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Foreword

Transcranial Doppler, including TCD flow imaging modalities, allows us to access 
detailed information on the hemodynamics of the cerebral circulation. TCD was 
first introduced in neuro-critical care to monitor vasospasm in patients after sub-
arachnoid hemorrhage. Since the 1980’s, we have witnessed a remarkable widening 
of its range of applications. This book is a substantial documentation of this devel-
opment, describing a true multidisciplinary approach to using TCD (and extracra-
nial Doppler) as a tool to improve neuro-critical care for a broad range of trauma 
and diseases.

The book illustrates convincingly a paradigm change in how TCD is used in 
investigational studies as well as in clinical practice. Ultrasound Doppler used to 
be a relatively simple diagnostic handheld tool where the verdict was based on the 
measured velocities, the pulsatility, and eventual spectral broadening signaling 
disturbed flow. What led to a shift in paradigm is one of the most important advan-
tages of TCD – the presence of the cranium (really!). In spite of its propensity to 
dampen the ultrasound and make signal acquisition a bit more difficult, the cra-
nium provides an ideal platform for mounting monitoring TCD probes. And this 
monitoring can go on and on, and even be aided by robotic technology in an 
ambulatory setting without somebody there to keep that probe aimed right on 
its target.

So, early on, TCD invaded the territory of physiologists and pathophysiologists. 
This invasion of course met resistance, if not outright attempts to condemn TCD to 
the scrapheap of bad science: “Therefore, the slopes that Aaslid et al. calculated 
have nothing to do with the rate of autoregulation of the cerebral vascular bed.” 
(Editorial, Stroke Jan. 1989). Hundreds of dynamic autoregulation studies later, 
the facts speak for themselves. And the cerebral autoregulation in the non-anesthe-
tized human is indeed an almost incredibly fast mechanism—contrary to the much 
slower response as measured in anesthetized cats by physiologists in the pre-
TCD era.

There is still a lot to be learned about the cerebral circulation. TCD is a conve-
nient non-invasive tool on this journey. It provides a lot of complex data that must 
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be analyzed and understood. Particularly encouraging has been the way pioneering 
neuro-anesthesiologists have embraced the methodology. It speaks for the useful-
ness of this window on the cerebral circulation.

Rune Aaslid
Director of R&D at Hemodynamic ag 

Bern, Switzerland
November 2020

Foreword



ix

Acknowledgments

A book such as this could only be developed through the commitment and humble 
dedication of a group of exceptional professionals, who, through their handwriting, 
their sacrifice, the academic love for sharing, and the time dedicated, have honored 
each of its pages. I would like to thank my colleagues and editors for their belief and 
their magnificent work. Thanks go to ESNCH for their support and confidence in 
this project. I would like to thank Springer for believing in us and for their profes-
sionalism in this work. I would also like to thank Prof. Rune Aaslid for his contribu-
tion and trust. Last but not least, my greatest thanks go to my wife, my son and my 
parents for their love and constant encouragement; without them, nothing would 
have been possible. And to my parents, the cornerstone of my essence and existence.

Camilo N. Rodríguez



xi

Contents

Part I  Neurocritical Care: Concepts to Review

 1   Neurocritical Patient in ICU: An Humanized View of Our  
Medical Care as a Gold Standard . . . . . . . . . . . . . . . . . . . . . . . . . . . .     3
Gabriel Heras La Calle and José Manuel Velasco Bueno

 2   Neuro-ICU: Monitoring and Management of Intracranial  
Pressure. A Practical Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    15
Peter Le Roux

 3   Intracerebral Hemorrhage (ICH) Approach: Bedside  
Practical Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    47
Thomas J. Cusack and Wendy Ziai

 4   Organ Maintenance After Death by Neurological Criteria (DNC)  
in Neuro- ICU: The Importance of Donation  . . . . . . . . . . . . . . . . . . .    71
Vasso Zisimopoulou and Panayiotis N. Varelas

 5   Neuropharmacology in the ICU: Monitoring the Therapeutic  
Response and Neurological Hemodynamic Impact of Our  
Therapeutic Decisions in Real Time  . . . . . . . . . . . . . . . . . . . . . . . . . .    81
Ryan Fillmore and Gretchen M. Brophy

Part II  Neurosonology: Basic Principles

 6   Transcranial Doppler Ultrasound: Physical Principles . . . . . . . . . . .    99
David H. Evans

 7   Transcranial Doppler (TCD) and Trancranial Color-Coded  
Duplex Sonography (TCCS): Applied Neuroanatomy  . . . . . . . . . . .   117
Camilo N. Rodríguez and Ryan Splittgerber

 8   Transcranial Doppler (TCD/TCCS) and Cerebral Blood Flow: 
Applications in the Neurological Intensive Care Unit . . . . . . . . . . . .   147
Edward M. Manno and Farzeneh Sorond



xii

Part III  Neurosonology: Neurocritical Care Patient

 9   Transcranial Doppler (TCD/TCCS) and Cerebral Blood  
Flow Velocities: Parameters of Normality  . . . . . . . . . . . . . . . . . . . . .   163
Jorge H. Mejía Mantilla, Pablo F. Amaya,  
and Leidy Gaviria Villarreal

 10   Transcranial Doppler (TCD/TCCS) Approaches:  
Acoustic Windows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   177
Jorge Carrizosa

 11   Neurocritical Patient in ICU: Transcranial Doppler  
(TCD/TCCS) as the Brain Stethoscope . . . . . . . . . . . . . . . . . . . . . . . .   195
Chiara Robba and Danilo Cardim

 12   Neurosonology in the ICU: Transcranial Doppler (TCD) 
Protocol  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   215
Corina Puppo

 13   Transcranial Doppler (TCD/TCCS) Monitoring in the  
Intensive Care Unit: Usefulness of Two-Dimensional  
Ultrasound (2D) to Guide Neuromonitoring  . . . . . . . . . . . . . . . . . . .   233
André Y. Denault, Antoine Halwagi, Francis Bernard,  
Stéphane Langevin, Etienne Couture, Milene Azzam,  
William Beaubien-Souligny, and Pierre Robillard

 14   Neurosonology in ICU: Transcranial Color-Coded Duplex  
Sonography (TCCS) Protocol  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   251
Camilo N. Rodríguez and Deborah Pugin

 15   Transcranial Color-Coded Duplex Sonography (TCCS):  
Importance of Angle Correction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   283
Piergiorgio Lochner, Antonio Siniscalchi, and Andrea Naldi

 16   Neurocritical Care Monitoring in ICU: Measurement of the  
Cerebral Autoregulation by Transcranial Doppler (TCD) . . . . . . . .   291
Leanne A. Calviello and Marek Czosnyka

 17   Neuro-ICU: Cerebral Hemodynamics and Transcranial  
Doppler (TCD/TCCS) Waveform Interpretation in the Most  
Common Neurocritical Pathologies . . . . . . . . . . . . . . . . . . . . . . . . . . .   299
L. Luciano Ponce Mejia, Bahattin B. Ergin, and Lucía Rivera Lara

 18   Non-invasive Multimodal Neuromonitoring in the ICU:  
The Role of Transcranial Doppler (TCD/TCCS) . . . . . . . . . . . . . . . .   319
Demetrios J. Kutsogiannis

 19   Acute Neurologic Injury in ICU: Vasomotor Reactivity  
Testing by Transcranial Doppler (TCD/TCCS) . . . . . . . . . . . . . . . . .   333
Pedro Castro and Elsa Azevedo

Contents



xiii

 20   Critical Closing Pressure in Acute Brain Injury: Usefulness of 
Transcranial Doppler as Neuromonitoring  . . . . . . . . . . . . . . . . . . . .   341
Corina Puppo, Leandro Moraes, and Bernardo Yelicich

 21   Transcranial Doppler Ultrasound Pulsatility Index: Utility  
and Clinical Interpretation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   357
Oscar M. Pinillos, Camilo N. Rodríguez, and Ryan Hakimi

 22   Transcranial Doppler in Subarachnoid Hemorrhage: Usefulness  
in the Diagnosis and Monitoring of Cerebral Vasospasm . . . . . . . . .   377
Fabienne Perren

 23   Subarachnoid Hemorrhage (SAH) in the Neuro-ICU: Usefulness  
of Transcranial Doppler (TCD/TCCS) for Delayed Cerebral  
Ischemia (DCI) Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   395
Frederick A. Zeiler and Jeanne Teitelbaum

 24   Aneurysmal Subarachnoid Hemorrhage and Endovascular  
Treatment: Usefulness of Transcranial Doppler (TCD/TCCS)  
for Cerebral Hemodynamic Monitoring . . . . . . . . . . . . . . . . . . . . . . .   411
Laura Llull Estrany

 25   Carotid Dissection in ICU: Usefulness of Bedside Ultrasound 
Examination and Pupillary Early Approach . . . . . . . . . . . . . . . . . . .   421
Claudio Baracchini and Filippo Farina

 26   Carotid Disease: Usefulness of the Ultrasound  . . . . . . . . . . . . . . . . .   437
Gyula Pánczél, Vendel Kemény, László Oláh, and László Csiba

 27   Acute Neurologic Injury in the ICU: Role of Transcranial  
Doppler in Disorders of the Vertebrobasilar Circulation . . . . . . . . .   461
Rick R. Gill, Brett L. Cucchiara, and Monisha A. Kumar

 28   Intracerebral Venous System: Monitoring by Transcranial  
Color-Coded Duplex Sonography (TCCS) . . . . . . . . . . . . . . . . . . . . .   483
Dixon Yang, Marialaura Simonetto, Nelly Campo, Digna Cabral, 
and Tatjana Rundek

 29   Arteriovenous Malformation (AVM) and Arteriovenous Fistula  
in the ICU: Contributions of Transcranial Doppler (TCD/TCCS)  
to Diagnosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   495
Eva Bartels

 30   Stroke Prognosis: Monitoring the Hemodynamics and Blood  
Pressure by TCD/TCCS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   505
Ricardo Varela, José Coelho, Sara Bernardo-Castro, Fernando Silva, 
and João Sargento-Freitas

Contents



xiv

 31   Acute Ischemic Stroke in ICU: Monitoring of Arterial Recanalization 
After Endovascular Treatment (EVT) by Transcranial Doppler  
(TCD/TCCS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   527
José I. Suárez

 32   Transcranial Doppler (TCD) and Transcranial Color-Coded  
Duplex Sonography (TCCS): Defining Collateral Cerebral  
Blood Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   533
Maher Saqqur

 33   Reversed Robin Hood Syndrome and Ischemic Stroke:  
Usefulness of Transcranial Doppler (TCD/TCCS) to  
Real-Time Monitoring  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   569
Sanjeev Sivakumar and Ryan Hakimi

 34   Ischemic Stroke in the ICU: Bedside Monitoring of the Cerebral 
Autoregulation Status by Transcranial Doppler (TCD/TCCS)  
in the Acute Stage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   581
Pedro Castro and Ricardo Soares-dos-Reis

 35   Sonothrombolysis: Usefulness of Transcranial Doppler  
Ultrasonography (TCDU)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   593
Jose C. Navarro, Cyrus G. Escabillas, and Vijay K. Sharma

 36   Neurosonology in ICU: Transcranial Doppler (TCD/TCCS)  
and Microemboli Detection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   611
Branko Malojcic

 37   Stroke and Right-to-Left Shunt in ICU: Role of the Transcranial  
Doppler (TCD/TCCS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   621
Edoardo Vicenzini and Chiara Izzo

 38   Neuro-Orbital Ultrasound: Ocular Color- Coded Duplex  
Sonography (OCCS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   639
Camilo N. Rodríguez, Milija Mijajlovic, and Juan Diego Ciro

 39   Death by Neurological Criteria (DNC) in ICU: Usefulness of 
Transcranial Doppler (TCD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   661
José María Domínguez Roldán, Claudio García Alfaro,  
and Rosa Elena de la Torre Gómez

 40   Intracerebral Hemorrhage in ICU: Dynamic Monitoring by  
Transcranial Color-Coded Duplex Sonography (TCCS)  . . . . . . . . .   679
Pol Camps-Renom

 41   Transcranial Doppler (TCD/TCCS) and Traumatic Brain  
Injury (TBI): Is There a Role? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   689
Pierre Bouzat and Pierluigi Banco

Contents



xv

 42   Sickle Cell Disease (SCD): Usefulness of Transcranial Doppler  
(TCD/TCCS) Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   701
Juan Fernando Gómez Castro

Part IV  Neurosonology: Beyond Usual Monitoring

 43   Comatose Patient in ICU: Early Resuscitation Guided by  
Transcranial Doppler (TCD/TCCS) . . . . . . . . . . . . . . . . . . . . . . . . . .   715
Francisco Tamagnone and Ezequiel Luna

 44   Post-cardiac Arrest Care: Usefulness of Transcranial Doppler  
(TCD/TCCS) in Cerebral Hemodynamic Monitoring After 
Resuscitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   731
C. Hoedemaekers

 45   Large Hemispheric Infarction (LHI): Usefulness of  
Transcranial Doppler (TCD/TCCS) . . . . . . . . . . . . . . . . . . . . . . . . . .   743
Claudio E. Scherle Matamoros

 46   Non-Convulsive Status Epilepticus (NCSE) in ICU: Bedside  
Usefulness of TCD in Comatose Patient Diagnosis. When the  
EEG Is Too Far . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   753
Alshimaa Shaban Othman and Foad Abd-Allah

 47   Patient with Preeclampsia in ICU: Usefulness of the Transcranial 
Doppler (TCD/TCCS) to Monitor and Predict the Most Common 
Neurological Complications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   763
Teelkien Van Veen and Ronney B. Panerai

 48   ECMO Patient in Intensive Care Unit: Usefulness of Neurosonology  
in Neurologic Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   777
Loïc Le Guennec and Alain Combes

 49   Neuro-ICU: Usefulness of Transcranial Doppler (TCD/TCCS) to 
Monitoring of Neurological Impact from Mechanical Ventilation  
and Prone Position in ARDS Patients . . . . . . . . . . . . . . . . . . . . . . . . .   797
Anna Teresa Mazzeo, Giulia Catozzi, Simone Caccia,  
and Luciana Mascia

 50   Acute Liver Failure (ALF) in ICU: Usefulness of Transcranial  
Doppler (TCD/TCCS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   817
Anselmo A. Abdo-Cuza

 51   Sepsis in the ICU: Usefulness of Transcranial Doppler  
(TCD/TCCS) to Cerebral Hemodynamic Monitoring . . . . . . . . . . . .   829
Ilaria Alice Crippa and Fabio Silvio Taccone

 52   Infective Endocarditis and Stroke: Active Embolization  
Risk Monitoring by Transcranial Doppler (TCD/TCCS) . . . . . . . . .   841
Carla Venegas, Leilani Johnson, and Aarti Sarwal

Contents



xvi

 53   Neurosurgical Patient in ICU: Usefulness of Transcranial  
Doppler (TCD/TCCS) in Postoperative Monitoring . . . . . . . . . . . . .   849
Camilo N. Rodríguez and Thomas Geeraerts

 54   Perioperative Cardiovascular Surgery: Transcranial Doppler  
(TCD/TCCS) As a Tool in Predicting Neurological Outcome . . . . . .   887
Leandro Aguirre and Francisco Klein

 55   Decompressive Craniectomy in the ICU: Usefulness of Transcranial 
Doppler (TCD/TCCS) in the Monitoring of Hemodynamic 
Changes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   905
Sebastián Vásquez, Juliana Mendoza Mantilla, María Natalia Suárez, 
Luis A. Bustamante, Joffre Guzman, and Andrés M. Rubiano

 56   Therapeutic Hypothermia (TH) in ICU: Cerebral Hemodynamics 
Monitoring by Transcranial Doppler (TCD/TCCS)  . . . . . . . . . . . . .   919
Sanjeev Sivakumar and Christos Lazaridis

 57   Management of Brain Tumors in ICU: Monitoring the Neurological 
Impact by Transcranial Doppler (TCD/TCCS) . . . . . . . . . . . . . . . . .   931
Mohammed F. Kananeh and Syed Omar Shah

 58   Point-of-Care Ultrasound: Guidance for Lumbar Puncture  . . . . . .   937
Camilo N. Rodríguez and Tiffany Fong

 59   Intensive Care Unit-Acquired Weakness (ICUAW): Usefulness  
of Bedside Ultrasound. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   949
Paolo Formenti, Michele Umbrello, and Davide Chiumello

 60   POCUS Application in Neurocritical Care Patients: Transcranial 
Doppler (TCD/TCCS) as a Part of POCUS, from the Brain  
Ultrasound to Monitoring the Systemic Complications  . . . . . . . . . .   975
Raffaele Aspide, Chiara Robba, and Federico Bilotta

 61   Intra-Aortic Balloon Pump (IABP) in ICU: Cerebral Hemodynamics 
Monitoring by Transcranial Doppler (TCD/TCCS)  . . . . . . . . . . . . .   999
Juliana Caldas and Ronney B. Panerai

 62   Brain Parenchyma: Usefulness of Transcranial Color-Coded  
Duplex Sonography (TCCS)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1011
Silvana Svampa

 63   ICP Management by Osmotherapy with Mannitol and Hypertonic  
Saline in ICU: Real-Time Effect on Optic Nerve Sheath Diameter 
Monitoring by Ultrasound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1025
Yoann Launey

 64   Neuroanesthesia: Usefulness of Transcranial Doppler (TCD) . . . . .  1037
Marta García-Orellana and Nicolás de Riva Solla

Contents



xvii

 65   Traumatic Brain Injury in Neuro-ICU: Usefulness and  
Experience of Robotic Transcranial Doppler (TCD) . . . . . . . . . . . . .  1045
Frederick A. Zeiler

 66   Prehospital Transcranial Color-Coded Duplex Sonography (TCCS): 
Usefulness for the Diagnosis and Early Stroke Treatment . . . . . . . .  1057
Felix Schlachetzki, Mustafa Kilic, Markus Webert, Michael Ertl, 
Dobri Baldaranov, and Sandra Boy

 67   Transcranial Doppler (TCD/TCCD) and Ultrasonography: 
A Useful Tool in the Aeromedical Transport. What Should We 
Consider? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1065
Anselmo Caricato and Eleonora Stival

 68   Cerebral Hemodynamic Monitoring and Renal Replacement  
Therapy (RRT) in ICU: Usefulness of the Transcranial  
Doppler (TCD/TCCS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1075
Camilo N. Rodríguez and Jorge Cerdá

 69   Central Nervous System Infection in ICU: Usefulness of  
Transcranial Doppler (TCD/TCCS) to Cerebral Hemodynamics 
Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1103
Martin Müller, Mareike Österreich, Lehel Lakatos,  
and Manuel Bolognese

 70   Pneumoperitoneum and Trendelenburg Position During  
Abdominal Surgery: Usefulness of Transcranial Doppler  
(TCD/TCCS) to Non-invasive Intracranial Pressure  
Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1111
Karthikka Chandrapatham, Chiara Robba, and Danilo Cardim

 71   Transcranial Doppler (TCD): Role for Patients After  
Concussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1121
Alexander Razumovsky

  Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1135

Contents



xix

Contributors

Rune Aaslid, PhD Hemodynamics Ag, Bern, Switzerland

Foad  Abd-Allah, MD Kasr-Alainy School of Medicine, University of Cairo, 
Cairo, Egypt

Anselmo  A.  Abdo-Cuza, MD, PhD Medical Surgical Research Center, La 
Habana, Cuba

Leandro Aguirre, MD Favaloro Foundation University Hospital, Buenos Aires, 
Argentina

Claudio García Alfaro, MD University Hospital of Virgen del Rocío, Seville, Spain

Pablo  F.  Amaya, MD Hospital Universitario Fundación Valle del Lili, Cali, 
Colombia

Raffaele  Aspide, MD IRCCS Istituto delle Scienze Neurologiche di Bologna, 
Anesthesia and Neurointensive Care Unit, Bologna, Italy

Elsa Azevedo, MD Neurologist, Department of Clinical Neurosciences and Mental 
Health, Faculty of Medicine of University of Porto, Porto, Portugal

Department of Neurology, Universitary Hospital São João, Porto, Portugal

Committee Member - ESNCH, Oslo, Norway

Milene  Azzam, MD Department of Anesthesiology, Montreal Heart Institute, 
Université de Montréal, Montreal, QC, Canada

Dobri Baldaranov, MD Department of Neurology, Center for Vascular Neurology 
and Neurointensive Care, University of Regensburg, medbo Bezirksklinikum 
Regensburg, Regensburg, Germany

Pierluigi Banco, MD Anesthesiology and Intensive Care Medicine, CHU Grenoble 
Alpes Trauma Center, Grenoble, France

Claudio Baracchini, MD, FESO Director of Stroke center and  Neurosonology 
Lab, University of Padua School of Medicine, President - ESNH, Padova, Italy



xx

Eva Bartels, MD, PhD Neurologist, Center for Neurological Vascular Diagnostics, 
Munich, Germany

Educational Coordinator - ESNCH, Oslo, Norway

William Beaubien-Souligny, MD Department of Anesthesiology, Montreal Heart 
Institute, Université de Montréal, Montreal, QC, Canada

Department of Nephrology, Centre Hospitalier de l’Université de Montréal, 
Montreal, QC, Canada

Francis  Bernard, MD Intensive Care Unit, Hôpital Sacré-Coeur de Montréal, 
Montreal, QC, Canada

Sara  Bernardo-Castro, MD Neurosonology Laboratory, Centro Hospitalar e 
Universitário de Coimbra, Coimbra, Portugal

Faculdade de Medicina da Universidade de Coimbra, Coimbra, Portugal

Federico  Bilotta, MD Department of Anesthesiology, Critical Care and Pain 
Medicine, Section of Neuroanaesthesia and Neurocritical Care, Sapienza University 
of Rome, Rome, Italy

Manuel  Bolognese, MD Department of Neurology, Luzerner Kantonsspitals, 
Lucerne, Switzerland

Pierre  Bouzat, MD CHU Grenoble Alpes, Grenoble Institut of Neurosciences, 
Grenoble, France

Sandra  Boy, MD Department of Neurology, Asklepios Clinic Bad Tölz, Bad 
Tölz, Germany

Gretchen  M.  Brophy, PharmD, BCPS, FCCP, FCCM, FNCS Virginia 
Commonwealth University, Medical College of Virginia Campus, 
Richmond, VA, USA

