
electrophysiologic monitoring, 40, 41
ICP, 36
metabolic monitoring, 39, 40

clinical monitoring, 35
concerns and risks, 41
intracranial pressure monitoring devices, 37
monitoring systemic physiologic variables, 35
neuromonitoring techniques, applications of, 36
secondary brain injury, cerebral microdialysis markers  

of, 39, 40
traumatic brain injury, intracranial pressure  

monitoring, 37
Neuroangiography suite, 447
Neurocardiogenic stress cardiomyopathy, 212
Neurocritical care, 40, 41
Neuroendocrine physiology, 15

additional neuroendocrine systems
growth hormone/acromegaly, 23
insulin, 23
pheochromocytoma, 22, 23
pineal gland, 23

ADH, 15
adrenal insufficiency, 19

central, 19
primary, 19

concerns and risks, sodium and water balance, 18
Cushing’s disease and syndrome, 19, 20

concerns and risks, 20
steroid hormone derangements, 20

natriuretic peptides, 15, 16
neurosurgical patient, implications for

CSW, 17
hypernatremia, 17
hyponatremia, 16
SIADH, 16
sodium and water balance, 16

sodium and water balance, 15
steroid hormone, 18
thyroid hormone, 21, 22

Neuroendocrine systems
growth hormone/acromegaly, 23
insulin, 23
pheochromocytoma, 22, 23
pineal gland, 23

Neurofibromatosis type I (NF1), 402
Neurogenic cardiomyopathy, 51
Neurogenic diabetes insipidus, 215
Neurogenic pulmonary edema (NPE), 204, 205, 212,  

432, 507

Neurogenic stunned myocardium, 569
crisis management, 570
diagnosis, 569, 570
prevention, 569

Neuroleptic malignant syndrome, 303
Neurologic diseases

demyelinating disease, multiple sclerosis, 78
muscle disease, muscular dystrophies, 81
neurodegenerative diseases

amyotrophic lateral sclerosis, 78
Parkinson’s disease, 77

neuromuscular diseases
critical illness polyneuropathy, 80
Guillain–Barré syndrome, 79
lambert Eaton myasthenic syndrome, 80
myasthenia gravis, 80

Neurologic emergencies
brain oedema, 501
complications

airway obstruction, 501
hyperthermia, 502
hypotension, 501
hypothermia, 502
hypoventilation, 501
polyuria, 501

cranial nerve palsies, 501
intracranial haemorrhage, 501
ischemic infarction, 501
seizures, 501
specific complications

acute postoperative autonomic dysfunction, 504
EDH, 502
intracranial hypotension, 503
intraparenchymal haematoma, 503
PHBS, 503
postoperative brain swelling, 503
postoperative coma, 503
postoperative seizures, 502
postoperative visual loss, 504
remote intracranial bleed, 503
supratentorial subdural hematomas, 502
tension pneumocephalus, 503

surgical procedures, complications
acute postoperative neurological deterioration, 505
cervical spinal surgery, 506
cranioplasty, 505
decompressive craniectomy, 505
epilepsy surgery, 504
intracranial aneurysm, 505
moyamoya disease, 505
neuroendoscopic procedures, 504
parkinsonism, 505
posterior fossa surgeries, 504
transsphenoidal pituitary surgery, 504
ventriculo-peritoneal shunt procedures, 505

systemic complications, 501
Neurologic injury, 51
Neurological complications

anesthesia, pediatric neurosurgery, 427
ECT, 275

crisis management, 275, 276
prevention, 275

Neuromonitoring, 35, 38
Neuromonitoring failure, tumor surgery, 395

crisis management, 395, 396
prevention, 395
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Neuromuscular blocking drugs (NMBs), 84
depolarizing, 84
hyperkalemia, 85
nondepolarizing, 85
residual paralysis, 85

Neuromuscular-blocking classes, 560
Neuroprotection, 173
Neuroradiology

anesthesia, 417, 418
cerebral oxygen consumption, 420
CT and MRI, 417
demographic data, 419
difficult airways, 418
environmental, 417–418
hemodynamic effects, 420
hypotonic IV fluids, 420
induction room, 418
intracranial pathology, 418
medical, 418
medical ionizing radiation, 417
mild anxiolysis and distraction therapy, 418
moderate and deep sedation, 418
monitored anesthesia care, 418
MRI scans, 417
neuroanesthesia principles, 418
propofol, 419

Neurosurgery
capacity, 89
competency, 89
concerns and risks, 90
hypothermia, 301
Mac-CAT, 90
neuroanesthesia, 89
Nuremberg Code, 89
PARQ discussion, 89
problems, 90
procedures, 90
unintended wake-up during (see Unintended wake-up)

Neurosurgical critical care, interaction with family and friends
building trust, 647
clinician communication, 647
clinician–patient relationship, 647
communication, 648
grief support, 650
informal clinician–care partner contact, 648
interaction increases, 648
open-ended questions seeking, 647
surrogate decision-makers, 649
VALUE, 647

Neurosurgical techniques and procedures, 359
blood pressure management, 145
cautery, 143
cranial procedures, 143
electrophysiologic monitoring, 144
Intracranial Doppler ultrasonography, 144
intraoperative imaging, 145
prone cranial procedures, 145
Shunt and Generator Implantation, 145
spinal procedures, 146
spinal surgery, 144
stereotactic and awake Cranial Procedures, 144–145
three-point fixation, 145
transsphenoidal resection, 143
trundelenburg positioning, 143