José  Manuel  Velasco  Bueno, RN Hospital Universitario Virgen de la Victoria, 
Málaga, Spain

Luis A. Bustamante, MD Trauma Intensive Care Unit, San Fernando/Valle Salud 
Clinic, Cali, Colombia

Digna  Cabral, MD Department of Neurology, Miller School of Medicine, 
University of Miami, Miami, FL, USA

Simone Caccia, MD Department of Surgical Sciences, Division of Anesthesia and 
Intensive Care, University of Turin, Turin, Italy

Juliana Caldas, MD, PhD Department of Anesthesia, University of Sao Paulo, 
Butanta, Sao Paulo, Brazil

Critical Care Unit Hospital São Rafael Salvador, Salvador, Brazil

Contributors



xxi

Leanne A. Calviello, BA, MSc Division of Neurosurgery, Department of Clinical 
Neurosciences, Cambridge Biomedical Campus, University of Cambridge, 
Cambridge, UK

Nelly  Campo, MD Department of Neurology, Miller School of Medicine, 
University of Miami, Miami, FL, USA

Pol  Camps-Renom, MD, PhD Department of Neurology, Hospital de la Santa 
Creu i Sant Pau, Universitat Autònoma de Barcelona, Barcelona, Spain

Biomedical Research Institute Sant Pau (IIB-Sant Pau), Barcelona, Spain

Danilo Cardim, MD, PhD Brain Physics Laboratory, Division of Neurosurgery, 
Department of Clinical Neurosciences, Addenbrooke’s Hospital, University of 
Cambridge, Cambridge, UK

Institute for Exercise and Environmental Medicine, Texas Health Presbyterian 
Hospital Dallas, Dallas, TX, USA

Department of Neurology and Neurotherapeutics, University of Texas Southwestern 
Medical Center, Dallas, TX, USA

Anselmo  Caricato, MD Department of Anesthesia and Intensive Care, 
NeuroIntensive Care, IRCCS Policlinico Universitario “A. Gemelli”, Rome, Italy

Jorge Carrizosa, MD, MSc, NVS Intensive Care Medicine, Hospital Universitario 
Fundación Santa Fé, Bogotá, Colombia

Neurointensive Care section - AMCI, Bogotá, Colombia

Juan Fernando Gómez Castro, MD Pediatric Neurology Department, Hospital 
Universitario Valle del Lili, Cali, Colombia

Pedro  Castro, MD, PhD Department of Clinical Neurosciences and Mental 
Health, Faculty of Medicine of University of Porto, Porto, Portugal

Department of Neurology and Stroke Unit, Centro Hospitalar Universitário de São 
João, E.P.E, Porto, Portugal

Giulia Catozzi, MD Department of Surgical Sciences, Division of Anesthesia and 
Intensive Care, University of Turin, Turin, Italy

Jorge  Cerdá, MD, MSc, FACP, FASN Nephrology Division, Department of 
Medicine, Albany Medical College, Albany, NY, USA

Karthikka Chandrapatham, MD Department of Surgical Sciences and Integrated 
Diagnostics, Anaesthesia and Intensive Care, San Martino Policlinico Hospital, 
IRCCS for Oncology, University of Genoa, Genoa, Italy

Davide Chiumello, MD SC Anestesia e Rianimazione, Ospedale San Paolo – Polo 
Universitario, ASST Santi Paolo e Carlo, Milan, Italy

Dipartimento di Scienze della Salute, Università degli Studi di Milano, Milan, Italy

Contributors



xxii

Centro Ricerca Coordinata di Insufficienza Respiratoria, Università degli Studi di 
Milano, Milan, Italy

Juan  Diego  Ciro, MD, MSc Anesthesiology  – Intensive Care Medicine, ICU 
Department, Clínica Las Américas, Medellin, Colombia

Neurointensive Care Section – AMCI, Bogotá, Colombia

José Coelho, MD Neurosonology Laboratory, Centro Hospitalar e Universitário 
de Coimbra, Coimbra, Portugal

Alain Combes, MD, PhD Reanimation Service, Institute of Cardiology, Groupe 
Hospital Pitié–Salpêtrière, Public Assistance – Hospital of Paris, Paris, France

Sorbonne University, UPMC University Paris 06, Institute of Cardiometabolism 
and Nutrition, Paris, France

Etienne Couture, MD Department of Anesthesiology, Montreal Heart Institute, 
Université de Montréal, Montreal, QC, Canada

Ilaria Alice Crippa, MD Department of Intensive Care, University of Brussels, 
Erasme Hospital, Brussels, Belgium

László Csiba, MD, PhD, DSci, MHAS Neurologist, Department of Neurology, 
Clinical Center Debrecen University, Advisory Board - ESNCH.  Hungarian 
Neurological Society, Debrecen, Hungary

Brett L. Cucchiara, MD Department of Neurology, University of Pennsylvania, 
Philadelphia, PA, USA

Thomas  J.  Cusack, MD, MSc Division of Neurosciences Critical Care, 
Departments of Neurology, Neurosurgery, and Critical Care Medicine, The Johns 
Hopkins Hospital, Baltimore, MD, USA

Marek  Czosnyka, PhD Department of Clinical Neurosciences, Cambridge 
Biomedical Campus, University of Cambridge, Cambridge, UK

Rosa Elena de la Torre Gómez, MD National Medical Center of Western IMSS, 
Guadalajara, Mexico

André Y. Denault, MD Department of Anesthesiology and Intensive Care Unit, 
Montreal Heart Institute, Université de Montréal, Montreal, QC, Canada

Nicolás  de Riva  Solla, MD, PhD Neuroanesthesia Division, Anesthesiology 
Department, CLINIC Hospital, Barcelona, Spain

Bahattin  B.  Ergin, BSN, RVT Anesthesiology & Critical Care Medicine, The 
Johns Hopkins University School of Medicine, Baltimore, MD, USA

Michael  Ertl, MD Department of Neurology, University Clinic Augsburg, 
Augsburg, Germany

Cyrus  G.  Escabillas, MD Jose R.  Reyes Memorial Medical Center, Manila, 
Philippines

Contributors



xxiii

Laura  Llull Estrany, MD Cerebral Vascular Pathology Unit, Hospital Clínic, 
Barcelona, Spain

David H. Evans, PhD, DSc Department of Cardiovascular Sciences, University of 
Leicester, Leicester, UK

Filippo Farina, MD Department of Neuroscience, University of Padua School of 
Medicine, Padova, Italy

Felix Schlachetzki, MD Department of Neurology, Center for Vascular Neurology 
and Neurointensive Care, University of Regensburg, medbo Bezirksklinikum 
Regensburg, Regensburg, Germany

Ryan Fillmore, MD Department of Neurology-Neurocritical Care, The University 
of California, Irvine, Orange, CA, USA

Tiffany Fong, MD, FACEP Division of Emergency Ultrasound, Department of 
Emergency Medicine, The Johns Hopkins University School of Medicine, 
Baltimore, MD, USA

Paolo Formenti, MD SC Anestesia e Rianimazione, Ospedale San Paolo – Polo 
Universitario, ASST Santi Paolo e Carlo, Milan, Italy

Marta  García-Orellana, MD Neuroanesthesia Division, Anesthesiology 
Department, CLINIC Hospital, Barcelona, Spain

Thomas  Geeraerts, MD Department of Anesthesiology and Intensive Care, 
University Hospital of Toulouse, Toulouse NeuroImaging Center (ToNIC), Inserm, 
Toulouse, France

Rick R. Gill, MD Department of Neurology, Loyola University, Chicago, IL, USA

Joffre  Guzman, MD Neuroscience Institute, El Bosque University, INUB  – 
Meditech Research Group, Bogotá, Colombia

Ryan Hakimi, DO, MSc, FNCS, NVS Neuro ICU, TCD Services, Prisma Health- 
Upstate, Greenville, SC, USA

Department of Medicine (Neurology), USC School of Medicine-Greenville, 
Greenville, SC, USA

American Society of Neuroimaging (ASN), Minneapolis, MN, USA

Antoine  Halwagi, MD Department of Anesthesiology and Intensive Care Unit, 
Centre Hospitalier de l’Université de Montréal, Montreal, QC, Canada

C. Hoedemaekers, MD, PhD Department of Intensive Care, Radboud University 
Medical Center, Nijmegen, The Netherlands

Chiara Izzo, MD Department of Neurosciences and Mental Health, Neurosonology, 
Sapienza, University of Rome, Rome, Italy

Contributors



xxiv

Leilani  Johnson, MSc Neurology, Wake Forest School of Medicine, Winston- 
Salem, NC, USA

Mohammed F. Kananeh, MD Department of Neurological Surgery, Vickie and 
Jack Farber Institute for Neuroscience, Thomas Jefferson University, 
Philadelphia, PA, USA

Vendel Kemény, MD, PhD Director of Early Phase Clinical Services at ICON plc, 
Budapest, Hungary

Szentendre Medical Center, Szentendre, Hungary

Mustafa Kilic, MD Department of Neurology, Center for Vascular Neurology and 
Neurointensive Care, University of Regensburg, medbo Bezirksklinikum 
Regensburg, Regensburg, Germany

Francisco  Klein, MD Neuroscience Institute, Hospital Universitario Fundación 
Favaloro, Buenos Aires, Argentina

Monisha A. Kumar, MD, FNCS HUP Neuro ICU, Philadelphia, PA, USA

HUP Neuro ICU, Departments of Neurology, Neurosurgery and Anesthesiology 
and Critical Care, Hospital of the University of Pennsylvania, Philadelphia, PA, USA

University of Pennsylvania Health System, Philadelphia, PA, USA

Demetrios  J.  Kutsogiannis, MD Critical Care Medicine, Neurocritical Care 
(UCNS), Neurosciences ICU, The University of Alberta, Royal Alexandra Hospital 
ICU, University of Alberta Hospital, Edmonton, AB, Canada

Gabriel Heras La Calle, MD, PhD-Cand Head of Intensive Care Department, 
Hospital Comarcal Santa Ana de Motril, Motril, Granada, Spain

International Research Project for the Humanization of Intensive Care Units, HU-CI 
Project, Universidad Francisco de Vitoria, Madrid, Spain

Lehel Lakatos, MD Department of Neurology, Luzerner Kantonsspitals, Lucerne, 
Switzerland

Stéphane Langevin, MD Department of Anesthesiology and Intensive Care Unit, 
Institut universitaire de cardiologie et de pneumologie de Québec, Laval University, 
Québec, QC, Canada

Yoann  Launey, MD, PhD Intensive Care Unit, Department of Anaesthesia, 
Critical Care and Perioperative Medicine, Centre Hospitalier Universitaire de 
Rennes, Rennes, France

Christos  Lazaridis, MD, EDIC Neurocritical Care, Departments of Neurology 
and Neurosurgery, University of Chicago, Chicago, IL, USA

Loïc Le Guennec, MD, PhD Sorbonne University, Paris, France

Intensive Medicine Neurologic Reanimation, Hôpital Pitié-Salpêtrière, Paris, France

Contributors



xxv

Peter Le Roux, MD, FACS, FNCS Division of Neurosurgery, Main Line Health, 
Wynnewood, PA, USA

Lankenau Institute of Medical Research, Wynnewood, PA, USA

Piergiorgio Lochner, MD, PhD Department of Neurology, Saarland University 
Medical Center, Homburg, Germany

Ezequiel Luna, MD Intensive Care Medicine, Sanatorio Güemes, Buenos Aires, 
Argentina

University of Buenos Aires (UBA), Buenos Aires, Argentina

Branko Malojcic, MD, PhD, FESO, FWSO Director of TIA Centre, Department 
of Neurology, University Hospital Center Zagreb, Zagreb School of Medicine, 
Zagreb, Croatia

Secretary - ESNCH, Oslo, Norway

Edward  M.  Manno, MD, MSc Department of Neurology, Northwestern 
University Feinberg School of Medicine, Chicago, IL, USA

Juliana  Mendoza  Mantilla, MD Neuroscience Institute, El Bosque University, 
INUB – Meditech Research Group, Bogotá, Colombia

Luciana Mascia, MD, PhD Dipartimento di Scienze Biomediche e Neuromotorie, 
University of Bologna, Bologna, Italy

Anna  Teresa  Mazzeo, MD Department of Adult and Pediatric Pathology, 
University of Messina, AOU Policlinico G. Martino, Messina, Italy

L.  Luciano  Ponce  Mejia, MD Departments of Neurology, The Johns Hopkins 
University School of Medicine, Baltimore, MD, USA

Jorge  H.  Mejía Mantilla, MD, MSc, FNCS Head Neurointensive Care Unit, 
Department of Critical Care and Anesthesiology, Hospital Universitario Fundación 
Valle del Lili, Cali, Colombia

Milija  Mijajlovic, MD, PhD, FEAN Clinical Case Reports Journal, EAN 
Neurosonology Scientific Panel, Neurology Clinic, Clinical Center of Serbia, 
Faculty of Medicine, University of Belgrade, Belgrade, Serbia

Member At-Large - ESNCH, Oslo, Norway, Oslo

Leandro  Moraes, MD Intensive Care Center, Hospital de Clinicas, School of 
Medicine, University of the Republic, Montevideo, Uruguay

Martin Müller, MD Department of Neurology, Luzerner Kantonsspitals, Lucerne, 
Switzerland

Andrea Naldi, MD Department of Neuroscience Rita Levi Montalcini, University 
of Turin, Turin, Italy

Contributors



xxvi

Jose C. Navarro, MD Jose R. Reyes Memorial Medical Center, Department of 
Neurology, Institute of Neurosciences, St Luke’s Medical Center, University of 
Santo Tomas, University of Santo Tomas Hospital, Manila, Philippines

László Oláh, MD, PhD, DSci Neurologist, Department of Neurology, Debrecen 
University, Committee Member - ESNCH, Debrecen, Hungary

Mareike  Österreich, MD Department of Neurology, Luzerner Kantonsspitals, 
Lucerne, Switzerland

Alshimaa Shaban Othman, MD Kasr-Alainy School of Medicine, University of 
Cairo, Cairo, Egypt

Gyula Pánczél, MD, PhD Department of Neurology, Ferenc Flór County Hospital, 
Kistarcsa, Hungary

Ronney B. Panerai, PhD Department of Cardiovascular Sciences, University of 
Leicester, Leicester, UK

Fabienne Perren, MD, PhD University Hospital and Medical Faculty, Department 
of Clinical Neurosciences, LUNIC Laboratory, Neurocenter of Geneva, Geneva, 
Switzerland

Committee Member - ESNCH, Oslo, Norway

Oscar  M.  Pinillos, MD, MSc Intensive Care Medicine, Clinica de Occidente, 
Cali, Colombia

Neurointensive Care section - AMCI, Bogotá, Colombia

Deborah Pugin, MD Intensive Care Medicine and Neurology, FMH Chez Centre 
Qorpus. Clinique des Grangettes, Geneva, Switzerland

Corina  Puppo, MD Intensive Care Unit, Clinics Hospital, Universidad de la 
Republica School of Medicine, Montevideo, Uruguay

Alexander Razumovsky, PhD, FAHA, NVS TCD Global Inc., York, PA, USA

Specialty Care, Inc., York, PA, USA

Lucía  Rivera Lara, MD, MPH Department of Neurology, Anesthesiology and 
Critical Care Medicine, The Johns Hopkins School of Medicine, Baltimore, MD, USA

Chiara Robba, MD, PhD Department of Anaesthesia and Intensive Care, Ospedale 
Policlinico San Martino IRCCS, IRCCS for Oncology, University of Genoa, 
Genoa, Italy

Deputy Neurointensive Care section - ESICM, Brussels, Belgium

Pierre  Robillard, MD Department of Radiology, Montreal Heart Institute, 
Université de Montréal, Montreal, QC, Canada

Camilo N. Rodríguez, MD Intensive Care Medicine, Hospital Nacional Prof. Dr. 
A. Posadas, University of Buenos Aires (UBA), Neurointensive Care Section - 

Contributors



xxvii

ESICM, Neurointensive Care Section - AMCI, Neurointensive Care Committee - 
FEPIMCTI, Member of ESNCH, Buenos Aires, Argentina

José  María  Domínguez Roldán, MD Intensive Care Department, Hospital 
Universitario Virgen del Rocío, Seville, Spain

Andrés  M.  Rubiano, MD, PhD Neuroscience Institute, El Bosque University, 
INUB – Meditech Research Group, Bogotá, Colombia

Trauma Intensive Care Unit, San Fernando/Valle Salud Clinic, Cali, Colombia

Tatjana  Rundek, MD Evelyn F.  McKnight Brain Institute, Department of 
Neurology, Miller School of Medicine, University of Miami, Miami, FL, USA

Maher  Saqqur, MD, MPH, FRCPC Division of Neurology, Department of 
Medicine and Department of Radiology, Mackenzie Health Sciences Centre, 
University of Alberta, Edmonton, AB, Canada

Neuroscience Institute, Hamad General Hospital Doha, Doha, Qatar

João  Sargento-Freitas, MD Neurologist, Neurosonology Laboratory, Centro 
Hospitalar e Universitário de Coimbra, Coimbra, Portugal

Faculdade de Medicina da Universidade de Coimbra, Coimbra, Portugal

Committee Member - ESNCH, Oslo, Norway

Aarti Sarwal, MD, FNCS, FAAN Neurology, Wake Forest School of Medicine, 
Winston-Salem, NC, USA

Neurocritical Care Society (NCS), Chicago, IL, USA

Claudio  E.  Scherle  Matamoros, MD Department of Neurology, Stroke Unit, 
Eugenio Espejo Hospital, Quito, Ecuador

Syed Omar Shah, MD, MBA Department of Neurological Surgery, Vickie and 
Jack Farber Institute for Neuroscience, Thomas Jefferson University, 
Philadelphia, PA, USA

Vijay K. Sharma, MD Division of Neurology, National University Health System, 
Singapore and Yong Lo Lin School of Medicine, National University of Singapore, 
Singapore, Singapore

Fernando Silva, MD Neurosonology Laboratory, Centro Hospitalar e Universitário 
de Coimbra, Coimbra, Portugal

Marialaura Simonetto, MD Department of Neurology, Miller School of Medicine, 
University of Miami, Miami, FL, USA

Antonio Siniscalchi, MD Department of Neurology and Stroke Unit, Annunziata 
Hospital, Cosenza, Italy

Sanjeev Sivakumar, MD Department of Neurology, University of South Carolina- 
Greenville School of Medicine, Greenville, SC, USA

Contributors



xxviii

Ricardo Soares-dos-Reis, MD, MSc Department of Clinical Neurosciences and 
Mental Health, Faculty of Medicine of University of Porto, Porto, Portugal

Department of Neurology, Centro Hospitalar Universitário de São João, E.P.E., 
Porto, Portugal

Farzeneh Sorond, MD, PhD Department of Neurology, Northwestern University 
Feinberg School of Medicine, Chicago, IL, USA

Ryan  Splittgerber, PhD Department of Surgery, Vanderbilt University Medical 
Center, Office of Health Sciences Education, Vanderbilt University School of 
Medicine, Nashville, TN, USA

Eleonora Stival, MD Department of Anesthesia and Intensive Care, NeuroIntensive 
Care, IRCCS Policlinico Universitario “A. Gemelli”, Rome, Italy

José  I.  Suárez, MD, FNCS, FANA, FAAN Division of Neurosciences Critical 
Care, Departments of Anesthesiology and Critical Care Medicine, Neurology, and 
Neurosurgery, The Johns Hopkins University School of Medicine, 
Baltimore, MD, USA

María Natalia Suárez, MD Health Faculty, South-Colombian University, Neiva, 
Colombia

Silvana Svampa, MD Intensive Care Medicine, CMIC Clinic, Neuquén, Argentina

Medical Foundation of Río Negro and Neuquén, Cipolletti, Río Negro, Argentina

SATI, Buenos Aires, Argentina

Fabio  Silvio  Taccone, MD, PhD Emergency Medicine, University Libre of 
Brussels, Brussels, Belgium

Department of Intensive Care, Laboratory of Experimental Research, Erasme 
Hospital, Brussels, Belgium

Francisco Tamagnone, MD Intensive Care Medicine, Critical Care Ultrasound, 
University of Buenos Aires (UBA), Buenos Aires, Argentina

Bernardino Rivadavia Hospital, Buenos Aires, Argentina

Jeanne Teitelbaum, MD Section of Neurocritical Care, Department of Neurology, 
Montreal Neurological Institute, McGill University, Montreal, QC, Canada

Michele Umbrello, MD SC Anestesia e Rianimazione, Ospedale San Paolo – Polo 
Universitario, ASST Santi Paolo e Carlo, Milan, Italy

Teelkien  Van Veen, MD, PhD Department of Obstetrics and Gynecology, 
University of Groningen, Groningen, The Netherlands

Ricardo Varela, MD Neurosonology Laboratory, Centro Hospitalar e Universitário 
de Coimbra, Coimbra, Portugal

Panayiotis  N.  Varelas, MD, PhD, FNCS, FAAN Department of Neurology, 
Albany Medical Center, Albany, NY, USA

Contributors



xxix

Sebastián  Vásquez, MD Neurology Department, Rosario University, Bogotá, 
Colombia

Neuroscience Institute, El Bosque University, INUB – Meditech Research Group, 
Bogotá, Colombia

Carla Venegas, MD Critical Care Medicine, Mayo Clinic, Jacksonville, FL, USA

Edoardo Vicenzini, MD, PhD Department of Neurosciences and Mental Health, 
Neurosonology Sapienza, University of Rome, Rome, Italy

Member - ESNCH, Oslo, Norway

Leidy  Gaviria  Villarreal, MD Clinical Research Unit, Hospital Universitario 
Valle del Lili, Cali, Colombia

Markus Webert, MD Department of Neurology, Center for Vascular Neurology 
and Neurointensive Care, University of Regensburg, medbo Bezirksklinikum 
Regensburg, Regensburg, Germany

Dixon  Yang, MD Department of Neurology, New York University Langone 
Health, New York, NY, USA

Bernardo  Yelicich, Electronic Engineer Engineering (Ing), Universidad de la 
República – Montevideo Uruguay, Neuromonitoring Group of the Hospital de 
Clínicas, Montevideo, Uruguay

Frederick  A.  Zeiler, BSc, MD, PhD, CIP, FRCSC Section of Neurosurgery, 
Department of Surgery, Department of Human Anatomy and Cell Science, Rady 
Faculty of Health Sciences, University of Manitoba, Winnipeg, MB, Canada

Wendy Ziai, MD, MPH Division of Neurosciences Critical Care, Departments of 
Neurology, Neurosurgery, and Critical Care Medicine, The Johns Hopkins Hospital, 
Baltimore, MD, USA

Vasso Zisimopoulou, MD Air Force General Hospital, Athens, Greece

Contributors



Part I
Neurocritical Care: Concepts to Review



3© Springer Nature Switzerland AG 2022
C. N. Rodríguez et al. (eds.), Neurosonology in Critical Care, 
https://doi.org/10.1007/978-3-030-81419-9_1

Chapter 1
Neurocritical Patient in ICU: 
An Humanized View of Our Medical Care 
as a Gold Standard

Gabriel Heras La Calle and José Manuel Velasco Bueno

Key Points
 1. You only have to walk through the door of a hospital to realize the discomfort of 

patients, families, and professionals.
 2. To humanize is not “goodism”: it is to promote professional excellence with the 

necessary human and technological means and attitudes. And this also requires 
economic investment.

 3. When different personal, group, and organizational factors come together, per-
sonal wear and tear is very considerable, and the well-known burnout syndrome 
can appear. Recently, a 54% burnout rate has been published among intensivists 
in the United States.

 4. So, how to humanize the medical care of the neurocritical patient? Well, that, 
dear reader, depends on you.

1.1  Introduction: What Do We Call the Humanization 
of Health Care?

Of all the professions, health care should be a paradigm of human treatment par 
excellence. Those of us who choose to serve others in the worst moments of their 
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lives, when illness is present, should be worthy of the admiration and respect from 
the rest of the society. But… Aren’t we human beings who are posing the prospect 
of the humanization of our care?

Obviously we are, although for many reasons we have been able to put excel-
lence in treatment to one side. One only has to walk through the door of a hospital 
to realize the discomfort of patients, families, and professionals.

Scientific development has contributed to a notable improvement in health out-
comes, thanks to technological innovation, the strengthening of research, and the 
objectification of decision-making. Thus, in the last 50 years, survival rates and life 
expectancy have been improved.

But perhaps health care has focused on solving problems called diseases rather 
than on the expression of these diseases in people. Technological euphoria has been 
able to make us lose the true focus of our human condition, which is fallible, finite, 
and deadly.

On the other hand, we are part of a complex socio-health world in which relation-
ships are established between people with different roles and interests: patients, 
families, and professionals. These relationships are affected by different factors: 
high care burden, job cuts, lack of means, and little margin of error, factors that can 
lead to depersonalized care and generate a poor experience for users of the system. 
The depersonalization of professionals, together with emotional fatigue and low 
personal fulfilment, constitutes the so-called burnout syndrome, a real epidemic that 
many scientific societies are beginning to echo and to which solutions must be found.

How can we not talk about humanizing health care?
For the experts in this ancestral subject, to humanize means “to refer to man in 

everything that is done to promote and protect health, to cure illnesses, to guarantee 
an environment that favors a healthy and harmonious life on a physical, emotional, 
social and spiritual level. To speak of humanization calls for the intrinsic dignity of 
every human being and the rights that derive from it. And this makes it a necessity 
of vital importance and transcendence” [1].

The affective-effective model inspired by the thought and values of Albert Jovell 
[2]: “It is the way to care for and cure the patient as a person, based on scientific 
evidence, incorporating the dimension of the patient’s dignity and humanity, estab-
lishing care based on trust and empathy, and contributing to their well-being and the 
best possible health outcomes.”

In recent years, different projects at the local and international level have made 
the humanization of health care a new discipline, as has happened with patients’ 
safety, for example. This is an absolutely transversal issue that is of social interest 
and crosses the barriers of hospitals and health centers: patients, families, and pro-
fessionals together with managers and health authorities are considering re- designing 
health systems and focusing them on the main actors [3]. Taking care of all the par-
ties who live together in the health system on a daily basis is a necessity; we would 
say almost a matter of survival and the way to building excellent health. To do so, we 
believe that it is necessary to listen to and attend to the particular problems of each 
actor, to respond to their needs, and to understand that the balance depends on the 
well-being of all those involved, and that it is everyone’s responsibility as well.

G. Heras La Calle and J. M. V. Bueno
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Therefore, and by way of summary, we could point out that:

 1. Humanizing health care means transforming hospitals into friendlier and more 
human-centered places, regardless of their role.

 2. To humanize is to seek excellent care, and also to understand and accept that we 
professionals are fallible, vulnerable, and have the right to express our emotions.

 3. To humanize is to become aware of oneself: it is an important personal commit-
ment to improve reality, our relationships, and the environment from each per-
son: it is humanized from the inside out.

 4. Humanizing means personalizing care by listening to what patients and families 
need, not what we think they need, and turning this into a clinical process where 
attitude is fundamental. Healthcare systems will be humanized when they are at 
the service of all people.

 5. To humanize is not to “appear good”: it is to promote professional excellence 
with the necessary human and technological means and attitudes. And this also 
requires economic investment.

And the key to this, on which to focus the meaning of humanizing health care, is 
to recover the meaning of people’s true dignity.

1.2  How Is Critical Care Humanized?

In February 2014, the project HU-CI was born in Spain [4]: the international 
research project for humanizing intensive care. Through the creation of a multidis-
ciplinary group of people, made up of patients, families, and health professionals 
(doctors, nurses, assistants, psychologists, etc.) and non-health professionals (archi-
tects, computer scientists, designers, and teachers), an international and collabora-
tive research group was set up based on the following premises, with the aim of 
redesigning health care [5].

After listening to thousands of opinions collected through the project HU-CI 
blog and cocreated by all the main actors, the eight research lines of the project were 
defined [6] (Fig. 1.1). Through the network research, we intend to evaluate different 
areas and carry out the implementation of the corresponding improvement actions.

1.2.1  Open-Door ICU: Presence and Participation of Family 
Members in ICU

The policy of family visits to ICU patients has historically followed a restrictive 
model [7] due to different factors:

• False beliefs
• Customs

1 Neurocritical Patient in ICU: An Humanized View of Our Medical Care as a Gold…
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• Emotional exhaustion
• ICU structure problems
• Family interference in medical care
• Security
• Infection control
• Lack of communication skills

Currently, there is sufficient evidence in the literature to promote a change in this 
policy [8]. The experience in this regard of pediatric and neonatal ICUs, where par-
ents and usual caregivers are considered fundamental in the comprehensive care of 
the patient, has much to contribute to adult therapies. Flexible schedules are benefi-
cial for patients, families, and professionals.

The existing barriers to change in this sense are related to the physical structure 
of the units and the mental structure of the professionals. The solution must come 

1

2

3

4

5

6

7

8

Open-door
Policy in ICUs

Communication

Wellbeing of
the patient

Presence &
participation of
relatives in
intensive care

Care for the
healthcare
professional

Prevention,
management and
monitoring of post-

intensive care
syndrome

Humanised
infraestructure

End-of-life care

Fig. 1.1 The HU-CI project research lines
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from dissemination and training based on the successful experiences of other units, 
new attitudes, and habits that allow a modification of the visiting policy and that are 
adapted to each unit. Likewise, it is essential to value the family as a “companion in 
care,” thus eradicating the concept of “visit.” Thus, family members can collaborate 
in basic care together with the staff: cleaning, rehabilitation, feeding, training, and 
supervised learning opportunities are encouraged for them. Giving the family the 
opportunity to contribute to the patient’s recovery can have positive effects on the 
patient, themselves, and professionals by reducing emotional stress and facilitating 
closeness and communication between the parties involved.

Many critically ill patients are subjected to aggressive or interventional tech-
niques. The presence of family members, also during certain procedures, is accom-
panied by changes in the attitude of professionals, in terms of privacy, dignity, and 
pain management, during such procedures. In addition, greater satisfaction of the 
families and a greater acceptance of the situation have been achieved by favoring 
the mourning process in the case of cardiopulmonary resuscitation. The presence 
and participation of the family members [9] in the daily rounds also contribute to the 
improvement of communication and favor the opportunity to ask questions and 
clarify information, increasing their satisfaction.

1.2.2  Communication

Communication is the key element in human relations, and improving it is one of 
the basic and priority pillars of HU-CI project.

With an effective communication (complete, clear, opportune, and concise) 
shared by the whole team, we avoid mistakes and we agree on treatments and care. 
The moments of transfer of information in the ICUs are frequent and very important 
since in them relevant information can be omitted or misinterpreted [10].

The use of tools such as working by daily objectives, checklists, briefings, ran-
dom analysis of real-time security (RARTS), or the situation/background/assess-
ment/recommendation (SBAR) technique facilitates multidisciplinary participation 
and makes these processes more effective and safe.

Team cohesion can be improved through support strategies and the acquisition of 
“non-technical” skills (human tools) that minimize the occurrence of conflicts 
related to communication problems. These conflicts affect the team and directly 
influence the well-being of the patient and the family, generate professional wear 
and tear, and have an impact on the results.

Many of the problems that are generated in hospitals stem from poor communi-
cation, and in critical care, from poor information to families and patients. 
Historically, professionals have not been taught at university in these skills, if it is 
known that proper communication with patients and families helps to foster a cli-
mate of trust and respect, and facilitates joint decision-making. Furthermore, on 
many occasions, the information demands of families and patients have little to do 
with the information provided by health professionals. The participation of the 

1 Neurocritical Patient in ICU: An Humanized View of Our Medical Care as a Gold…
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nurse in the information is, in general, insufficient and not clearly defined, despite 
the fundamental role they play in the care of the critically ill patient and his/her fam-
ily members.

The use of augmentative and/or alternative communication systems in those 
patients who cannot speak for different reasons and which replace oral language 
when it is not understandable or absent, is very useful as tools to facilitate commu-
nication, putting technology at the service of people.

1.2.3  Well-Being of the Patient

Although it is perhaps the most obvious line and one of the basic objectives of the 
critics’ units, it is not always developed with excellence. The disease itself and the 
procedures necessary to achieve cure generate discomfort and pain in patients [11]. 
And on many occasions, the scales that ensure the well-being of the patient are not 
applied routinely.

Both physical and emotional factors generate suffering in critical patients: they 
suffer from pain, thirst, heat, and cold; difficulty in resting due to excessive noise or 
lighting; and are limited in their mobilization, often due to the use of unnecessary 
restraints and other sequelae generated in the ICU, such as polyneuropathy of the 
critical patient. Continuous assessment and pain control, dynamic sedation appro-
priate to the patient’s condition [12], and prevention and management of acute delir-
ium [13] are essential to improve patient’s comfort.

In addition, patients and their families also experience feelings of loneliness, 
isolation, fear, loss of identity, intimacy, and dignity, feelings of dependency, uncer-
tainty due to lack of information, and misunderstanding, among others [14]. The 
assessment and support of these needs must be considered a key element of quality 
care. Ensuring adequate training of professionals and promoting measures aimed at 
treating or mitigating these problems, ensuring the well-being of patients, is a major 
objective in the care of the critically ill [15].

1.2.4  Care of the Professional

Healthcare professionals, and more so in the critical care field, are exposed to human 
suffering on a daily basis. We achieve great miracles when patients who would have 
died survive thanks to our knowledge and its technical application. However, when 
various personal, group, and organizational factors come together, the personal 
wear and tear is very considerable, and the well-known burnout syndrome can 
appear. Recently, a 54% professional burnout rate has been published among inten-
sivists in the United States.

G. Heras La Calle and J. M. V. Bueno
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The burnout syndrome is a disorder that encompasses different aspects: emo-
tional exhaustion, depersonalization, and feelings of low professional self-esteem. 
This problem affects both personally and professionally and can lead to posttrau-
matic stress syndrome and other serious psychological disorders and even to sui-
cide. The presence of these problems influences the quality of care, patient outcomes, 
and patient satisfaction, and is related to the lack of involvement of professionals in 
organizations [16].

Having a healthy organization where professionals feel cared for should become 
an essential requirement for any organization [17], which must set itself a series of 
objectives oriented toward the execution of preventive and therapeutic actions. 
Different scientific societies have tried to give diffusion and visibility to this prob-
lem, offering recommendations to reduce its appearance and to mitigate its conse-
quences; establishing concrete strategies that allow to give an appropriate answer to 
the physical, emotional, and psychological needs of the professionals of intensive 
care, derived from their dedication and effort in the performance of their work.

1.2.5  Post-ICU Syndrome

A very high percentage of patients (more than 35%) go through the ICU with a 
series of possible complications that since 2010 are known as post-ICU syndrome:

• Physical problems (persistent pain, weakness acquired during hospitalization, 
malnutrition, pressure ulcers, sleep disturbances, and need for use of devices)

• Neuropsychological disorders (cognitive deficits, memory disorders, attention, 
and speed of mental process)

• Emotional disorders (anxiety, depression, or posttraumatic stress)

Their medium- and long-term consequences affect the quality of life of patients 
and families by increasing healthcare expenditure.

Minimizing the appearance of post-ICU syndrome requires preventive activities, 
as well as correct treatment and follow-up of known disorders. This requires sensi-
tized and trained multidisciplinary teams that begin their work during admission to 
the unit and continue it once the unit has been abandoned.

Family members and relatives can be a fundamental part of the management of 
post-ICU syndrome, participating in the care of the patient and helping him/her to 
remain oriented [18]. In fact, it is known that primary caregivers bear a huge share 
of the overall health care costs of a country. Caregivers can also be affected by feel-
ings of worry and confusion that can lead them to neglect their own health, and they 
can suffer from the post-ICU syndrome of the family member. The health care team 
must be aware of this in order to recognize and also provide support to the family 
members who need it: This is where the care of the patient-family pairing takes on 
fundamental importance.

1 Neurocritical Patient in ICU: An Humanized View of Our Medical Care as a Gold…
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1.2.6  Humanized Infrastructure

The architectural and structural design of the ICUs is one of the main arguments that 
hinder a humanized provision of care. In many parts of the world, there are still 
units with open spaces in which several patients are located, separated by screens or 
curtains, which do not respect the right to privacy. This makes the possibility of 
family accompaniment difficult; patients who are admitted feel exposed to others in 
moments of great weakness and vulnerability. On the other hand, these distributions 
do not contribute to the establishment of personalized relationships between the 
professionals and the patients they attend.

This strategic line proposes and promotes the creation of spaces where technical 
efficiency goes hand in hand with quality of care and the comfort of all users: 
patients, families, and professionals. There are recommendations focused on reduc-
ing stress and promoting comfort by focusing on architectural and structural 
improvements to ICUs [19], which often require significant economic resources, 
especially in those places built long ago and which require comprehensive reforms.

Other changes consider an appropriate location, as well as adaptation to users 
and workflows in adequate environmental conditions of light, temperature, noise, 
materials and finishes, furniture, and decoration. The incorporation of vinyl, artifi-
cial windows where natural light is not available, decorative elements, and others 
that facilitate the temporal and spatial orientation of patients requires minimal 
investment and can considerably increase the comfort and satisfaction of all 
involved. These modifications can have a positive influence on feelings and emo-
tions by favoring human spaces adapted to the functionality of the units.

These concepts are equally applicable to waiting rooms, which must be rede-
signed to become “living rooms” and offer greater comfort and functionality to 
families, and equally to staff’s work and rest spaces.

1.2.7  End-of-Life Care

Between 10% and 15% of the time, depending on the country, it is impossible to 
restore the patient’s previous situation and achieve a cure. In these situations, we 
must be able to reconsider the objectives in order to direct them toward reducing 
suffering and providing the best possible care, especially at the end of life [20]. To 
allow a death free of discomfort and suffering for the patient and family members, 
according to their wishes and clinical, cultural, and ethical standards, is another of 
the objectives of the H-ICU project, starting from the idea that palliative and inten-
sive care are not exclusive options, but should coexist during the whole process of 
care of the critically ill patient.

The limitation of life support, frequently in the critically ill patient, must be car-
ried out following the guidelines and recommendations established by the scientific 
societies [21]. It should be applied as part of a global palliative care plan [22], in a 
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multidisciplinary manner, with the aim of covering the needs—physical, psychoso-
cial, and spiritual—of the patients and their families. The existence of specific pro-
tocols and the periodic evaluation of the care offered should be considered basic 
requirements.

Decisions at the end of life are not exempt from discrepancies between health 
professionals and between health professionals and family members [23]. 
Professionals must have the necessary skills and tools for the resolution of these 
conflicts, incorporating open and constructive discussion in these situations, as cop-
ing strategies to reduce the emotional burden derived from them.

1.3  Conclusion: How to Give an Humanized Attention 
to a Neurocritical Patient?

In December 2017, the HU-CI project certification working group [24] prepared the 
Manual of Good Practices for the Humanization of Intensive Care Units (Fig. 1.2), 
which contains 159 tangible measures to make critical care units more friendly to all 

Fig. 1.2 Manual of Good Practices for the Humanization of Intensive Care Units
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their stakeholders. In May 2019, this document was revised and one more measure 
was added [25].

It is an exportable method that can be reproduced anywhere in the world, free to 
download, with the aim of betting on a revolution written with ¨H¨ [26] (the 
H-evolution of intensive care units) that will facilitate the reunion with those rea-
sons why one day we decided to dedicate our lives to the service of others: People 
who help people.

Now then, how can we humanize the care of the neurocritical patient? [27]. Well, 
that, dear reader, depends on you.

Without a doubt, from our point of view, the fundamental tool will be listening 
to the protagonists: patients with neurological diseases and patient associations 
(multiple in the case of diseases with some kind of neurological deficit); the opinion 
and experience of the relatives, who in large part become the real caretakers of neu-
rocritical patients once they leave the ICU, often victims of states of high depen-
dency; and of course the professionals in the therapies, the real motors of the change 
that humanizes.

And to design together the health care we deserve wherever we are: The one we 
always wanted to have, not the one we have inherited from health systems that do 
not work. Rewriting this history is an exercise in responsibility, not only profes-
sional but also personal and social toward our children.

Sometimes utopia is not really different from reality, and of course, HU-CI proj-
ect has shown that passion moves the world and that if you want to and work you 
can [28].

In many occasions, a thousand excuses and obstacles will be put to the change: 
this is also human. But on the other hand, you cannot put doors to the sea, and any-
one who still does not understand this blessed madness, perhaps will understand it 
when he is a user of the system from another role. In the meantime, the question 
remains:

And you: What can you do to humanize the neurocritical patient units?
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Chapter 2
Neuro-ICU: Monitoring and Management 
of Intracranial Pressure. A Practical 
Review

Peter Le Roux

Key Points
 1. Increased ICP, especially when refractory to treatment, is associated with 

increased mortality.
 2. Total “ICP dose,” “area under the ICP curve,” temporal evolution of ICP, how 

ICP responds to treatment, or individualized ICP thresholds may be more impor-
tant parameters associated with outcome than a simple numeric threshold.

 3. Noninvasive technologies to monitor ICP are evolving but currently none are 
robust enough to allow continuous monitoring in routine practice. Consequently, 
invasive monitors such as parenchymal ICP monitors or an external ventricular 
drain are recommended.

 4. Rather than treat the ICP number per se, it may be more important to regard this 
value as a marker of altered physiology and instead find the reason why ICP is 
elevated and treat that rather than the numeric value alone.

 5. Interventions to manage increased ICP include optimizing normal patient physi-
ology; sedation and analgesia; appropriate fluid therapy; blood pressure and 
hemoglobin management; ventilation; osmotherapy; cerebral spinal fluid (CSF) 
drainage; metabolic suppression; and surgery ideally performed according to a 
tiered approach and in a patient-specific targeted approach.
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2.1  Introduction

The prevention and management of increased intracranial pressure (ICP) along with 
avoiding secondary insults, for example, hypotension and hypoxia, is fundamental 
to neurocritical care management of acute brain injury including traumatic brain 
injury (TBI), subarachnoid hemorrhage (SAH), and intracerebral hemorrhage (ICH) 
among other pathologies. This is important since untreated increased ICP, particu-
larly when refractory to treatment, can reduce cerebral perfusion pressure (CPP) 
and so contribute to brain ischemia, hypoxia, alter metabolism, and hence, cause or 
aggravate brain damage [1–5]. In addition, increased ICP can cause herniation and 
is an important marker of disease severity. The Monro-Kellie doctrine (Eq. 2.1) pro-
vides a conceptual framework to understand ICP. Normal adult ICP is between 5 
and 15 mmHg. It is lower in children (3–7 mmHg) and in adults will vary with age 
and body posture. The increase in ICP that results from an increase in intracranial 
volume follows an exponential curve, so that initial increases in volume are well 
compensated but further increases will lead to a sharp ICP increase. This compensa-
tory reserve is known as cerebral compliance defined as the change in cerebral vol-
ume per unit change in pressure. Hence, the absolute ICP number is less important 
than the rate of rise and the pressure gradient between compartments. Patients can 
have a normal ICP and still herniate, and patients with slow, longstanding increases 
in ICP may be asymptomatic. This emphasizes the role of cerebral autoregulation 
(CA) and other parameters when considering how best to manage ICP [6].

 
IV Brain CSF Blood Mass lesionv v v v= + + +( )  

(2.1)

IV: intracranial volume, Brainv: brain volume, CSFv: cerebral spinal fluid volume, 
Bloodv: blood volume, Mass lesionv: mass lesion volume.

There are a variety of causes for increased ICP (Table 2.1) [7]. Several clinical 
and imaging factors may help predict increased ICP and so guide treatment deci-
sions (Table 2.2) [8, 9]. However, management of ICP is best accomplished with use 
of an ICP monitor [10–15]. ICP monitoring was introduced in the 1950s and today 
is the most frequently used neuromonitor. ICP has been most frequently studied in 
TBI, where despite much research and a variety of multidisciplinary consensus 
statements and guidelines [10–15], there remains much variation in the practice of 
ICP monitoring and management [16, 17], and debate about use [18]. In part, this is 
associated with inconsistency in reporting variables or heterogeneity in methodol-
ogy [19]. Important clinical questions that are still being elucidated include:

 1. Which patients should undergo ICP monitoring and for how long?
 2. What defines intracranial hypertension?/What threshold should ICP be treated?
 3. How should intracranial pressure be monitored?
 4. How best to manage increased ICP?
 5. Does control of ICP influence outcome?
 6. Other monitors necessary to fully understand ICP?