Nicardipine, 428, 469
Nidus, 454
Nimodipine, 213, 454

Nitrous oxide (N2O), 208, 288, 290
Nonaccidental trauma (NAT), 371
Non-anesthetic drugs, 328
Non-communicating hydrocephalus, 413
Non-convulsive status epilepticus (NCSE), 275, 502
Noninvasive positive pressure ventilation (NPPV), 497
Nonionic contrast agents, 480
Non-rapid eye movement (NREM) sleep, 43
Nonsteroidal anti-inflammatory drugs (NSAID), 601

NSAID-induced ulcers, 603
Non-vitamin K antagonists, 489
Normal perfusion pressure breakthrough (NPPB), 402, 555

adjacent normal brain, 555
clinical and radiological predictors, 555
crisis management, 556
diagnosis, 556
intraoperative prevention, 556
venous overload, 555

Normocapnia, 420, 471
Normoglycemia, 360, 471
Normothermia, 471
Nuclear magnetic resonance (NMR), 263

O
Oat cell carcinoma, 517
Obstructive lung disease, 497
Obstructive sleep apnea (OSA), 329
Occluding interventions, 453
Occlusive complications, 478

management of, 479
signs and symptoms of, 478

Occlusive hyperemia, 555
Olanzapine (Zyprexa), 561
Onyx®, 453
Opioids, 25, 327, 328
Optic nerve, 3
Organ donation

DDCD, 644, 645
designations and advanced directives, 645, 646
identification and process management, 643, 644
incidence and epidemiology, 641
medical management of, 641–643

Organ Procurement and Transplantation Network for Organ Sharing 
(OPTN/UNOS), 645

Organ Procurement Organization (OPO), 643
Osmolality abnormalities, 330
Osmotherapy, 439
Osmotic therapy, 29, 30
Osmotically driven cerebral edema, 28
Oxygen, 321
Oxygen concentration, 61

P
Paediatric epilepsy surgery, 504
Pain, 427, 428
Pain management, 431, 432
Pain scores, 526
Papaverine, 454, 469
Paradoxical air emboli (PAE), 288
Paralysis, 30, 521, 522
Parker Flex-Tip™ tracheal tube, 352
Parkinsonism, 505
Parotitis, 61
Paroxysmal supraventricular tachycardia (PSVT), 570
Partial/complete callosotomy, 411
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Patient-controlled analgesic (PCA) devices, 431, 529
Pediatric airway

airway equipment, 358
characteristics, 351

developmental differences, 351
smaller size, 351

C-MAC®, 354
concerns and risks, 357
Fastrach™ approximation, 353, 354
fiberoptic nasal approach, 353
light-assisted blind intubation, 353
LMA, fiberoptic oral approach, 353
neurosurgical patient, implications for, 354, 355
Storz® video laryngoscope, 354
syndromes, diagnoses, and scenarios associated with neurosurgical 

procedures, 358
ventilation, 351, 352

alternative methods, 352
intubation, 352, 353

Verathon® GlideScope, 354
video laryngoscope/pediatric GlideScope, 354

Pediatric Anesthesia and Neurodevelopment Assessment (PANDA) 
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crisis management
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Positive end-expiratory pressure (PEEP), 205, 288, 375, 497
Positron emission tomography (PET), 417
Postanesthesia care unit (PACU), 531

blood pressure control, 431
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pharmacologic prophylaxis, 533, 534
prophylaxis and treatment, 531
propofol, 532
reduce baseline risk, strategies to, 532
risk factors for, 531
sedation, 87
simplified risk score, 532
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Prognostication, 324
Programmable VP shunts, 369
Prophylaxis, 602
Propofol, 43, 46, 328, 347, 419, 437, 438, 630
Protamine reaction

clinical presentation of, 482
management and treatment of, 483
unanticipated intracranial hemorrhage, 482

Protection devices, 281
Protein kinase C (PKC), 587
Prothrombin complex concentrate (PCC), 489
Proton emission tomography (PET), 408
Pseudohypoxic brain swelling (PHBS), 503
Pulmonary artery catheter (PAC), 290, 642
Pulmonary complications

crisis management, 274
ECT, 273, 274
prevention, 274

Pulmonary fibrosis, 496
Pulmonary hypertension, 288
Pulmonary management, 567

crisis mangement, 567
nosocomial pneumonias, 567
pulmonary emboli, 567

Pulseless electrical activity (PEA), 320, 322
Pulseless ventricular tachycardia, 320, 323, 324

Q
Quetiapine (Seroquel), 561

R
Radiation, 302
Radiation exposure, 447
Radiation safety, 465, 466

distance, 444
fluroscopy, 443, 444
medical X-rays, 443
modern fluoroscopy equipment, 443
patient, implications for, 444
risks, 445
shielding personnel, 444
time, 444

Randomized controlled trials (RCT), 602
Rapid response teams (RRTs), 317
Rapid surgical decompression, 367
Rapid ventricular response (RVR), 570
Raw EEG, 43, 44
Rebleeding, 64
Recombinant-activated Factor VII, 53
Recurrent laryngeal nerve, 61
Red blood cell transfusion, 392
Red flags, 403
Redistribution hypothermia, 298
Refractory intracerebral hemorrhage, decompressive craniectomy, 

383, 384
non TBI with, 386
patient assessment, 385
TBI with, 385, 386

Refractory unifocal epilepsy, 407
Remifentanil, 466, 471

emergence, anesthetic effects, 328
pediatric anesthetic care, 347

Renal artery stenosis, 402
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