P. Le Roux
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Intracranial
Trauma

• Mass lesion
• Depressed skull fracture
• Brain edema
• Hyperemia
• Hydrocephalus
• Extracranial causes

Nontraumatic intracranial hemorrhage
• Intracerebral
• Subarachnoid

Acute ischemic stroke
Hydrocephalus

• Communicating
• Obstructive

Brain tumor
Seizures
Cerebral vasospasm
Infection
Pseudotumor cerebri
Idiopathic intracranial hypertension

Extracranial (secondary)
Airway obstruction
Hypoventilation

• Hypoxia
• Hypercarbia

Hypertension
Head position or posture
Venous outflow obstruction
Hyperpyrexia
Agitation or pain
Increased intrathoracic or intra-abdominal pressure
Liver failure
Altered sodium balance
Hypoglycemia or hyperglycemia
High-altitude sickness
Drugs

Table 2.1 Causes of 
increased intracranial 
pressure

Major criteria
1. Compressed cisterns (Marshall diffuse injury III)
2. Midline shift >5 mm (Marshall diffuse injury IV)
3. Nonevacuated mass lesion (>25 cm3)

Minor criteria
4. Glasgow Coma Scale ≤ 4
5. Pupillary asymmetry
6. Abnormal pupillary reactivity
7. Marshall diffuse injury II (basal cisterns are present with midline shift of 0–5 mm 
and/or high - or mixed-density lesion of ≥ 25 cm3)

Table 2.2 Predictors of intracranial hypertension

Criteria and clinical decision rule were developed by consensus and approved by 97% of participants in 
a working group of 43 neurosurgeons and intensivists. Increased ICP was considered in the presence of 
one major or ≥2 minor criteria obtained at baseline following the resuscitation of severe TBI patients [8]

2 Neuro-ICU: Monitoring and Management of Intracranial Pressure. A Practical Review
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In this chapter, these issues will be briefly reviewed and a pragmatic approach to 
ICP management provided [20]. The focus is on ICP in adults. There are important 
anatomic, physiologic, radiologic, and management differences in children, which 
are beyond the scope of this chapter [21–24].

2.2  Which Patients Should Undergo ICP Monitoring?

ICP monitoring is best studied in TBI, although its uses have been described in 
several other disorders, for example, SAH, ICH, meningitis, and liver encephalopa-
thy, among others. Hence, the indications for ICP monitoring in neurocritical, in 
large part, are based on TBI guidelines. Evidence-based guidelines from both 
Europe and North America recommend use of ICP monitors to assess and manage 
intracranial hypertension [10–14]. However, the most recent edition (4th edition) 
[15] of The Brain Trauma Foundation’s (BTF) Guidelines indicated there was insuf-
ficient evidence to support a level I or IIA recommendation in TBI. In general, an 
ICP monitor (ICPM) is indicated when clinical or imaging criteria suggest ICP is 
likely to be—or become—elevated (Table 2.2) [8, 9].

The 3rd edition of the BTF guidelines for TBI recommended ICP should be 
monitored:

 1. In all salvageable TBI patients with a postresuscitation Glasgow Coma Scale 
(GCS) of 3–8 and an abnormal CT scan

 2. In severe TBI patients with a normal CT scan, if two or more of the following 
admission features are present: age > 40 years, unilateral or bilateral motor pos-
turing, or systolic blood pressure (BP) <90 mmHg [12]

In non-TBI patients (e.g., SAH or ICH), there is no defined consensus on indica-
tions for an ICPM. In these patients, TBI guidelines are applied and ICPMs recom-
mended for: reduced GCS (≤8), cerebral edema or mass effect on imaging, and 
neurological worsening.

The BTF guidelines were based on studies from the 1980s. Since then, image 
quality has improved and neurocritical care has evolved. This has generated several 
questions, for example, is an ICPM necessary in a comatose patient with only mild 
traumatic SAH and open cisterns. This and other questions were addressed in the 
Milan consensus conference on ICPM [25]. Comatose patients with compressed or 
absent cisterns (in the absence of mass lesions) should undergo ICP monitoring, 
whereas those with diffuse brain injury but open cisterns should have repeat CT 
scanning and an ICPM be inserted in patients with evolving lesions or development 
of cisternal compression. Other clinical circumstances were addressed in Milan 
[25]. For example, an ICPM should be considered in select patients with multisys-
tem injuries, severe respiratory issues, those who may require multiple anesthetic 
procedures or prolonged sedation that preclude neurological assessment, or have 
large bifrontal contusions even if they present with a GCS > 8. Second, an ICPM 
can be useful when the neurologic examination is not reliable, for example, 
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maxillofacial trauma or spinal cord injury. Third, an ICPM is useful in patients who 
undergo a decompressive craniectomy (DC) or undergo a craniotomy for a mass 
lesion particularly when there is hypoxia, hypotension, pupil abnormalities, midline 
shift >5 mm, or brain swelling.

Following surgery (i.e., a craniotomy for a mass lesion or a DCC), an ICPM is 
pathology dependent. Following evacuation of an acute extradural hematoma 
(AEDH), ICP increases are rare and, hence, an ICPM is not always needed [25]. By 
contrast, following removal of an acute subdural hematoma (ASDH), ICP increases 
associated with intraparenchymal contusions or hematomas or brain swelling are 
common and can double mortality [26]. In these patients, an ICPM is necessary. 
Similarly, after decompressive craniectomy, including primary DCC, increased ICP 
and reduced CPP are common. This increase in ICP is associated with poor outcome 
and, hence, an ICPM can help guide therapy after DCC [27]. Current DCC guide-
lines recommend ICPM placement after craniotomy for an ASDH including pri-
mary DCC [28].

2.3  How Should Intracranial Pressure Be Monitored?

Intracranial pressure can be monitored with invasive or noninvasive devices that 
should be supplemented with the clinical examination and CT imaging. There are a 
variety of signs and symptoms of increased ICP that depend in part on the severity 
of the increase. However, initial signs are unreliable and nonspecific in the critically 
ill patient or may be masked by medication, whereas definitive signs often are too 
late. On CT, compressed or absent basal cisterns suggest increased ICP; when 
absent, ICP values >30 mmHg are observed in 74% of cases [29, 30].

Noninvasive technologies to measure and monitor ICP are evolving but currently 
none are robust or accurate enough to allow accurate, continuous monitoring in 
routine practice. However, these technologies can be used in specific patients when 
invasive monitoring is contraindicated, for example, coagulopathy or is unavailable 
[31]. Among the many described noninvasive technologies, transcranial Doppler 
(including pulsatility index [PI]), optic nerve sheath diameter (ONSD), and auto-
mated pupillometry provide high sensitivity, diagnostic accuracy, and correlate well 
with ICP measurements including over time [32–34].

A variety of invasive techniques can be used: Today, intraparenchymal strain 
gauge or fiber optic monitors or a ventricular catheter (external ventricular drain 
[EVD]) are recommended [10, 11, 35]. Fluid-coupled or pneumatic devices placed 
in the subarachnoid, subdural, or epidural space are less accurate and not recom-
mended [10, 11, 35, 36]. EVDs were long considered the “gold standard” but this is 
a matter of history (and perhaps cost) rather than merit. In Europe, surveys of neu-
rotrauma centers enrolled in Collaborative European Neurotrauma Effectiveness 
Research in Traumatic Brain Injury (CENTER-TBI) indicate that one-third use only 
intraparenchymal monitors but <10% use only EVDs. In centers that use both, 
EVDs tend to be placed when the ventricles are enlarged or for cerebrospinal fluid 
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(CSF) diversion [16]. ICP measurements are equally accurate with EVDs or paren-
chymal monitors. However, EVD accuracy depends on setup and whether the device 
is being used to drain CSF. Indeed, when CSF is drained, correlation between the 
two methods can be lost and EVD measurements of ICP may be inaccurate [37, 38]. 
In addition, there remains a debate on whether CSF should be drained intermittently 
or continuously. When CSF is being drained, ICP is not measured, although newer 
devices allow both to occur. Other variables that may be more important than the 
numeric value of ICP also are not measured with an EVD.

One potential advantage of an EVD is CSF drainage, for example, ICP treatment. 
This may be relevant in patients with hydrocephalus, but in others CSF drainage 
influences compliance and in some circumstances may have a deleterious effect on 
other indices and even CBF. There are several disadvantages when using an EVD 
and meta-analytic studies demonstrate a greater risk of complications with EVDs 
[39, 40]. First, an EVD may be difficult to insert when there is brain swelling, small 
ventricles, or if anatomy is distorted by mass effect. In these patients, a parenchymal 
monitor that is easier to insert may be preferable. Second EVDs have a greater com-
plication rate than parenchymal monitors. This includes misplacement or technical 
errors (12% vs. <3%), infection (5–20% vs. <1%), and hemorrhage (5% vs. 1%) 
[41–44]. However, the exact incidence of infection or hemorrhage depends on how 
infection (vs. contamination or CSF colonization) is diagnosed or whether routine 
head CT scans are obtained or not. On the other hand, parenchymal monitors share 
a common disadvantage, that is, recalibration is not possible after placement and not 
all devices are MRI compatible. The Spiegelberg catheter (which is pneumatic) is 
an exception from this rule since it recalibrates itself every hour.

Use of standardized protocols or care bundles (when adhered to) and simulator 
training can help to increase the safety of ICP monitoring [45, 46]. For example, 
EVD-associated infection can be reduced with closed drainage systems, a long- 
tunneled device, avoidance of flushing the system, and CSF sampling only if clini-
cally indicated rather than routinely performed. Infection risk is less with a short 
duration of CSF drainage (<4 days), although there does not appear to be a role for 
routine EVD replacement or long-term antibiotic use to prevent infections [43, 47–
49]. Today antibiotic impregnated EVDs are available and their use may help reduce 
infection [50–52]. Technical complications such as catheter dislodgement, break-
age, or malfunction can also occur but are easily recognized and usually of little 
clinical consequence.

Does the type of ICPM (EVD or parenchymal) device make a difference? Several 
studies including a meta-analysis have compared the two devices and, in general, 
find a greater risk of complications with EVDs. Kasotakis et al. [53] examined 377 
adult TBI patients who required an ICPM, 253 received a parenchymal monitor, and 
124 EVD. While outcome was similar, the use of EVD was associated with three-
fold—more device-related complications, longer duration of monitoring, and lon-
ger ICU stays. In the American College of Surgeons Trauma Quality Improvement 
Program (ACS TQIP) database, 2562 patients who underwent ICP monitoring were 
analyzed; 1358 (53%) had an EVD and 1204 (47%) a parenchymal monitor [54]. In 
univariate analysis, 30-day mortality was significantly higher in the EVD patients 
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than in patients with a parenchymal monitor. This relationship was lost in multivari-
ate analysis. More recently, Bales et al. [55] retrospectively examined 224 severe 
TBI patients included in the Citicoline Brain Injury Treatment trial (COBRIT); 45% 
received an EVD, the rest an intraparenchymal device. Propensity scores were used 
to reduce confounding by indication. Outcome, including in-hospital mortality and 
6-month functional and neuropsychological outcomes, was better in the patients 
who received intraparenchymal devices. Hence, it is recommended that unless CSF 
drainage is needed (e.g., hydrocephalus) that a parenchymal ICPM be used.

2.4  When Should ICP Be Treated?

The mechanisms that underlie increased ICP are multifactorial and complex. In 
addition, what defines intracranial hypertension is uncertain [56] and several 
numeric thresholds at which to initiate ICP treatment have been used. These are best 
defined in TBI and then extrapolated to other pathologies. The 2007 BTF Guidelines 
recommend treatment when ICP is >20 mmHg [12]. The 4th edition of the BTF 
guidelines recommended a new ICP threshold (22 mmHg) [15]. The rational for this 
is based on one single-center retrospective observational study [57]. In this study, 
the association between mean ICP and outcome was examined, with a nadir thresh-
old of 22  mmHg. However, the mean ICP is entirely different from a treatment 
threshold. Hence, this new threshold and the rationale for it have been questioned 
[58–60]. In addition, compliance with guidelines even in level I centers is low and 
there remains wide variation in the treatment for elevated ICP despite these guide-
lines [16, 61].

It seems reasonable to initiate therapy when ICP is >20–25 mmHg [10–15, 62]. 
These thresholds are lower in children [22, 23]. Consistent with this, physiologic 
studies demonstrate cerebral circulation disturbance (i.e., cerebral blood flow [CBF] 
decreases) at ICP values >20 mmHg [63]. It is important to recognize that a single 
numeric ICP threshold may be an oversimplification of complex physiology and not 
applicable in all patients. For example, herniation (prevention of which is a reason 
to treat ICP) can occur even when ICP is normal [64], and physiologic dysfunction, 
for example, cellular hypoxia or cell energy dysfunction, also may be present when 
ICP is normal [65, 66]. Similarly, metabolic failure often occurs before an ICP spike 
[67] and even ICP insults at lower levels (15–20 mmHg) aggravate outcome [68]. In 
addition, rather than treat the ICP number per se, it may be more important to regard 
this value as a marker of altered physiology and instead find the reason why ICP is 
elevated and treat that rather than the numeric value [69, 70].

Today the concept of a simple numeric treatment threshold is questioned. Instead, 
total “ICP dose”, “area under the ICP curve”, and temporal evolution of ICP, how 
ICP responds to treatment, or individualized ICP thresholds may be more important 
parameters associated with outcome [4, 5, 71–73]. Rather than apply a “one size fits 
all” threshold derived from population-based data, it appears that it may be prefer-
able to individualize thresholds based on patient characteristics, pathology, other 

2 Neuro-ICU: Monitoring and Management of Intracranial Pressure. A Practical Review



22

physiologic parameters, and on a risk-benefit analysis of treating the specific ICP, 
that is, the threshold may vary from patient to patient and in the same patient 
depending on time and other variables [69, 70]. For example, when ICP is 
>20 mmHg, most insults in adults are deleterious after >35–40 min but when ICP is 
>25 mmHg, aggravate outcome within 10–15 min [68]. To best individualize targets 
requires multimodality monitoring (MMM) and interpretation of the ICP value 
based on clinical and imaging characteristics. Further research is required to vali-
date this approach and at present it still is being elucidated whether treating patients 
to keep them below the given threshold or dose, based on either population-defined 
thresholds or individualized thresholds, improves outcome.

Guidelines for ICP management in non-TBI patients (SAH, ICH IVH, and car-
diac arrest) have evolved but there remains no clear consensus on when to treat ICP 
in these patients [74, 75]. Intracranial hypertension (>20 mmHg) is common after 
SAH, including in good grade patients [5, 76] and, in particular, during the early 
phase after poor grade SAH. Episodes of elevated ICP > 5 min can aggravate out-
come and control of ICP can improve circulation [77]. However, cerebral metabolic 
compromise may also be observed when ICP and CPP are normal [78–80]. In 
hypoxic ischemic brain injury (HIBI), for example, cardiac arrest, small clinical 
studies suggest compliance rather than ICP alone may be of greater importance 
[81]. Further study is required in non-TBI patients. Perhaps data from SYNAPSE, 
an ongoing observational study of ICP, will provide guidance [82].

2.5  How to Manage Increased ICP?

The mechanisms that underlie and consequences of increased ICP are multifactorial 
and complex, as is the interplay between injury and intervention. Therapy for 
increased ICP is in large part empiric and phenomological and based on population 
targets. However, in recent years, with a better understanding of pathophysiology, 
introduction of neurointensivists, and advances in neuromonitoring, there is a grow-
ing trend to use precision medicine where treatment and therapy targets are indi-
vidualized to patient’s need, rather than used on a “one size fits all”  in ICP 
management [17, 83, 84].

The recent Seattle international Severe Traumatic Brain Injury Consensus [20] 
used a Delphi method-based consensus approach to address management of severe 
TBI patients who have ICPMs. The recent Seattle international Severe Traumatic 
Brain Injury Consensus [20] used an Intracranial pressure (ICP) delphi-method-
based consensus approach to address management of severe TBI patients who have 
ICPMs. The resulting protocol was designed to assist ICP management in these 
patients (Fig. 2.1). In addition, several treatments that should not be used when only 
ICP is monitored are described (Table 2.3). With multimodality monitoring, how-
ever, some of these therapies may be feasible. Similarly, for severe TBI patients who 
do not have ICPMs, the Imaging and Clinical Examination Protocol (ICE) has been 
described to help guide care [85]. This protocol may be particularly useful in 
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Tier 1

• Maintain CPP 60–70 mmHg

• Increase analgesia to lower ICP

• Increase sedation to lower ICP

• Maintain PaCO2 at low end of normal

 (35–38 mmHg/4.7–5.1 kPa)

• Mannitol by intermittent bolus (0.25–1.0 g/kg)

• Mild hypocapnia range 32–35 mmHg/4.3–4.6 kPa)

• Neeuromusular paralysis in adequately sedated patients if efficacious**

• Perform MAP Challenge to assess cerebral autoregulation and guide MAP and CPP goals in

 individual patients†

 • Should be performed under direct supervision of a physician who can assess response and

  ensure safety

 • No other therapeutic adjustments (ie.sedation) should be performed during the MAP Challenge

 • Initiate or titrate a vasopressor or inotrope to increase MAP by 10 mmHg for not more than 20

  minutes

 • Monitor and record key parameters (MAP,CPP,ICP and Ptx O2) before during and after the

  challenge

 • Adjust vasopressorlinotrope dose based on study findings

• Raise CPP with fluid boluses, vasopressors and/or inotropes to lower ICP when autoregulation is intact

• Hypertonic saline by intermittent bolus*

• CSF drainage if EVD in situ

• Consider placement of EVD to drain CSF

 if parenchymal probe used initially

• Consider anti-seizure prophylaxis for 1 week

 only (unless indication to continue)

• Consider EEG montoring

Principles for Using Tiers:

• When possible, use lowest tier

 treatment

• There is no rank order within a tier

• It is not necessary to use all

 modalities in a lower tier before

 moving to the next tier

• If considered advantageous, tier

 can be skipped when advancing

 treatment

• Re-examine the patient and

 consider repeat CT to

 re-evaluate intracranial

 pathology

• Reconsider surgical options

 for potentially surgical lesions

• Consider extracranial causes

 of ICP elevation

• Review that basic physiologic

 parameters are in desired

 range (e.g. CPP, blood gas

 values)

• Consider consuitation with

 higher level of care if applicable

 for your health care system

• Pentobarbital or Thiopentone coma

 titrated to ICP control if efficacious‡

• Secondary decompressive craniectomy

• Mild hypothermia (35–36°C) using active cooling measures

Tier 2

Tier 3

Fig. 2.1 Consensus-based algorithm for severe TBI management guided by ICP measurements
Upper right box presents the principles for navigating through the treatments and tiers. Lower tier 
treatments are viewed as having a more favorable side effect profile than higher tiers and generally 
should be employed first. Inter-tier recommendations encourage patient reassessment for remedi-
able causes of treatment resistance. CPP cerebral perfusion pressure, EEG electroencephalogram, 
EVD external ventricular drain, ICP intracranial pressure, kPa kiloPascals, MAP mean arterial 
pressure, PaCO2 arterial partial pressure of carbon dioxide. (Courtesy: Hawryluk et al. [20])

Table 2.3 Treatment not 
recommended for use in 
severe traumatic brain 
injury management 
(when only ICP is 
monitored)

Mannitol by non-bolus continuous intravenous infusion
Scheduled infusion of hyperosmolar therapy (e.g., every 4–6 h)
Lumbar CSF drainage
Furosemide
Routine use of steroids
Routine use of therapeutic hypothermia to temperatures below 
35 °C
due to systemic complications
High-dose propofol to attempt burst suppression
Routinely decreasing PaCO2 below 30 mmHg/4.0 kPa
Routinely raising CPP above 90 mmHg

Courtesy: Hawryluk et al. [20]
CPP cerebral perfusion pressure, ICP intracranial pressure, kPa 
kiloPascals, PaCO2 arterial partial pressure of carbon dioxide
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low- and middle-income countries (LMICs) where limited resources may limit 
access to ICPMs [86, 87]. Neither protocol, however, can replace targeted, individu-
alized care. The focus in this chapter will be on to manage patients who have an ICP 
monitor.

2.5.1  Initial Care and General Measures

If a mass lesion is identified on CT, it should be surgically evacuated. A tiered 
approach then is recommended [20]. Such an approach has been used successfully 
in BOOST-2, a phase II trial of multimodality monitoring in severe TBI [88]. Initial 
care requires ICU admission and is largely preventative and directed at optimizing 
normal physiology. This includes:

 1. Appropriate head of bed elevation
 2. Maintenance of the neck in a neutral position and avoidance of neck constriction 

(e.g., loosening endotracheal tube ties) to optimize venous return from the head
 3. Endotracheal intubation and mechanical ventilation
 4. Prevention of hypercapnia and hypoxia
 5. Adequate treatment of pain, agitation, fever, and seizures
 6. Appropriate fluid therapy to avoid hypotension (SBP <9–100 mmHg) and main-

tain hemoglobin (>7–8 g/dL)
 7. Glucose control. Different physiologic targets are described in SEABICC [20] 

and recent trials that have used a similar tiered and targeted approach, for exam-
ple, BOOST-2 or ProTECT [88, 89].

These physiologic targets may also differ in conditions such as SAH and ICH 
[90]. In addition, there are a paucity of studies on how individual components of this 
care (e.g., head of bed position) and whether bundles of care influence ICP [14]. 
Nevertheless, this goal-directed approach in critical care appears to be associated 
with enhanced outcome [91].

2.5.2  Tiers of Care

When ICP remains elevated (>20–22 mmHg), then a series of tiered therapies [1–3] 
can be used (Fig.  2.1). Items within a tier are not necessarily listed in order of 
completion and many interventions may occur simultaneously or be difficult to 
achieve (e.g., EVD insertion when there are slit ventricles). The tiers represent 
increased levels of intensity for the treatment of elevated ICP and lower tiers are 
considered to have less risk. Ideally, patients should be initiated in Tier I and then 
staged through Tier 3 if no response is observed within a prespecified time (e.g., in 
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BOOST-2 and 120 min in a tier). However, not all modalities in a tier need to be 
used before moving to the next and a tier can be skipped if it appears to be mecha-
nistically advantageous to do so. Within each tier, there are several components of 
care (each briefly discussed below) including sedation, osmotherapy and fluid ther-
apy, CSF diversion, ventilation, CPP augmentation, metabolic suppression includ-
ing hypothermia, and decompressive craniectomy.

2.5.2.1  Sedation and Analgesia

In initial care, sedation is directed at pain control or agitation. In Tier 1, it is directed 
at ICP control. Robust evidence for a specific preferred opioid or sedative is lacking 
but systemic reviews suggest that bolus administration should be avoided [92].

2.5.2.2  Fluid Therapy and Hemoglobin Management

Negative fluid balance is associated with an adverse effect on outcome, independent 
of its relationship to ICP, MAP, or CPP [93]. However, aggressive administration of 
fluid to induce hypervolemia or augment CPP can be harmful in both TBI and SAH 
[94]. Hence, intravenous fluid is a fundamental component of brain injury care. In 
general, intravascular management should aim for euvolemia. Isotonic crystalloids 
are preferred, whereas colloids, glucose-containing hypotonic solutions, other 
hypotonic solutions, or albumin should be avoided [95–99]. Ideally, therapy should 
be individualized rather than standardized [100] and there is some evidence that 
hemodynamic goal, that is, what guides fluid administration, may be more impor-
tant than the amount of fluid given [101]. Correcting volume status is complicated 
further by frequent abnormalities of sodium homeostasis that become important in 
osmotherapy. The role of anemia and transfusion is complex and beyond the scope 
of this chapter. However, low Hgb can lead to vasodilatation and, hence, aggravate 
ICP, whereas transfusion in some patients can correct brain hypoxia and so influ-
ence outcome [102–104].

2.5.2.3  CSF Drainage

CSF drainage through an EVD should be considered particularly when there is 
hydrocephalus. The optimal method of drainage (continuous vs. intermittent) has 
not been established. In addition, while CSF drainage may reduce ICP, it can have 
an adverse effect on compliance and CBF.  In SAH, some studies demonstrate 
improved microcirculation with CSF drainage [77]. This, however, depends on 
the ICP. The role of external lumbar drainage (ELD) is limited but can be consid-
ered a therapeutic option if high ICP is due to communicating external 
hydrocephalus.
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2.5.2.4  Osmotherapy

Typically, mannitol or hypertonic saline (HTS) is administered but, despite clinical 
use for >50 years, there are still questions about optimal use. While both are effec-
tive, there are insufficient data to suggest superiority of one agent over the other 
[104], and the optimal dose, mode of administration (e.g., bolus vs. continuous infu-
sion), and concentration are still being elucidated. Some studies suggest HTS may 
be more effective [105–107], particularly for refractory intracranial hypertension 
[104], but to choose the appropriate hyperosmolar agent, patient characteristics, 
such as volume status, renal function, hemodynamic status, and sodium levels, 
among others, should be considered.

Mannitol treatment protocols vary from center to center, and the dose-response 
relationship is not understood and often the ICP decrease depends more on the 
administration protocol or the ICP level at the time the dose is given [108]. Initial 
use for increased ICP is a single bolus (not infusion) of a 20–25% solution of 
0.5–1 g/kg, i.v., over 10–15 min and repeated every 2–6 h (although ideal dosing is 
not well described). ICP decreases may be greatest shortly after the dose is given 
because of its effect on viscosity and vessel caliber, that is, vasoconstriction. 
Unnecessarily large doses or prophylactic doses could lead to more mannitol being 
required later. In addition, when cerebral autoregulation (CA) or the blood brain 
barrier (BBB) is impaired, aggressive mannitol use can increase ICP since it will 
draw fluid into brain. Hence, it is important to measure serum osmolarity or osmolar 
gap (measured—calculated serum osmolarity) before infusing mannitol. Mannitol 
should not be given if serum osmolarity is >320 mOsm/kg H2O or osmolar gap >10 
or in patients with acute kidney injury (AKI) or renal failure. Side effects of man-
nitol include hypotension, hypovolemia, hypokalemia, hyperkalemia, and AKI.

Hypertonic saline (HTS) increases serum osmolarity directly rather than by 
inducing osmotic diuresis. Hence, it can reduce ICP and simultaneously maintain or 
even expand intravascular volume. Therefore, HTS may be preferable when mean 
arterial blood pressure (MABP) is reduced or patient volume status dictates caution 
with large infusions. There are several different concentrations that range from 3% 
to 23.4% NaCl solutions. Hypertonic saline should not be given if serum Na++ is 
>160 mmol/L. To administer HTS (>3%), central venous access is required and a 
50% chloride/50% acetate mix is recommended to reduce the risk of hyperchlore-
mia. There are a variety of protocols for HTS administration but therapy can be 
initiated with 3% saline at 75 cc/h (or greater if requiring fluid resuscitation). Serum 
sodium should be checked frequently and infusion continued to goal sodium of 
150 mmol/L or a maximum of 160 mmol/L if ICP remains refractory. Once the goal 
sodium or ICP is achieved or ICP controlled, HTS can be continued as a 0.9% saline 
infusion or 2% if Na++ drifts downward.
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2.5.2.5  Ventilation

Hyperventilation (HV) causes blood and CSF alkalosis; this causes vasoconstriction 
and, hence, reduces cerebral blood volume (CBV) and ICP. Sustained or prophylac-
tic HV can be deleterious since it may cause cerebral ischemia. However, when 
herniation is present, transient HV may be lifesaving. In select patients, for exam-
ple, those with hyperemia and increased ICP, optimized HV can be useful. Jugular 
bulb oximetry (SjvO2) or monitors of CBF or brain oxygen (PbtO2) should be used 
to permit safer HV titration. For acute ICP management, HV should begin with a 
PaCO2 goal of 34–36 mmHg and be advanced to PaCO2 goal of 25–30 mmHg if 
there is no treatment response. In CENTER-TBI, the most commonly reported tar-
get for PaCO2 was 36–40  mmHg (4.8–5.3  kPa) in cases of controlled ICP 
(<20 mmHg, 69% of centers) and PaCO2 target of 30–35 mmHg (4–4.7 kPa) for 
increased ICP (62%; 17).

2.5.2.6  CPP Augmentation

Prevention of secondary injury, for example, hypotension and hypoxia, avoidance 
of systemic complications, and maintaining appropriate CPP, which is a surrogate 
for CBF among others, are fundamental goals in management of acute brain injury 
including TBI, SAH, and ICH. Cerebral perfusion pressure is defined as the differ-
ence between mean arterial pressure (MAP) and ICP (Eq. 2.2). To calculate CPP 
requires that arterial blood pressure and ICP be monitored. Ideally, the zero refer-
ence points should be the same, for example, the tragus as an external landmark. 
This is important when the head of the bed is elevated since measuring ICP at the 
level of the brain and BP at heart level can result in a CPP error of 15 mmHg. This 
error can be further exaggerated in tall patients. However, there is a variability in 
both clinical practice and research reports in how MAP is measured to determine 
CPP [109], prompting calls for adaptation of international standards for CPP 
measurements.

 CPP MAP ICP= −  (2.2)

Single-center observational cohorts show that time indices for CPP ≥70 and 
<50  mmHg are associated with decreased and increased mortality, respectively 
[110]. However, the ideal CPP to maintain in patients with acute brain injury (ABI) 
remains debated. Early recommendations suggested a CPP >70 mmHg was prefer-
able in severe TBI. However, while the incidence of cerebral ischemia is decreased 
using this threshold, an outcome benefit is not observed because of increased pul-
monary complications associated with fluid and vasopressor use to maintain CPP 
(94). In addition, normal CPP also does not always mean normal brain metabolism 
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[65, 66, 79]. The 3rd edition of the TBI guidelines suggested maintaining a CPP 
between 50 and −70 mmHg and avoiding active CPP elevation above 70 mmHg 
with fluids and vasopressors. Using minute-by-minute data in 259 adult patients, 
Guiza et al. [111] recently observed that a “safe” zone between 60 and 70 mmHg 
could be identified for adults <65  years, provided CA was active and ICP was 
≤25 mmHg. Deficient CA reduces the tolerability for low CPP and insults of CPP 
<50 mmHg were hardly tolerated, whereas ICP >25 mmHg was associated with 
poor outcome regardless of CPP. However, it should not be interpreted that CPP 
management is not important during increased ICP. It is likely that the ICP reflects 
the severity of the patient’s condition, and hence, this drives the association with 
poor outcome. In a survey from 66 neurotrauma sites in CENTER-TBI [17], the 
most common CPP target was >60 mmHg (60% of sites) and/or an individualized 
target (38%). To support CPP, crystalloid fluid loading (91%) was generally pre-
ferred over albumin (23%), and vasopressors (%) over inotropes (44%).

Recent research suggests that rather than a population-based target (CPP 50–70), 
CPP should be individualized, that is, optimal patient-specific CPP (CCPopt). This 
value, CPPopt, can vary between patients and over time in the same patient and may 
range between 50 and 100 mmHg. When patients are managed at or close to the 
CPPopt, better outcomes are observed and levels both above and below the patient’s 
optimal CPP level are associated with worse outcome [112, 113]. In particular, 
patients maintained within 5 mmHg of their optimal CPP do better, whereas patients 
with larger discrepancy (>10 mmHg) between real CPP and CPPopt more likely 
have adverse outcomes. Whether using this to guide treatment makes a difference is 
still to be elucidated at large because the quality of data is low [114].

2.5.2.7  Metabolic Suppression

The goal of metabolic therapy is to suppress cerebral metabolic rate of oxygen 
(CMRO2). This in turn should decrease CBF, and because CBV is reduced, ICP 
should decrease. In addition, vulnerable brain tissue may be preserved since CMRO2 
is reduced in the face of decreased fuel delivery. CMRO2 may be reduced through 
pharmacological means or temperature modulation. This generally is a Tier 3 strat-
egy. However, in some circumstances, it may be used earlier—for example, induced 
hypothermia for increased ICP in liver encephalopathy.

2.5.2.8  Pharmacologic Suppression

Agents such as barbiturates, benzodiazepines, or propofol may be administered to 
induce coma (burst suppression). There is insufficient data to guide choice of these 
agents. It should be remembered that barbiturates and propofol are myocardial 
depressants and peripheral vasodilators, and invasive hemodynamic monitoring and 
support often are needed when pharmacologic coma is induced. Barbiturates effec-
tively treat increased ICP and are best indicated in patients who have adequate 
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cardiovascular function and intact CA. The most commonly used agent, pentobar-
bital, can be administered i.v. with a loading dose of 5 mg/kg, followed by an infu-
sion of 1–3 mg/kg/h; a high-dose regimen may also be used with an i.v. bolus dose 
of 10 mg/kg over 30 min followed by 5 mg/kg/h infusion for 3 h, followed by 1 mg/
kg/h titrated to either burst suppression on continuous electroencephalogram moni-
toring or an ICP reduction. Whether barbiturate use improves outcome is unclear 
since side effects such as immune suppression, hypotension (especially in volume 
depleted patients), and decreased mucociliary clearance can mitigate any bene-
fit on ICP.

Another option for pharmacologic coma is propofol, which is given in an i.v. 
loading dose of 2 mg/kg, followed by a titrated infusion of up to 200 mg/kg/min. 
Propofol should be avoided in hypotensive or hypovolemic patients and prolonged 
infusions or high doses have been associated with the development of a “propofol 
infusion syndrome” of renal failure, hyperkalemia, myocardial failure, and meta-
bolic acidosis, often resulting in death. The mechanism for this is not fully 
understood.

2.5.2.9  Temperature Modulation

Mild-to-moderate hypothermia (32–34 °C) can reduce ICP [115, 116]. Most single- 
center studies suggest that induced hypothermia is associated with better outcome. 
However, this outcome benefit is not observed in large randomized multicenter 
studies in adults or children with severe TBI and may even be harmful in patients 
with a lower injury severity [117, 118]. Furthermore, there is no role for prophylac-
tic hypothermia [119]. There also is a limited role in malignant cerebral infarction 
[120]. In part, this lack of outcome benefit may have to do with shivering that can 
adversely affect brain metabolism [121] or the rate of posthypothermic rewarming, 
which if too rapid can exacerbate neuronal injury [122]. Hence, when hypothermia 
is used, rewarming should be considered if the patient’s ICP is stable and <20 mmHg 
for at least 48 h, and implemented at a rate not faster than 0.1–0.25 °C/h.

2.5.2.10  Decompressive Craniectomy

Decompressive craniectomy (DC), either unilateral or bifrontal, and when correctly 
performed (i.e., of adequate size 12 × 15 cm), is the most effective way to reduce 
ICP, particularly when ICP is resistant to osmotic agents and medical management 
[123, 124]. In addition, DCC has favorable effects on CPP and other aspects of brain 
metabolism [123, 125–130]. Both intraabdominal and intrathoracic hypertension 
can increase ICP or aggravate increased ICP. In select patients, decompressive lapa-
rotomy (DL), even if intraabdominal pressure is normal, can reduce elevated ICP 
[131]. These procedures (DC and DL) often make care easier and eliminate the need 
for other therapies that may have deleterious effects.

2 Neuro-ICU: Monitoring and Management of Intracranial Pressure. A Practical Review



30

In patients with stroke-related malignant hemispheric infarction, pooled analysis 
of several RCTs show that DC decreases mortality and improves functional out-
come [132, 133]. In these patients, however, surgery is usually performed without 
knowledge of ICP since most of these patients do not receive an ICPM. Instead, the 
decision is based on the clinical and imaging findings. Questions remain about the 
effects of DC on long-term outcome in TBI, in part because of methodological dif-
ferences and patient heterogeneity [134, 135]. In addition there is variability about 
the ICP cutoff for DC; in CENTER-TBI, 60% of sites use 25 mmHg, 18% 30 mmHg, 
and 17% 20 mmHg [136]. Consensus guidelines for DC (including primary—at the 
time of initial craniotomy and secondary DC for increased ICP) in TBI were recently 
published [28]. There does not appear to be a role for bifrontal DC in a patient with 
diffuse injury particularly if performed to prevent increased ICP. The optimal can-
didate for secondary DC is a patient whose ICP elevation is likely the primary con-
tributor to poor outcome and the primary injury is deemed compatible with 
acceptable recovery and is receiving maximal medical management. Simple ICP 
thresholds alone may be insufficient to make this decision. However, should also 
consider clinical findings, CT-scan results and data from other monitors if available. 
The ICU-team should include a frank discussion with family members about 
 recovery-expectations and clinical outcome [137, 138]. Technical aspects of the 
procedure, for example, size of bone flap, duraplasty, and postprocedure care 
(including continued ICP monitoring) can also affect outcome [28, 124].

In general, if TBI patients survive to discharge after DC, most have a good func-
tional outcome since improvement occurs with time [139]. When to replace the 
bone flap or perform a cranioplasty, however, can further influence outcome [140]. 
Indeed, several studies show cranial reconstruction can improve CBF and aid in 
recovery [141, 142]. There has been limited study on this issue. A recent retrospec-
tive single-center analysis over a 10-year period suggests that cranioplasty per-
formed between 15 and 30 days after initial DC may reduce infection and seizures, 
whereas waiting >90 days may decrease the risk of hydrocephalus but increase the 
seizure risk [143].

2.6  ICP Management and Outcome

Multiple, large cohort studies demonstrate that increased ICP is independently asso-
ciated with mortality after TBI. The relationship with functional outcome is less 
clear. The risk of death is proportionally greater the higher the ICP, a longer dura-
tion of increased ICP and when increased ICP is refractory to treatment [1–5, 26, 
29, 68, 71, 73, 144]. Although less studied, several clinical series demonstrate that 
elevated ICP and poor outcome are associated with SAH and ICH, although this 
outcome may depend more on disease severity [5, 145–148]. A variety of dynamic 
characteristics of the ICP signal that are associated with outcome have also been 
identified, for example, the duration of increased ICP episodes [149], the area under 
the ICP curve [71], the ICP variability [150], and the CPP/ICP ratio [151].

P. Le Roux



31

However, whether treating increased ICP makes a difference to outcome remains 
poorly defined. There are several reasons for this, including confounding by indica-
tion, methodological issues, and patient and management heterogeneity. In addi-
tion, it would be unethical to perform a trial where some patients with elevated ICP 
were treated and others were not, given the relationship between increased ICP and 
mortality. Hence, no RCT has addressed (or will address) the influence of ICP man-
agement. Attempts have been made to answer the question using analyses of trauma 
or TBI registries, quality assurance studies, guideline adherence, within- or across- 
institution protocol studies, and meta-analysis of clinical series. There are limita-
tions to many of these studies; for example, they examine the use of an ICPM rather 
than the ICP treatment per se but in general the vast majority of studies demonstrate 
a significant outcome benefit to guideline adherence, and specifically, ICPM use 
and to ICP treatment [152–163]. For example, one of the largest studies comparing 
ICP-monitored patients to those without included 10,628 patients with severe TBI 
in the ACS TQIP [154]. Although ICPMs were only used in 17.6% of patients, its 
use was associated with a significant decrease in mortality. Studies that use propen-
sity scores, which is a form of “retrospective randomization,” show that the use of 
an ICPM is associated with an 8% reduction in risk-adjusted mortality [164]. There 
are rare case series or administrative databases that find a similar or no outcome 
benefit with ICPM use [165, 166].

Meta-analysis of studies published since 2007 that include 25,229 patients shows 
improved survival in patients who receive an ICP monitor [167]. Overall compli-
ance with ICP and CPP goals remains variable and <50% adult patients eligible for 
ICP monitoring actually receive an ICP monitor [154, 156, 163, 168]. This allows 
comparativeness effectiveness research. For example, Cnossen et al. [169] exam-
ined care of 503 moderate or severe TBI in five level I trauma centers in the 
Netherlands. Treatment was associated with patient characteristics and varied 
widely among centers, even after case-mix correction. Outcome was more favorable 
in patients treated in aggressive centers than those treated in nonaggressive centers 
(defined on the frequency of ICP monitoring). The inference of these various studies 
is that adherence to guidelines on ICP- and CPP-directed therapies appears to be 
associated with decreased mortality, although it remains unclear if this association 
is causal. In addition, the studies do not confirm that ICP treatment (or what aspect 
of treatment) is beneficial per se but rather that the use of an ICPM helps.

The Benchmark Evidence from South American Trials: Treatment of Intracranial 
Pressure (BEST TRIP) trial was a recent RCT that attempted to answer how ICP 
monitor use may affect care in a resource-limited environment [170]. Patients 
(>13 years old) in general ICUs in Bolivia and Ecuador were randomized to man-
agement strategies for severe TBI, one of which was triggered by an ICP monitor. 
Outcome was similar in the two groups, which is to be expected since there is no 
control group. Care was more efficient in the ICPM group but the vast majority of 
patients did not develop increased ICP. Many have (mis) interpreted this trial to sug-
gest that there is no need to treat ICP. This is far from the truth and, despite its title, 
BEST TRIPS is not a trial of ICP care per se and not even a trial of ICP monitoring. 
Indeed, a recent consensus meeting on the trial indicated that for those who 
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currently monitor ICP, there is no reason to change practice and that the trial lacks 
external validity and raises more research questions rather than answers any clinical 
questions [56]. In particular, it is important to define what constitutes intracranial 
hypertension and whether ICP as a numeric threshold is simply a marker for under-
lying pathophysiologic processes or an independent target. From a clinical stand-
point, ICP monitoring should be used as part of a multimodal approach to the patient 
and viewed as an additional tool available to the clinician to manage patients 
with TBI.

2.7  Are Other Monitors Necessary to Fully Understand ICP 
and Its Management?

ICP and CPP treatment remain central and critical to care of acute brain injury 
(ABI). However, converging evidence from several different lines of research sug-
gests that care based on only ICP and CPP thresholds may be an oversimplification 
of a complex problem [65–70, 73, 79, 88, 171–173]. The implication of this is that 
additional measures of ICP, for example, ICP waveform analysis, RAP, PRx, or CO2 
reactivity or use of other monitors, that is, MMM, can augment ICP care. In addi-
tion, autoregulation is known to play an important protective role in tolerating epi-
sodes of raised ICP (Klein) and when impaired is associated with poor outcome. 
However, cerebrovascular reactivity remains relatively independent of intracranial 
hypertension therapeutic intensity, suggesting that current therapies do not ade-
quately modulate impaired autoregulation [174].

2.7.1  Other Measures of ICP

Based on the Monro-Kellie doctrine, the cranial compartment can accommodate 
between 50 and 150 mL of additional volume before ICP increases. This compensa-
tory reserve or compliance is age dependent, and is not linear. In turn, it is influ-
enced by CA. Knowing where a patient is on the curve at a given time provides 
important information about the risk of a rapid ICP increase (and so a change in 
CBF) or herniation.

Compliance and waveform analysis can be examined through the pressure vol-
ume index. However, this requires injection of fluid through an EVD. Instead, ICP 
waveform analysis provides important information about the state of compliance 
[175]. With every systole there is a certain pulsatile increase in the cerebral blood 
volume that leads to a corresponding ICP increase. This increase or dP/dV is pro-
portional to the elastance (inverse of compliance of the cranial compartment at that 
point in time). In a noncompliant brain, the waveform changes and P2 (the rebound) 
of the wave becomes greater than P1 (the percussion or arterial wavelet). In recent 
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years, studies have examined the pressure-volume compensatory reserve index 
(RAP), which is defined as the correlation coefficient between the amplitude and 
mean pressure of the ICP. A RAP coefficient close to zero indicates little correlation 
between the ICP pulse amplitude and the mean ICP and reflects a good compensa-
tory reserve. In contrast, a RAP coefficient that approximates one indicates that the 
pulse amplitude of the ICP varies directly with mean ICP, that is, the pressure vol-
ume curve has shifted to the right and that compensatory reserve has been exhausted 
[176]. ICP waveform analysis, therefore, has great promise as a tool to aid clinical 
evaluation and targeted ICP care. However, specialized software and high-frequency 
data collection systems are needed to effectively use these methods. In the ICU, 
there are qualitative estimates of compliance, for example, how does ICP respond or 
vary during stimulation and what is the therapeutic index, that is, what and how 
much treatment is need to control ICP?

2.7.1.1  Pressure Reactivity Index (PRx)

With recent data processing advances and computerized bedside monitoring, the 
relationship between ICP and MAP or pressure reactivity index (PRx) can be mea-
sured. PRx has the advantage that it can be measured continuously in any patient 
with a parenchymal ICPM, an arterial pressure line, and the appropriate analysis 
software. This provides a real-time analysis of CA. In the normal brain, increases in 
MAP result in cerebral vasoconstriction within 5–15 s, with an associated reduction 
in CBV and ICP, that is, an inverse correlation between MAP and ICP, indicated by 
a negative value for PRx. This represents a reactive vascular bed and intact CA. If 
cerebrovascular reactivity is impaired, CBV and ICP increase passively with blood 
pressure (BP), with opposite changes when BP is reduced. Hence, an increasingly 
positive PRx value (close to +1) indicates impaired cerebral pressure reactivity. This 
model works best when the cranium is intact since following DC changes in CBF 
and CBV will not necessarily lead to changes in ICP since the cranial compliance is 
altered [177]. PRx has been most studied in TBI where several studies demonstrate 
that impaired PRx is associated with poor outcome [112, 113, 178]. In nontraumatic 
pathologies, the mean flow index (Mx), derived from Transcranial Doppler (TCD), 
that measures the correlation between mean middle cerebral artery blood flow 
velocity and CPP (or MAP) may be a better measure.

Importantly PRx can be used to guide therapy and enhance prognostic decisions. 
First, choosing a CPP target can be speculative in individual patients but using PRx, 
patient-specific CPP, and ICP thresholds can be identified. These patient-specific 
thresholds show a more robust relationship with outcome than population-based 
targets [73, 112, 113, 178, 179]. Second, PRx can be used to estimate optimal CPP 
(CPPopt); the more time a patient is at their individual CPPopt, the more likely 
outcome will be favorable since it reduces the risks of excessively high or low 
CPP. However, there is potential to over interpret CPPopt targets when the values of 
pressure reactivity indices are close to zero. Finally, knowledge about PRx can help 
decide whether to use ICP- or CPP-based therapy with a CPP-targeted approach 
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being preferable when pressure reactivity is intact, while an ICP-oriented strategy is 
better in pressure passive patients (MAP/ICP regression line at least 0.13; Howells). 
However, further research is required to examine this concept that intuitively makes 
sense and that of personalization of ICP monitoring (i.e., waveform analysis, pulse 
amplitude, pressure reactivity, and longitudinal trajectories) to develop individual-
ized targeted care.

2.7.1.2  Multimodality Monitoring

Cerebral microdialysis (CMD) studies show that cell energy dysfunction can occur 
before ICP or CPP changes and independently from ICP or CPP [66, 67, 79, 172, 
180–182]. This implies that additional monitors are necessary to better understand 
what is happening in a patient and essential to targeted and mechanistic therapy, 
including that for increased ICP [69, 70]. Alternatively, predictive models based on 
machine learning (artificial intelligence) from continuous time series of ICP and 
other data may provide accurate predictions of physiologic crises and so allow ear-
lier application of targeted interventions [183, 184]. There are a variety of monitors 
now available, for example, CBF, continuous EEG, brain oxygen, microdialysis, 
autoregulation, near-infrared spectroscopy, among others, that allow real-time bed-
side assessment. There is no one monitor that is “better” than the other and no single 
technique can be expected to provide complete information about the brain’s health 
and, hence, a combination of monitors is needed. This approach, often called multi-
modality monitoring (MMM), has evolved in recent years along with the growth of 
bioinformatics. In reality, it is practiced all the time, that is, we combine data from 
the clinical exam, CT scan, and laboratory analysis. Several lines of evidence indi-
cate that MMM can optimize care of brain-injured patients [184–187]. Indeed, in a 
recent phase II trial, goal-directed therapy guided by brain oxygen, ICP, and CPP 
monitoring appears to be superior to standard ICP- and CPP-guided therapy [88]. A 
phase III trial to examine this question is now underway. In short, ICP is best man-
aged with more than just an ICP monitor.

2.8  Conclusion

The management of neurocritical care patients and specifically those with acute 
brain injury, for example, TBI, SAH, or ICH, to name a few, can be immensely 
complicated. Management of ICP is a cornerstone of this care. How best to manage 
ICP can be augmented with additional monitors and use of bioinformatics to better 
understand the mechanisms behind changes in ICP and to enhance targeted care 
with a physiologically integrative approach [183, 188]. To further help patient care, 
several guidelines about when and how to use different monitors and management 
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algorithms based on expert consensus are available for TBI and non-TBI patholo-
gies [10–15, 20, 25, 28, 35, 74, 75]. In summary, it is important not to think of ICP 
(its numeric value) as the target but rather as an indicator of the existence of an 
underlying pathophysiological process that needs treatment, that is, the key ques-
tion is not what to do if ICP is increased but why is it increased. Hence, in managing 
ICP, it is important not to get caught up in simply treating numbers but rather to 
integrate information from multiple sources to target individualized care.

 Algorithm

PATIENT ADMISSION

Clinical Status of Patient
ABCD
Level of consciousness (GCS)
Bilateral pupillary reactivity
Hemodynamic stability?
Oxigenation?

DIAGNOSIS

CONSIDER CRITICAL ILL PATIENT
Basic TBI Therapy ACUTE BRAIN INJURY

ADMISSION BRAIN CT-SCAN
Non-Contrast Brain CT scan SWELLING?

NO YES

CONSIDER
CONTINUE: CONSIDER REPEAT (48 h)

Basic Therapy I. Add basic ICP Therapy Brain CT-Scan
II. Mild Hyperventilation (Option)

(PaCO2 30–35 mmHg)
REPEAT (48 h) III. Hyperosmolar Therapy

(Scheduled Dosing)
SWELLING ?

Brain CT-Scan

NO YES
SWELLING ? YES

ESCALATE
NO CONTINUE ICP THERAPY

Basic ICP Therapy I. Neuroworsening Protocol
II. Second Tier Treatment

CONSIDER
Awaking CONSIDER

I. 5th Day Brain CT Scan

CONSIDER
Taper ICP Therapy SWELLING ?

NO CONSIDER
YES I. Second Tier Treatment

EMERGENCY DEPARTMENT (ED)
INTENSIVE CARE UNIT (ICU)

 

ABCD airway-breathing-circulation-disability, CT computed tomography, ICP intracranial 
pressure
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Chapter 3
Intracerebral Hemorrhage (ICH) 
Approach: Bedside Practical Review

Thomas J. Cusack and Wendy Ziai

Key Points
 1. Recognize intracerebral hemorrhage (ICH) and stabilize the patient’s airway and 

circulation. Recognize intracranial hemorrhage as soon as possible utilizing 
computed tomography (CT) and computed tomography angiography (CTA). 
Unstable patients (those with rapidly declining Glasgow Coma Scale or anyone 
with a Glasgow Coma Scale less than 8) should undergo emergent intubation to 
secure their airway and be sedated after a thorough neurologic exam has been 
obtained. The ICH score and Functional Outcome in Patients with Primary 
Intracerebral Hemorrhage (FUNC) scores should be assessed.

 2. Systolic blood pressure should be rapidly controlled to a range of 140–180 mmHg 
in small hemorrhages without intracranial hypertension using beta blockers or 
calcium channel blockers. Target the goals of normothermia, normoglycemia, 
and normonatremia.

 3. Elevate the head of the bed to 30° and treat elevated intracranial pressure if pres-
ent with appropriate surgical and medical measures. Patients should be assessed 
for the need for surgical intervention for control of elevated intracranial pres-
sure; using an external ventricular drain or, in appropriately selected patients, 
decompressive craniotomy. Also, consideration of evacuation may be appropri-
ate in a select subset of ICH patients. Not all patients benefit from surgical 
intervention.

 4. Correct any coagulopathy if present. Reverse anticoagulation in patients with 
ICH who are on anticoagulant or antiplatelet drugs.

 5. Once stabilized, patients should be reassessed with CT imaging and have ongo-
ing management of blood pressure, cerebral edema, intracranial pressure, and 
seizures as they arise.
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3.1  Introduction

The delivery of neurocritical care is not so much the performance of one large life-
saving act but rather the careful execution and minding of hundreds of smaller 
things that taken together can add up to saving a life that might otherwise be lost and 
hopefully improving a life that otherwise would be greatly limited. This is particu-
larly true in the care of intracerebral hemorrhage (ICH), a challenging entity faced 
around the world by neurosurgeons, neurologists, and emergency care providers of 
all stripes. The past 40 years have seen marked improvement in the mortality of ICH 
from around 47% to 29% for those cases that make it to the hospital [1], but while 
a great deal of research has demonstrated the safety of a number of approaches that 
will be discussed in this chapter, very little research has been definitively shown to 
improve outcomes or mortality. Only 10–20% of patients who survive hospitaliza-
tion currently regain functional independence [2]. It is not possible to point to any 
one intervention or approach that has improved outcomes, so obtaining the best 
possible outcomes for your patient will involve minding both the specific issues sur-
rounding management of ICH as well as the general principles of good quality criti-
cal care. In this sense the problem space for ICH is limited by the solutions available 
to the caregiver at the time. In this chapter, we will review the approach to ICH from 
the practical perspective of the bedside practitioner, distilling the approach the 
authors take at the bedside, and showing the evidence from which that approach is 
derived. At the end of the chapter an algorithm for care is presented, but please 
understand that the care of ICH is far from standardized as the range of patients and 
pathology that falls under this category is exceedingly broad.

3.2  Intracerebral Hemorrhage (ICH)

Intracerebral hemorrhage is a type of intracranial bleed that occurs specifically 
within the tissue of the brain or ventricles. In the field, the sudden onset of neuro-
logic deficits should immediately raise concern for a stroke. Rapid recognition of 
neurologic deficits by bystanders or trained emergency medical responders is essen-
tial and rapid transport to a hospital capable of rapid imaging with a CT scan of the 
head and brain is the essential first step in appropriate diagnosis and treatment. 
Brain CT and careful history and neurologic exam can serve to help delineate an 
ischemic stroke from an intracranial bleed. Intracranial bleeds can occur within the 
parenchyma of the brain or in the meninges and associated potential spaces includ-
ing the epidural space, subdural space, and subarachnoid space. Bleeds in these 
areas are covered in detail in other chapters. Intracerebral hemorrhage is a subtype 
of intracranial bleed that is intraparenchymal with or without extension into the 
ventricles and can occur anywhere in the brain. It is broadly categorized as either 
“deep” or “lobar.” “Deep ICH” describes ICH within the basal ganglia and internal 
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capsule (35–70% of cases), brain stem (5–10% of cases), or cerebellum (5–10% of 
cases). “Lobar ICH” describes the other 15–30% of cases where it is seen in cortical 
and subcortical areas [3].

3.3  ICH: Presenting Symptoms

The presenting symptoms of ICH are as varied as the regions of the brain that can 
be affected. Headache and vomiting are seen in approximately one half of patients 
with ICH [4]. While there can be sudden onset during marked physical exertion or 
emotional moments, most occur during routine activity. Unlike ischemic embolism 
or subarachnoid hemorrhage, the neurologic symptoms of ICH are often not abrupt 
or maximal at the time of onset but rather the symptoms usually worsen over a 
period of minutes to hours. Symptoms can be absent in small hemorrhages, which 
clinically are indistinguishable from a gradually progressing stroke until imaging 
can be obtained. ICH is rarely a clinical diagnosis alone, but exam and history can 
help. If a headache is present, it can be due to elevated intracranial pressure or blood 
in the cerebral spinal fluid irritating the meninges. Most headaches occur with lobar 
or cerebellar hemorrhages. Patients may also have stiff neck or meningismus if 
there is intraventricular blood.

If the putamen is involved, the white matter tracts will be affected with hemisen-
sory loss, hemiplegia, possible homonymous hemianopsia, and possible gaze palsy. 
A cerebellar hemorrhage will often have extension into the fourth ventricle and 
often originate in the dentate nucleus. There is often a sudden loss of balance with 
consequent inability to ambulate, notably without any hemiparesis, as well as vom-
iting, headache (sometimes with referred pain to the back of head or shoulders), and 
neck stiffness, and in patients with extension into the pontine tegmentum gaze, 
palsy and facial weakness can be observed. A hemorrhage in the thalamus can cause 
hemiparesis, hemisensory loss, and aphasia if the bleed is in the dominant hemi-
sphere and hemineglect if it is in the nondominant hemisphere. Most lobar hemor-
rhages occur in the parietal and occipital lobes. Lobar hemorrhages have a higher 
incidence of seizures as seizure is a cortical symptom. Occipital hemorrhages often 
present with dense contralateral homonymous hemianopsia. Frontal hemorrhages 
often cause a contralateral paresis of the leg with relative sparing of the upper 
extremity. The most neurologically severe location for an ICH is the pons, which 
often causes a deep coma and total paralysis with pinpoint pupils and absent hori-
zontal eye movements. Facial palsy, deafness, dysarthria, and ocular bobbing may 
be observed if the patient is awake. Seizures will occur in the first 72 h after ICH in 
4–29% of patients [5], again most commonly in those with lobar hemorrhages. In 
larger bleeds, decreased level of consciousness is commonly seen. Stupor or coma 
is an ominous sign in ICH.
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3.4  ICH: Who Gets and Why

Intracerebral hemorrhage is a particularly challenging entity because it can happen 
virtually anywhere in the brain with severity ranging from nearly clinically unde-
tectable to the almost invariably fatal. ICH is prevalent throughout the world, with 
ICH and subarachnoid hemorrhage (SAH) together accounting for roughly 10–20% 
of the world’s strokes, while ischemic stroke accounts for the remaining 80–90% 
[6]. There were 5.3 million ICH cases worldwide in 2010 with 3 million deaths of 
which 84% were borne by low- and middle-income countries (80% of the cases and 
63% of the deaths occurred in Sub-Saharan Africa, Central Asia, and Southeast 
Asia) [7]. Between 1990 and 2010, the global incidence of hemorrhagic strokes 
(ICH and SAH combined) increased by 47%. In high-income countries, the age- 
adjusted incidence rate of hemorrhagic stroke reduced by 8% during those two 
decades but rose by 22% in the low- and middle-income countries [7]. The inci-
dence of primary ICH in low- and middle-income countries from 2000 to 2008 was 
22 per 100,000 person-years, while in high-income countries it was 10 per 1000,000 
person-years [6]. The incidence of primary ICH by population closely tracks the 
incidence of hypertension in those populations, with a systematic review of 36 
population- based epidemiological studies showing the incidence rate of ICH per 
100,000 person years to be 51.8  in Asians, 24.2  in Whites, 22.9  in Blacks, and 
19.6 in Hispanics [2]. Patients who make it to the hospital still face 30-day fatality 
risk of up to 45% in some studies [8]. Those who survive have markedly limited 
function in activities of daily living, with only 10–20% regaining functional inde-
pendence [9, 10]. The challenge facing the world in coming decades will be not only 
treating the ICH in countries with less developed public health infrastructure but 
also preventing it in the first place, which brings us to our discussion of risk factors.

3.5  Risk Factors for ICH

3.5.1  Blood Hypertension

Spontaneous ICH is the product of a complex interplay of risk factors, the most 
important of which is hypertension [11, 12]. A meta-analysis of 14 case-control 
studies demonstrated an increased relative risk for ICH in hypertensive subjects of 
3.68 (95% CI, 2.52–5.38) over normotensive people [11]. Patients with baseline 
blood pressure over 160/90 were shown in another meta-analysis to have a ninefold 
increased risk of ICH [12]. Even among those with normal blood pressure, increas-
ing blood pressure is related linearly to increasing risk of lobar and nonlobar hemor-
rhagic stroke [13]. Chronic hypertension is generally associated with ICH in the 
basal ganglia, thalamus, brainstem, and cerebellum. Cocaine intoxication and 
malignant hypertension should also be considered at the time of presentation.
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3.5.2  Other Risk Factors

Smoking carries a 1.5-fold relative risk for ICH [14, 15]. ICH is also more likely in 
those with high alcohol intake, low cholesterol levels [16, 17], or diabetics with a 
relative risk of 1.6 [18]. Cerebral amyloid angiopathy (CAA) alone accounts for 
roughly 50% of all lobar hemorrhages [19]. The ICH seen with CAA is often lobar 
and rarely cerebellar. Patients taking aspirin [20], warfarin [21], and direct antico-
agulants (DOACs) (dabigatran etexilate, rivaroxaban, and apixaban) have an 
increased risk of ICH, although this risk is often far exceeded by the benefit pro-
vided by the prevention of ischemic strokes [22]. Although no prospective studies 
have evaluated the impact of specific modifiable risk factor management (e.g., anti-
hypertensive management and smoking cessation on the risk of intraparenchymal 
hemorrhage), such lifestyle modifications are likely to reduce the risk of ICH sig-
nificantly. The job of prevention is largely in the hands of primary care providers 
but, after an ICH mitigating, future risk ideally would involve lifestyle modification 
and medical treatment for any of the above risk factors.

3.6  ICH: Pathophysiology

ICH occurs after a parenchymal blood vessel in the brain ruptures. Common etiolo-
gies include amyloid angiopathy, tumors, ischemic stroke with subsequent hemor-
rhagic conversion, thrombosis of dural venous sinuses and cortical veins, vasculitis, 
and vascular malformations such as cavernous angiomas, arteriovenous fistulas, 
arteriovenous malformations, venous angiomas, and aneurysms. Most “primary” 
cases of spontaneous ICH are thought to be caused by the rupture of Charcot 
Bouchard aneurysms in the cerebellum, basal ganglia, pons, and thalamus, where 
small penetrating vessels are abundant. Charcot Bouchard aneurysms are presumed 
to be the result of chronic hypertension-related lipohyalinosis of small arterioles 
which causes defects in the muscular layer making them prone to rupture [23]. The 
“primary” etiology is a diagnosis of exclusion based on a thorough investigation for 
“secondary” structural causes of ICH. “Secondary” causes of ICH can include arte-
riovenous malformation (AVM), cerebral venous sinus thrombosis, hemorrhagic 
transformation of ischemic stroke, Moyamoya disease, tumor, and aneurysms. If a 
patient is younger, and has a lobar ICH or intraventricular blood, this suggests 
higher risk of secondary ICH [24].

Advanced age, deep location (basal ganglia, thalami, or posterior fossa), or his-
tory of hypertension are often taken to suggest primary ICH, although cerebral angi-
ography studies show that these are not always reliable indicators, and patients with 
these features may have coexisting vascular abnormalities [25, 26].
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3.7  ICH: Initial Management

The initial triage of a neurological patient should always focus on quickly identify-
ing life-threatening issues and stabilizing the patient before moving on to identify 
the cause of neurologic deficit with a focus on what is common and what is treat-
able. The first step in management should focus on the stabilization of the airway, 
breathing, and circulation. The airway should be secured if the patient does not 
appear to be able to protect their airway. The need for an accurate neurologic exam, 
while of great importance, must be balanced against the risk of airway compromise.

3.7.1  Airway: Intubation

Rapid sequence endotracheal intubation (RSI) may be necessary in the emergent 
setting for the rapidly deteriorating patient. Patients undergoing RSI may benefit 
from pretreatment with lidocaine 1.5 mg/kg if they appear to have ICP issues as this 
may blunt the rise in intracranial pressure that can be associated with intubation 
[27]. Induction with etomidate (0.2 mg/kg) may preserve cerebral perfusion pres-
sure. Paralysis can be obtained with succinylcholine (1.5  mg/kg), rocuronium 
(1 mg/kg), or vecuronium (0.15 mg/kg). Propofol 5–80°μg/kg/min may be a good 
initial choice as a continuous drip but does carry the risk of propofol infusion syn-
drome [28]. Elevated creatine kinase, amylase, lipase, or serum triglycerides can 
indicate a need to discontinue propofol and initiate another sedative such as mid-
azolam or dexmedetomidine.

3.7.2  Clinical Scoring and Examination

Once stable from a cardiopulmonary perspective, clinical severity should be scored 
and documented using the NIH Stroke Scale (NIHSS) and Glasgow Coma Scale 
(GCS) [29–31]. Hourly or more frequent neurologic exams should be scheduled 
thereafter.

3.7.3  ICH: Imaging

The American Heart Association considers neuroimaging with CT (the gold stan-
dard) or MRI mandatory, with the use of contrast-enhanced CT angiography (CTA) 
when available to assess for vascular pathology and likelihood of further clot expan-
sion [26]. Vascular abnormalities should be suspected in women, those under the 
age of 65, those with lobar ICH, intraventricular hemorrhage (IVH), and patients 
without a history of hypertension, smoking, or coagulopathy [32]. Catheter 
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angiography can confirm definitively if there is an underlying vascular lesion, but 
this is often only available at larger centers [33]. If cerebral venous sinus thrombosis 
is suspected based on hematoma location, unusual appearance of cerebral sinuses, 
or increased relative edema volume then CT venography or magnetic resonance 
venography (MRV) should be performed [34].

The volume of ICH is an important factor in outcomes, with volumes over 30 mL 
tending to have increased mortality and morbidity [10]. One recent meta-analysis 
suggested that for each 1 mL increase in hemorrhage volume at hospital admission, 
the odds of early neurological deterioration increases by 37% [35]. The volume of 
ICH can be accurately assessed using a range of automated computational tech-
niques if the required software is available, but a quick estimate can be garnered by 
applying the ABC/2 method to the initial noncontrast CT image. All measurements 
should be obtained on axial slices, with A being the largest diameter of hematoma 
seen in any slice and B the diameter taken perpendicular to that on the same slice. C 
is the slice thickness multiplied by the number of slices. These three values multi-
plied together and then divided by two give an estimate of the volume of the hema-
toma assuming a spherical shape. While not as accurate as image analysis software 
available commercially, it is an effective method for quickly assessing hematoma 
volume [36].

3.7.4  ICH: Grading Scales

Intracranial hemorrhage (ICH) grading scales are routinely used to assess baseline 
severity, to facilitate communication between providers, and to frame expectations 
of family members. They should not be used in isolation, however, as reliance on 
grading scales risks producing a self-fulfilling prophecy in which patients expected 
to do poorly will have poor outcomes due to limitations of acute interventions [37, 
38]. The ICH score [39] has seen broad clinical adoption as a number of studies 
have validated its use. The ICH score includes five independent risk factors for 
30-day mortality which are assigned weights to derive a score from 0 to 6 (Table 3.1). 
The timing of the GCS is important, with studies showing that the GCS assessed 
once the patient has clinically stabilized has the most utility as compared to an ini-
tial assessment [40]. Another useful prognostication tool, the FUNC score was 
developed to estimate the likelihood of functional independence at 90 days and can 
help frame expectations for families and caregivers (Table 3.1) [41].

3.7.5  Fluid Management

Volume status should be assessed along with routine monitoring of electrolytes. To 
avoid exacerbating any brain edema, it is recommended that hyponatremia be 
avoided. Hyponatremia has been shown to occur in roughly 15% of ICH patients 
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and to worsen outcomes in two retrospective case series, with the syndrome of inap-
propriate antidiuretic hormone being the most common etiology [42, 43]. 
Normovolemia should be maintained with isotonic fluids to avoid exacerbating 
brain edema [44]. In patients with elevated ICP from significant perihematomal 
edema or marked mass effect, hyperosmolar therapy with hypertonic saline (either 
2% or 3% solution) may be considered. The goal is to target a hypernatremic state 
(150–155 mEq/L) and a serum hyperosmolarity (300–320 mOsm/L). Serum sodium 
should never be allowed to decline more than 12 mEq/L in a 24-h period as this can 
cause rebound cerebral edema and further exacerbate ICP.

3.7.6  Follow-Up Imaging

After initial hemorrhage, the hematoma can expand further in up to one-third of 
patients and generally occurs within 24 h, although delayed expansion is described 
[45]. Expansion is significantly associated with clinical deterioration and worsened 
outcomes, especially when resulting in midline shift or cerebral herniation [10, 46]. 
The “spot sign” is a hyperdense spot initially defined on CTA source images, which 
when seen is predictive of hematoma growth (Fig. 3.1) [47]. If a subsequent non-
contrast head CT demonstrates extravasation of contrast into the hematoma, this, 
along with the spot sign, is significantly associated with ICH growth and poor 

ICH score FUNC score
Component Points Component Points

GCS ICH volume
3–4 2 <30 4

5–12 1 30–60 2
13–15 0 >60 0
Age Age
≥80 1 < 70 2
<80 0 70–79 1

ICH volume ≥80 0
≥30 ml 0 ICH location
<30 ml 1 Lobar 2

IV hemorrhage Deep 1
Yes 1 Infratentorial 0
No 0 GCS

Infra-tentorial origin ≥9 2
Yes 1 ≤8 0
No 0 Pre-ICH cognitive impairment

Total ICH score 30-days mortality (%) Yes 0
0 10 No 1
1 13 Total FUNC score Independent at 90 days (%)
2 26 0–4 0
3 72 5–7 29
4 97 8 48

5–6 100 9–10 75
11 95

Table 3.1 The components of the ICH and FUNC scores presented along with their respective 
point weights and the mortality and independence implications for each total score, respectively

IV intraventricular, FUNC score functional outcome in patients with primary intracerebral hemor-
rhage score, ICH score intracerebral hemorrhage score, ICH intracerebral hemorrhage
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outcome [47]. Although it is possible to assess for both an “early” (30 s postcontrast 
injection) and “late” (2–5 min postcontrast injection) spot sign on CTA or postcon-
trast CT, the current utility of this information is not well defined in the absence of 
therapies specifically targeted to prevent ICH expansion. In the PREDICT study, 
patients with the spot sign have significantly higher mortality at 3 months (43.4%) 
as compared to patients who were spot sign negative (19.6%) [42].

a b

c d

Fig. 3.1 (a) Patient with a spot sign visible in a putaminal ICH. (a) Demonstrates left posterior 
putaminal ICH with mild surrounding edema. In (b), an arrow indicated the small focus of contrast 
enhancement seen on CTA consistent with the spot sign. (c) Shows the postcontrast CT wherein 
the white arrow shows the spot sign has enlarged. (d) Shows an unenhanced CT taken 1 day later 
showing the development of IVH and expansion of the ICH (Wada et al. [48])
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3.7.7  Blood Pressure Management

A number of trials have tried to arrest the further expansion of ICH by managing 
hypertension. INTERACT1 was a feasibility study that demonstrated the safety and 
feasibility of intensive blood pressure reduction in acute cerebral hemorrhage. This 
led to INTERACT2, an international, multicenter, prospective, randomized, open- 
label, blinded end-point trial of patients with hypertension and ICH occurring in the 
prior 6 h which randomly assigned patients to receive either intensive treatment of 
systolic blood pressure (SBP) to less than 140 mmHg or guideline recommended 
targeting of SBP to less than 180 mmHg [49]. This intensive treatment of blood 
pressure failed to result in significant reduction in hematoma volume or improve-
ment in outcomes on the primary outcome. Another large intensive blood pressure 
lowering trial was ATACH2 [50]. This randomized, multicenter, open-label trial 
looked at patients with ICH volume <60 mL and GCS score of 5 or more, random-
izing them to either an intensive SBP target of 110–139 mmHg or a standard target 
of 140–179 mmHg using intravenous nicardipine. The primary outcome was death 
or disability at 3 months, which was equivalent between the two groups. The aggres-
sive treatment of blood pressure in ATACH2 did not improve outcomes. Therefore, 
while a goal SBP of 140 mmHg seems to be a safe target, it does not represent an 
evidence-based target proven to improve outcomes or reduce mortality, and 
SBP < 140 mmHg may cause adverse effects in some patients. Following the evi-
dence, a target range of SBP 140–180 mmHg is what is employed at our institution. 
Any blood pressure over 180 mmHg or MAP over 130 mmHg is treated with a 
titrated antihypertensive drip, usually nicardipine (5–15 mg/h infusion). Oral anti-
hypertensive agents are used to help achieve longer term blood pressure control, but 
are not immediate enough in their antihypertensive effects to be used in the acute 
setting.

3.7.8  When to Use and Not to Use Hemostatic Therapy?

Patients with abnormalities of platelets, coagulation factors, or who are taking anti-
coagulants have an increased likelihood of ICH expansion due to their decreased 
propensity to form stable clot. Ultra-early hemostatic therapy with replacement of 
the deficient factors or transfusion with functional platelets is indicated. Patients on 
oral anticoagulants account for up to 20% of patients with ICH [51]. Patients on 
vitamin K antagonists (VKAs) should have their drug withheld and should receive 
vitamin K but as this takes up to 24 h to work they benefit from prothrombin com-
plex concentrate (PCC), since this corrects the INR more quickly (5.7 h vs. 11.8 h, 
respectively) and has a better safety profile than fresh-frozen plasma (FFP) [52, 53]. 
If PCC is unavailable, FFP can be administered. Direct oral anticoagulants includ-
ing direct thrombin inhibitors (DTIs) and factor Xa inhibitors (FXa-Is) are increas-
ingly used due to their apparent advantages over warfarin and increased indications 
for anticoagulation. Currently, only dabigatran has a reversal agent (idarucizumab, 
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a humanized monoclonal antibody fragment against dabigatran) and, for the others, 
there is no high-quality evidence for drug removal from the circulation, prohemo-
static therapies like desmopressin (DDAVP) or antifibrinolytic agents, or the admin-
istration of prothrombin complex concentrates [54]. Andexanet alfa is a factor Xa 
inhibitor antidote intended for patients presenting with major bleeds who are taking 
FXa-Is. Most hospital protocols include the administration of PCC for the reversal 
of FXa-Is, while there is currently no randomized prospective data to base this deci-
sion on, there are case series and some animal experiments [55–58]. Please see the 
algorithm at the end of this chapter for specific doses.

The management of patients on antiplatelet agents is currently a matter of debate. 
In the recent past, several reports described worse clinical outcomes and increased 
hematoma expansion in these patients [59, 60]. Recent studies show that rates of 
hematoma expansion and outcome are independent of antiplatelet use [61, 62]. A 
number of recent observational studies suggested that platelet transfusion could be 
of benefit in ICH, so a randomized phase 3 trial (the PATCH trial) was recently 
completed in Europe looking at whether platelet transfusion in ICH patients 
improved outcomes [63, 64]. Patients who received platelets were actually more 
likely to have poor outcomes at 3 months than those who did not (OR 2.5, 95% CI 
1.18–3.56, p  =  0.0114). Further, 42% of patients who got platelets have serious 
adverse events compared to 29% in the control group. Platelet transfusion is not 
currently indicated in ICH patients pending further clinical trials and can only be 
considered as a risk reduction measure in patients planned for urgent neurosurgical 
intervention [65, 66].

3.7.9  ICP Monitoring

The recommendations for ICP monitoring in ICH is largely borrowed from the trau-
matic brain injury literature, where ICP monitor placement is recommended in 
patients with a GCS of 8 or less, with a goal of maintaining ICP <20 and CPP at 
50–70 mmHg [67]. The use of ICP monitoring would seem to make intuitive sense 
in patients with an ICH, but ICP monitoring exposes patients to nonnegligible risk 
for hemorrhage and infection and the present literature is limited in the setting of 
ICH [68]. In a cohort study of 243 ICH patients, 57 (23%) underwent ICP monitor-
ing and of those 70% had at least one episode of elevated intracranial pressure but 
this did not negatively impact mRS scores (OR 0.8, 95% CI 0.3–2.3) [69].

In analysis of 100 patients from two prospective multicenter trials of patients 
with intraventricular hemorrhage (IVH), who underwent placement of external ven-
tricular drain (EVD) for injection of intraventricular alteplase or saline, most 
(91.5%) of the transduced ICP readings were within normal range, demonstrating 
the effectiveness of cerebral spinal fluid (CSF) drainage for controlling ICP [70]. 
ICP readings >30 mmHg in this analysis were an independent predictor of 30-day 
mortality after adjustment for other outcome predictors. External ventriculostomy 
should be performed only in a select group of ICH patients with evidence of hernia-
tion, significant hydrocephalus, and GCS < 8.
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3.7.10  Surgical Considerations

Presently, the evidence does not show open surgical evacuation Intracerebral hem-
orrhage (ICH) does to hold significant advantage over medical therapy. The Surgical 
Treatment of Intracerebral Hemorrhage (STICH) trial compared early surgical 
evacuation of ICH to medical therapy [71]. The trial did not show a survival advan-
tage in patients with early surgery. STICH II investigated the subgroup of patients 
from STICH I who appeared to have improved outcomes: those with superficial 
hematomas with no IVH present and with GCS between 8 and 15. STICH II ran-
domized patients to receive either craniotomy within 12 h or best medical care with 
the goal of improved functional outcome. Despite the demonstration of noninferior-
ity in STICH II, the surgical technique did not demonstrate statistically significant 
clinical improvement using existing surgical techniques employing open craniot-
omy with resection of the hemorrhagic tissue. At present, the evidence shows crani-
otomy to remove clots may only be effective in a select subset of patients and 
generally has clinical equipoise with medical management.

A number of studies have compared standard craniotomy versus conservative 
treatment. A recent meta-analysis of ten randomized controlled trials (2059 partici-
pants) showed that craniotomy reduced the odds of death or disability at final fol-
low- up (OR 0.74) [72]. In clinical practice, craniotomy is offered to patients who 
are having rapid neurological decline, but none of the included trials specifically 
considered these patients, so this continues to be at the discretion of the consulting 
neurosurgeon. Newer minimally invasive techniques are currently being tested, 
which aim to decrease the damage to cortex and cortical tracts while at the same 
time offering increased access to the region of ICH. These will not be considered 
here, as it remains to be seen whether the successful volumetric reduction in clot is 
matched with improvement in patient outcomes, but as techniques with increasingly 
low morbidity emerge it is hoped that appropriately selected patients will increas-
ingly benefit from such treatment.

3.7.11  ICH: Surgical Option for Cerebellar 
Hemorrhage Patients

Patients with cerebellar hemorrhage causing brainstem compression and rapid neu-
rologic deterioration should undergo surgical removal of the hemorrhage if aggres-
sive management is pursued [9]. Treatment of cerebellar ICH patients with 
ventricular drainage alone is not recommended. Evacuation of a supratentorial 
hematoma or decompressive hemicraniectomy can be considered lifesaving for 
deteriorating patients, but early hematoma evacuation is not clearly beneficial for 
otherwise stable patients. The effectiveness of minimally invasive techniques for 
clot evacuation has not been proven with a randomized controlled trial, and surgical 
evacuation has been associated with excellent clinical outcomes. Moreover, poste-
rior fossa hemorrhage is often quickly followed by decompensation in 25–75% of 
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patients [73]. Retrospective series have suggested that suboccipital decompression 
significantly lowers mortality [73, 74]. Patients with cerebellar hemorrhage >3 cm3, 
those with brainstem compression or symptomatic hydrocephalus have better out-
comes with surgical decompression. Treatment with ventricular drainage alone is 
ineffective [74].

3.7.12  ICH: Patients with Intraventricular Extension

Intraventricular extension of ICH (IVH) is seen in almost half of the patients with 
ICH [75]. The presence of IVH doubles the likelihood or poor outcomes in sponta-
neous ICH [76]. Meta-analysis has shown that ICH with IVH increases the risk of 
mortality from 20% to 51% [77]. Removing the blood from the ventricles via cath-
eter alone is difficult as blood tends to occlude the catheter and the speed of drain-
age is slow [78]. The use of adjunctive thrombolytic agents makes catheter-assisted 
drainage a viable treatment option and has been demonstrated to be safe and effec-
tive in the large, randomized, double-blind, placebo controlled CLEAR-III trial 
[79]. The CLEAR-III protocol involves administering 12 doses of alteplase 1 mg or 
0.9% saline through an extraventricular drain every 8 h. At present, this protocol is 
the only one demonstrated via a large, multicenter, randomized, controlled trial to 
be safe. Intraventricular alteplase is not currently recommended for the routine 
management of IVH, although ongoing studies are evaluating conditions under 
which this treatment may have long-term functional benefit which may be related to 
more complete reduction in ventricular clot burden.

3.7.13  ICH: Venous Thromboembolism Prophylaxis

The priority of stopping the bleeding in ICH and avoiding triggering further bleed-
ing must be balanced against the need to prevent deep venous thromboembolism 
(DVT). The incidence of symptomatic DVT in patients with ICH has been reported 
in retrospective case series to be on the order of 1–2% [80, 81], with symptomatic 
pulmonary embolism in 0.5–1% of ICH patients [82]. The CLOTS3 trial showed an 
absolute risk reduction of 3.6% (95% confidence interval 1.4–5.8) of DVT in 
patients with the use of IPC [83]. It is, therefore, recommended that patients receive 
DVT prophylaxis with pneumatic compression devices (with or without compres-
sion stockings) immediately upon hospital admission and continuing until discharge 
[84]. The evidence for the use of DVT prophylaxis with subcutaneous unfraction-
ated (UFH) or low molecular weight (LMWH) heparin in ICH relies on two small 
prospective randomized trials, which were limited by their small size on low fre-
quency of hemorrhagic or thromboembolic events [85, 86]. A comprehensive meta- 
analysis of these and two other observational studies showed the use of UFH or 
LMWH to be effective in reducing pulmonary embolism (PE) (RR 0.37, 95% CI 
0.17–0.80) but no effect on the incidence of DVT, expansion of hematoma, or death 
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[87]. Current guidelines recommend the use of subcutaneous UFH or LMWH only 
in those ICH patients who have had stable hematomas for 48 h and who have no 
coagulopathy [84].

3.7.14  ICH: Seizure Management

Most patients with ICH do not experience seizures, but in the first 7 days up to 16% 
experience clinical seizures and up to 31% have electrographic seizures [87–89]. 
Current guidelines support continuous EEG monitoring in patients with clinical sei-
zures or patients with mental status out of proportion to their ICH [9]. Seizures are 
the product of cortical irritation, and are most likely in patients with cortical exten-
sion of their ICH [90, 91]. Of note, while a large single-center study has shown that 
prophylaxis decreases the risk of seizures in ICH, prospective studies report that 
seizures do not seem to effect mortality or neurologic outcome [92–94]. In fact, the 
available data seem to suggest that antiepileptic prophylaxis is associated with 
worse outcomes and increased mortality in particular with phenytoin [95, 96]. In 
response, levetiracetam use for seizure prophylaxis has been on the rise despite 
limited knowledge about its potential effects on outcomes [97]. Present guidelines 
do not support the use of antiseizure medications for prophylaxis in ICH but do 
recommend treating patients who have seizures accompanied by a change in men-
tal status.

3.8  ICH: Medical Complications

ICH is associated with a number of medical complications that must be managed 
along with the primary insult. In the 607 patients Cerebral Hematoma and NXY-059 
Treatment trial, 88% of patients have at least one adverse event [98]. These included, 
in order of frequency, pneumonia, pulmonary embolism, respiratory failure, aspira-
tion pneumonia, sepsis, and urinary tract infection. Given that medical complica-
tions of stroke cause up to 50% of mortality in this context, aggressive management 
of these complications is imperative. Dysphagia is a risk factor for aspiration and 
consequent aspiration pneumonia or chemical pneumonitis, but formal bedside 
swallow screening for all stroke patients has been shown in a prospective multi-
center study to reduce the absolute risk of pneumonia from roughly 5% to 2% [99]. 
A Cochrane meta-analysis of 33 studies looking at nutrition and swallowing in 
stroke showed that avoiding malnutrition is possible with placement of an orogas-
tric or nasogastric feeding tube and that PEG placement reduces treatment failures 
and gastrointestinal bleeding while increasing food delivery [100]. Up to 21% of 
patients with ICH require mechanical ventilation for inability to protect their airway 
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[101]. Ventilated patients are at risk for in-hospital mortality as high as 48%, and 
should be surveilled for ventilator-associated pneumonia and acute respiratory dis-
tress syndrome [102]. To minimize risk of aspiration pneumonia, the head of the 
bed should be kept at 30°, frequent oral care should be instituted, and the duration 
of intubation should be minimized inasmuch as it is possible.

3.8.1  Glycemic Management

Hyperglycemia is an independent risk factor for death and poor outcomes in patients 
with ICH, regardless of whether there is underlying diabetes mellitus [103]. 
Intensive control of glucose to 80–110 mg/dL has been shown to both increase inci-
dence of hypoglycemia and intracranial hypertension in one study [104] and to 
decrease it in another [105]. At present, there is no large, randomized, controlled 
trial demonstrating the effectiveness of strict normoglycemia in ICH and it is not 
recommended [106]. ICH patients should have frequent monitoring of glucose to 
avoid extreme hypo- and hyperglycemia, but normoglycemia should not be an 
aggressively pursued goal.

3.8.2  Avoiding Hyperthermia and Hypothermia

Fever is common after ICH, and has an established relationship with worse out-
comes and growth of hematoma [107]. While a causal relationship has not been 
established between the complex inflammatory, neurohormonal, and metabolic cas-
cades involved in temperature management and their derangement in the context of 
ICH, it seems intuitive that targeting normothermia could improve outcomes. 
However, maintenance of normothermia has not been shown to have an impact on 
improving outcomes [108]. There have been no trials of targeted hypothermia in 
ICH, so cooling is currently only for investigational use and per the current guide-
lines and management of fever “may be reasonable” [5]. The authors in their own 
practice treat fever >38.5 °C and try to maintain normothermia in ICH patients.

3.8.3  Disposition

Upon stabilization, patients with ICH should be dispositioned to dedicated neuro-
logical intensive care or stroke units, especially in the initial 24 h of care [109]. 
Patients requiring ventriculostomy drainage or mechanical ventilation will neces-
sarily require ICU care, ideally in a dedicated neurological unit.
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3.9  Conclusion

By adhering to present evidence and guidelines for clinical practice, practitioners 
caring for ICH can decrease mortality, minimize harm, and increase the likelihood 
of functional outcome.

 Algorithm

MONITORING KEY HISTORY 
Vital Signs Last Known Normal

GCS / NIHSS Drugs
Recent Surgery

Clinical Status of the Patient Advanced Health directives
SBP > 180 mmHg Allergies

LABORATORY
CBC / Glucose

TARGET SBP < 160 mmHg Electrolytes / Creatinine
PTT / INR / Troponin(Tolerate range 140–160)

Within 1 h of presentation Toxicology Screen
IMAGING

Non-contrast Brain CT-Scan
LOCATION CT-Angiogram Head Coagulopathy Present ?

Supratentorial ? MEASUREMENT
Infratentorial? Hematoma Volume (ABC/2)

Correction of Coagulopathy
VKAs (FFP and IV Vitamin K)

INFRATENTORIAL SUPRATENTORIAL DOAC (Oral charcoal and PCC)
Ongoing Clinical deterioration? Heparin / LMWH (IV Protamine)ICH > 3 cm in diameter with

deteriorating mental status? Mass effect / Cortical location?
Compression of the Brainstem?

Antiplatelets (Platelet
Transfusion only NCx intervention)

Hydrocephalus?
Persistent elevated ICP refractory

to medical management? Thrombocytopenia (transfuse
To >100.000 and/or Desmopressin)
Fibrinolytics (PCC and FFP)

Intraventricular Hemorrhage (IVH) YES

YES NO Consider Surgical Intervention

Consider EVD and
Clear-III Protocol

Sign of Herniation or
Mass Effect ? 2. Consider external ventricular drain (EVD) if

 Hydrocephalus present.

NO YES

Prevention of Secondary Brain Injury
Treat clinical Seizures

YES Not role for Seizure prophylaxisETIOLOGY
DISCERNABLE ? Early Enteral nutrition

Avoid Hyponatremia (Serum Na+ < 135 )

NO Avoid Hypoglycemia and Hyperglycemia
Maintain Normothermia
Prevention of VTE (Pharmacological prophylaxis if
Bleed stable on day 2–3)
Hemoglobin > 7 g/dLCONSIDER

Brain MRI
MRA

MRV or Angiography

ABCD
Oxygenation (SpO2 > 94%)?
Normocapnia (PaCO2 35–45 mmHg)?
Hemodynamic Stability?

1. Neurosurgical consult for evacuation or
 decompression.

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

 

ABCD airway-breathing-circulation-disability, PCC prothrombin complex concentrate, VKAs 
vitamin K antagonist, MRA magnetic resonance angiography, MRV magnetic resonance venogra-
phy, NCx neurosurgery, FFP fresh frozen plasma, SBP systolic blood pressure
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 Appendix: Direct Oral Anticoagulant Reversal

After five half-lives, anticoagulation can be considered fully resolved.

Apixaban: 8–15 h; 5 half-lives: 24–75 h after last dose (day 1.5–3)

Betrixaban: 19–27 h; 5 half-lives: 95–135 h after last dose (day 4–5.5)

Dabigatran: 12–17 h; 5 half-lives: 60–85 h after last dose (day 2.5–3.5)

Edoxaban: 6–11 h; 5 half-lives: 30–55 h after last dose (day 1.3–2)

Rivaroxaban: 5–9 h; 5 half-lives: 30–45 h after last dose (day 1–2)

Activated charcoal to absorb drug if taken in prior:

Apixaban: up to 6 h

Edoxaban: up to 2 h

Rivaroxaban: up to 8 h

 Reversal Strategies

Dabigatran: Idarucizumab (Praxbind) 5 g IV; if unavailable, FEIBA 50–80 μ/kg; if 
unavailable, use a three- or four-factor PCC at 25–50 μ/kg. If using three-factor 
PCC, consider supplementation with FFP for factor VII. Tranexamic acid (TXA) 
may be considered. Hemodialysis has been shown to remove active dabigatran from 
circulation.

Apixaban, betrixaban, edoxaban, and rivaroxaban: If emergent surgery is 
required, andexanet alfa may be given. Low dose (for those who received rivaroxa-
ban <10 mg, apixaban <5 mg, or >8 h since last dose of factor Xa inhibitor) is a 
bolus 400 mg at rate of 30 mg/min followed by infusion of 480 mg at rate of 4 mg/
min. High dose (for those who are on rivaroxaban >10 mg, apixaban >5 mg, or dose 
unknown or <8 h since last dose of factor Xa inhibitor) is bolus of 800 mg at 30 mg/
min followed by infusion of 960 mg at a rate of 8 mg/min. If andexanet alfa not 
available, four-factor PCC.
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Chapter 4
Organ Maintenance After Death 
by Neurological Criteria (DNC)  
in Neuro- ICU: The Importance 
of Donation

Vasso Zisimopoulou and Panayiotis N. Varelas

Key Points
 1. Many patients with severe brain injury, despite all efforts to save them, die by 

neurological death criteria. Many of these brain-dead patients become organ and 
tissue donors.

 2. The management of these patients before they are declared brain dead may differ 
from the management after they are pronounced and may be organ specific.

 3. Hemodynamic instability is a common problem in these organ donors and has to 
be managed with fluid replacement, vasopressors, or inotropes and, if not 
responding, hormonal replacement therapy.

 4. Aggressive respiratory management with maneuvers aiming at increased alveo-
lar recruitment should be instituted in every organ donor.

 5. Cardiopulmonary resuscitation in the brain-dead organ donor is controversial 
and should be discussed with the family of the patient.

4.1  Introduction

The advent of modern ventilators and the development of intensive care units have 
created a uniquely modern, largely hospital-based phenomenon, the death by neu-
rological criteria (DNC) or brain death (BD). Without mechanical ventilation, the 
cessation of brain function leads inevitably to apnea and cardiac arrest, but with it, 
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patients continue to have heartbeat and circulation for a period of time that usually 
spans few days to a week.

Since the seminal paper by Mollaret and Goulon almost 60 years ago [1], the 
concept of BD was gradually adopted by clinical, ethical, and legal authorities as an 
alternative to cardiorespiratory death in every country. The determination of BD, 
however, is not uniform and has led to variability across borders [2] or even within 
countries such as the USA [3]. The first systematic attempt to address this problem 
and establish standard practice parameters for the determination of BD was not 
made until the American Academy of Neurology’s 1995 guidelines were issued [4], 
with an update published in mid-2010 [5]. Therefore, following these clear and suc-
cinct guidelines, the vast majority of health practitioners worldwide recognize that 
declaration of BD is a complex process that requires familiarity and includes 
six stages:

 1. Detection of an irreversible coma.
 2. Prerequisites that have to be met before a patient is evaluated for BD.
 3. Thorough clinical examination by a physician who has expertise on assessing 

brain function.
 4. Apnea testing to exclude any spontaneous respirations.
 5. Ancillary testing in specific situations, where parts of 3 and 4 are not certain or 

cannot completely be assessed.
 6. Precise documentation of all the above and the time of death of the individual.

Because details about the BD declaration process and the role of transcranial 
Doppler have been discussed in another chapter of this book, our aim here is differ-
ent. But before we delve into details, let us clarify here the three periods that these 
very seriously ill patients pass through during their stay in the intensive care 
unit (ICU):

 1. The patient is admitted to the ICU with a severe brain injury, but brain function 
is detected and is not BD. All the efforts by the treating team are aiming at pre-
serving life, despite the fact that in many situations futility is obvious and it is a 
matter of time until all brain activity ceases.

 2. There is no detectable brain activity, the BD process is initiated and is completed 
later on, with the patient declared BD.

 3. If the patient is an organ donor, all efforts aim at optimizing organ function to 
allow safe transplantation to a living recipient.

Although it is obvious that the ICU team manages the patient during periods 1 
and 2, it is not clear who manages the dead patient during period 3. In the USA, this 
is usually accomplished by a coordination of care between the local intensivists who 
were managing the patient before and during the declaration and the Organ 
Procurement Organization (OPO) team, which takes over after the patient is con-
firmed an organ donor. These health professionals (usually nurses and a physician 
medical director) have been already notified as soon as the, still alive, patient meets 

V. Zisimopoulou and P. N. Varelas



73

clinical triggers (usually deep coma, on a ventilator, without sedation, or paralytics 
masking the presence or absence of clinical function). After the patient is declared 
BD, this same team discusses with the family, confirms consent for donation, starts 
histocompatibility matching, decides which organs are potentially transplantable, 
and orders additional procedures, tests, or biopsies. However, who really manages 
the dead patient in the ICU during the third period is variable, with the intensivists 
or the OPO team providing care until the patient reaches the operating room. There 
are emerging data, however, that an intensivist-led management of brain-dead 
donors increases the number of organs recovered for transplantation, more specifi-
cally lungs and kidneys [6].

Independently of whoever is the leader, the goal should be common and the 
cooperation between the various teams imperative. This is our aim in this chapter: 
to provide information on how to manage the BD patient in the ICU, maximize 
organ recovery, and optimize posttransplant organ function.

4.2  ICU Management of the Brain-Dead Organ Donor

The majority of transplanted organs come from donors who meet Death by 
Neurological Criteria (DNC). Once these criteria are met, the neurointensivist’s 
goal shift from optimizing cerebral perfusion to maximizing organ preservation by 
compensating the physiologic deterioration leading to and following brain death. 
The care of the potential organ donor aims at stabilizing hemodynamic changes and 
endocrine abnormalities resulting from a complex interplay of neurohumoral, hor-
monal, proinflammatory phenomena, and other not yet fully understood mecha-
nisms [7, 8]. The Society of Critical Care Medicine, the American College of Chest 
Physicians, and the Association of Organ Procurement Organizations have pub-
lished guidelines for donor management [7], which should be used as a framework 
in these situations.

4.2.1  Hemodynamic Management

Monitoring is essential for balancing interventions needed for optimal organ preser-
vation. Routine monitoring with parameters such as temperature, blood pressure, 
heart rate and rhythm, pulse oxygen saturation, and urine output should be com-
bined with serial or continuous measurements of central venous pressure (CVP), 
pulmonary artery occlusion pressure (PAOP), stroke volume, cardiac output (CO), 
cardiac index, and mixed venous oxygen saturation. The latter are measured by 
placement of central venous and pulmonary artery catheters, but noninvasive meth-
ods have gained grounds, although with fewer data in this situation.
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Intense monitoring, based on serial assessments of the aforementioned parame-
ters, is crucial to achieve normovolemia and control extremes of blood pressure. 
General guidelines for adequate IV fluid resuscitation are as follows:

 1. Mean arterial pressure (MAP) > 60 mmHg.
 2. Urine output >1 ml/kg/hr.
 3. Left ventricle ejection fraction >45%.
 4. Lower vasopressor dose (e.g., dopamine ≤10 μg/kg/min).

These goals are essential since the rostrocaudal brain herniation, which eventu-
ally leads to brain death, is associated with a massive sympathetic discharge also 
known as autonomic storm. Autonomic storm includes physiologic changes such as 
catecholamine-induced increased heart rate, increased myocardial oxygen con-
sumption, and hypertension. B-adrenergic agents such as esmolol have been tradi-
tionally used to treat this phase in an effort to preserve cardiac function. This phase 
is later followed by an abrupt hypotensive period attributed to vasodilation or car-
diac dysfunction as the cardiorespiratory medullary centers collapse, usually in the 
context of hypovolemia [9].

Hypovolemia according to guidelines is initially treated with replacement of 
intravascular volume with crystalloids or colloids. The optimal choice of fluid ther-
apy has not yet been finalized since studies addressing the issue are missing. 
Lactated Ringer solution and 0.9% saline are traditionally used, but in case of 
hypernatremia that needs to be treated, hypotonic fluids such as dextrose 5% or 
saline 0.45% are also utilized. Colloids such as albumin 5% and hydroxyethyl starch 
(HES) in bolus solutions are commonly available in ICUs to treat acute hypoten-
sion. Nevertheless, HES should be used with caution and is not recommended for 
infusions especially above 500–1000 mL since it has been associated with acute 
kidney injury, coagulopathy, delayed graft function, and graft failure. Packed RBCs 
can also serve as colloidal solutions in cases of bleeding or hematologic conditions 
with hemoglobin levels <7 g/dL but the optimal hemoglobin level for organ preser-
vation is not known.

Vasodilation with hypotension has been traditionally treated with pressors or 
inotropes in parallel with fluid administration or when fluid correction fails to 
quickly achieve hemodynamic stability. Dopamine is the preferred vasoactive agent 
in these situation. In addition to having renal vasodilatory properties, and inotropic 
and vasoconstrictive effects as the dose increases, it also has immunomodulatory 
properties that may counterbalance the proinflammatory cascade of cytokines by 
induction of enzymes like heme oxygenase-1. Nevertheless, there are no studies to 
strongly support dopamine over other vasopressor agents such as vasopressin, but 
most intensivists prefer to use the latter as first or second agent. Generally, there is 
a desirable dopamine goal of ≤10 μg/kg/min and vasopressin can be added if this 
dose is exceeded. Norepinephrine, phenylephrine, dobutamine, and epinephrine are 
more commonly considered and used for severe shock. Use of norepinephrine and 
phenylephrine should be done with caution in brain-dead patients and only as ter-
tiary agents when dopamine dose is above 10 μg/kg/min or there is no adequate 
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response to vasopressin, as they exhibit more potent α-receptor agonist activity 
leading to increased pulmonary capillary permeability causing increased extravas-
cular lung water and coronary and mesenteric vasoconstriction [7].

Transthoracic echocardiography (TTE) is used to access myocardial function but 
it should be delayed after the early course of brain death and after the patient is 
weaned off catecholamines or repeated following aggressive donor management. 
Myocardial dysfunction may be due to underlying cardiac disease, cardiac injury 
from chest trauma, or stress cardiomyopathy. Guidelines suggest that if hemody-
namic goals are not met and/or left ventricular ejection fraction remains less than 
45%, then hormonal replacement therapy (HRT) may be undertaken [7].

4.2.2  Hormonal Replacement Therapy

Up to 80% of brain-dead patients develop signs of central diabetes insipidus (DI) 
due to ischemic—or other—injury of the hypothalamic-pituitary axis. 
Hypothyroidism and hypocortisolism also occur but in lower rates.

High, dilute urine output (>3–4 L/d or 2.5–3.0 mL/kg/hr) associated with hypo-
volemia, serum hyperosmolality, and rising hypernatremia (Na+  >  145  mmol/L) 
may indicate the presence of DI due to arginine vasopressin (AVP or antidiuretic 
hormone) deficiency in the absence of other causes (e.g., hyperglycemia and man-
nitol administration). Treatment with AVP as a replacement therapy should be con-
sidered when hypotension persists despite high rate fluid resuscitation since it 
improves vasodilatory shock and reduces the need for catecholamines. A typical 
dosing regimen is an initial bolus infusion of 1 unit, followed by a continuous infu-
sion of 0.01 to 0.1 units/minute (typical doses are 0.01 to 0.04 units/minute), titrat-
ing to a systemic vascular resistance of 800 to 1200 dynes-sec/cm5. Desmopressin 
(DDAVP, a vasopressin analogue) is a more reasonable option in the presence of DI 
without hypotension due to greater affinity for V2 receptors (in the distal nephron) 
than V1 (on vascular smooth muscles) compared to AVP. Initial dose of 1–4 μg is 
given intravenously and then the dose is adjusted to achieve a urine volume <4 mL/
kg/hour (typical required dose of 1–2  μg intravenously every 6–12  hours). 
Desmopressin can be used concurrently with AVP in patients with severe hyperna-
tremia and hypotension. When DI occurs, electrolytes should be closely monitored 
(at least every 4 hours) and replenished to avoid hypokalemia, hypophosphatemia, 
and hypomagnesemia.

Corticosteroid therapy is used to reduce brain death-induced inflammation and 
more specifically to optimize donor lung quality, as it is associated with reduced 
extravascular lung water accumulation. The typical dose of methylprednisolone is 
15 mg/kg as an intravenous infusion or 250 mg as an intravenous bolus followed by 
an infusion of 100 mg/hour, but it should be administered after blood has been col-
lected for tissue typing.
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Routine administration of thyroid hormone therapy has been controversial since 
the potential benefit has not been clearly shown in all studies. Guidelines suggest 
use of thyroid replacement therapy alone or in combination with AVP, corticoste-
roids, and insulin in hemodynamically unstable donors or with decreased left ven-
tricular ejection fraction (<45%). Suggested dose is T4 as a 20 μg bolus IV, followed 
by an infusion at 10 μg/hr., or administration of T3 as a 4.0 μg bolus IV, followed by 
an infusion at 3 μg/hr.

Hyperglycemia is common in deceased organ donors and it should be treated 
even though target glucose levels are in debate. Most ICUs aim for glucose level 
less than 180 mg/dL while routine use of dextrose IV fluids is generally avoided, 
unless the water deficit from DI aquaresis cannot be easily corrected with 0.45% 
saline and AVP or DDAVP.

4.2.3  Respiratory Management

Brain-dead patients may have significant lung dysfunction from trauma (pulmonary 
contusions), pulmonary edema (either cardiogenic or neurogenic), infection (pneu-
monia), or V/Q mismatch (pulmonary embolism or atelectasis). The goal of the 
managing team is to optimize the function of lungs, by inducing diuresis, and 
achieve euvolemia, treat the infection, recruit more alveoli, and decrease the oxygen 
and positive end expiratory pressure (PEEP) requirements. The goal should be to 
reach a PaO2/FiO2 ratio  ≥  300  mm Hg on high oxygen and low PEEP (i.e., 
PaO2 > 300 mm Hg with 100% FiO2 and 5 cm PEEP). Survivability of recipients, 
however, has not been different in recipients with lower compared to higher than 
300 ratio in large studies with over 10,000 patients [10].

There is abundance of lung donor management protocols. A combination of thera-
peutic bronchoscopy, chest physiotherapy, and lung recruitment maneuvers usually 
improve oxygenation even in donors who initially fail to meet these goals. Lung pro-
tective protocol, similar to acute respiratory distress syndrome (ARDS) ventilation 
settings, using tidal volumes of 6–8 mL/kg, 8–10 cm PEEP, a closed circuit for suc-
tioning, and continuous positive airway pressure equal to previous PEEP for apnea 
test led to increased lung recovery rates compared to conventional ventilator protocol 
with 10–12 ml/kg tidal volume [11]. Increased alveolar recruitment may also explain 
the increased lung recovery found with airway pressure release ventilation (APRV) 
compared with traditional assist control ventilation in a small retrospective study [12].

4.3  Cardiopulmonary Resuscitation (CPR)

Brain-dead patients can sustain a cardiac arrest (CAA). In a large study from 
New York, 12% of patients sustained a CAA between the two brain death examina-
tions or after the second examination [13]. Physicians should be prepared since 

V. Zisimopoulou and P. N. Varelas



77

these patients are critically ill, with several comorbidities, including previous CAA 
that contributed to BD declaration.

There are many philosophical and ethical issues regarding any attempt to resus-
citate a brain-dead patient, who has been declared officially and legally dead. Who 
will lead the efforts, the ICU team or the OPO? What is the purpose of doing cardio-
pulmonary resuscitation (CPR) in a dead patient? For how long these efforts should 
continue? If a second CAA happens in a different but alive patient, how the triage 
of resources should be done? There are also several periods during the process of 
BD declaration and after and for each a clear response plan regarding resuscitation 
or not (the Code Status) should be implemented:

 1. Period between the two brain death exams. Although the patient may seem BD 
during the first exam, but is not officially declared BD. The Code Status remains 
the same.

 2. Period after patient is declared BD and before discussion with family. Should the 
patient be resuscitated if a CAA occurs to allow the family to have the option of 
organ donation? What if the patient is already a registered donor and his/her 
wishes are already clear?

 3. Period during discussion with family. As above. However, a decision to resusci-
tate can be made quickly and in real time.

 4. Period after the patient became a donor and before the operating room for organ 
procurement. Does the Code Status automatically change from pre-brain death 
to do resuscitate in every case because the patient became a donor? Is a separate 
consent from the family required or is it implied when consent for donation 
is signed?

4.4  Conclusion

There are no data about national, state, or hospital policies on these issues. The 
meager literature available is revealing. Ethicists, however, have developed the 
notion of organ preserving cardiopulmonary resuscitation (OP-CPR), which is 
defined as the use of CPR in cases of cardiac arrest to preserve organs for transplan-
tation, rather than to revive the patient [14]. They conclude that although successful 
resuscitation may benefit the society by saving recipients lives, CPR in the brain- 
dead patient can cause physical damage and may provoke psychological harm to 
families and healthcare professionals. What is certain is that without clear and pre-
defined plans on how to react in a not so rare situation, confusion among ICU health 
providers will ensue. Therefore, we recommend this issue to be addressed in the 
hospital or National policies of Organ Donation and families to be questioned on 
their preferences during the process of consent for donation.
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 Algorithm

INTENSIVE CARE UNITE (ICU)

Clinical Status of the Patient
ABCD
Level of consciousness (Glasgow)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxygenation?

DIAGNOSIS

Suspicion of Brain Death

Confirm Death
by

Neurological Criteria
(DNC)

ORGAN MAINTENANCE/ ORGAN DONOR

Hormonal Replacement Therapy Hemodynamic Management Respiratory Management

Diabetes Insipidus (DI) CVP / HR / Rythm / ABP / CO
Urine output/PAOP/CI

Optimize function of Lungs

Euvolemia
Inducing diuresis
Treat the infections
Recruit maneuvers
Low FiO2 (as possible)
PEEP

1. Normovolemia
2. Control of ABP

       MAP > 60 mmHg
       Urine Output > 1 ml/Kg/h
       LV ejection > 45%(TTE)
       Lower vasopressor doseCheck - Absence Mechanical Ventilation

Protective Protocol Corticosteroids
[Tidal volume 6-8 ml/Kg]

[PEEP 8-10]
Closed circuit to suctioning

Optimize donor lung quality
IV Fluids [Methylprednisolone 15mg/Kg IV

Infusion] or [250 mg IV Bolus +
100 mg/h IV Infusion] 

Cristaloids (Lactate Ringer) IV
HES (500-1000 ml/dose) IV

Albumin 5% IV
Packed RBCs (Hb < 7 g/dl or Bleed)

IV Hormonal Replacement Positive airway pressure
[Apnea Test]IV Antidiuretic Hormone (AVP) Thyroid Hormone

[ 1 U IV bolus infusion] + 
[IV Continuous infusion 

0.01-0.04 U/min] 

T4 
[20 µg IV bolus + 10 µg/h

IV Infusion]
OrMonitor vascular resistance Monitor

800-1200 dynes-sec/m5

[consider with hypotension]
Vasopressors Thermodilution T3

IV Dopamine (10 µg/Kg/min)
IV Vasopressin

IV Norepinephrine

[EVLW / EVLWI]
[PVPI] < 3

Cardiac Output (CO)

[4µg IV bolus + 3 µg/h
IV Infusion]IV Desmopressin (DDA)

[1-2 µg IV c/6 or 12 hs]
[Dose titulated by Urine output]

UO Goal: < 4 ml/Kg/h

a) Detection of an irreversible coma
b) Prerequisites that have to be met before a patient is evaluated for BD 
c) Thorough clinical examination by a physician who has expertise on
 assessing brain function 
d) Apnea testing to exclude any spontaneous respirations
e) Ancillary testing in specific situations, where parts of 3 and 4 are not certain
 or cannot completely be assessed
f) Precise documentation of all the above and the time of death of the individual 

Dilute Urine Output 
(2.5-3 ml/Kg/h) Hypovolemia
Hyperosmolality (Na+p > 145)

Hypothyroidism (Less frequent)
Hypocortisolism (Less frequent)

Hyperglycemia
Mannitol administration

 

Na + p plasmatic sodium, IV Intravenous, EVLW extravascular lung water, EVLWI extravascular 
lung water index, PVPI permeability vascular, MAP mean artery pressure, ABP arterial blood pres-
sure, TTE transthoracic echocardio, BD brain death, LV left ventricule, CVP central venous pres-
sure, HR heart rate, CO cardiac output, CI cardiac index, PAOP pulmonary artery occlusion 
pressure, HES hydroxyetilstarch, RBC red blood cells
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Chapter 5
Neuropharmacology in the ICU: 
Monitoring the Therapeutic Response 
and Neurological Hemodynamic Impact 
of Our Therapeutic Decisions in Real Time

Ryan Fillmore and Gretchen M. Brophy

Key Points
 1. Vasoactive drugs impact both systemic and cerebral hemodynamic parameters.
 2. Impaired cerebral autoregulation (CA) may cause an unwanted effect of a drug 

on central nervous system (CNS) vasculature.
 3. Avoid abrupt hemodynamic changes that may lead to unwanted increases in 

intracranial pressure.
 4. Optimization of mean arterial pressure (MAP) and cerebral perfusion pressure 

(CPP) needs to be considered when selecting certain drugs due to their potential 
side effects.

 5. Comorbid disease states, organ dysfunction, and temperature must be consid-
ered when administering medications that may alter cerebrovascular 
hemodynamics.

 6. The use of noninvasive techniques, such as transcranial Doppler (TCD/TCCS), 
can serve as a tool for determining the therapeutic response of pharmacological 
treatments in neurocritical care patients.
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5.1  Introduction

It is essential to understand the systemic and central effects of different medications 
when managing patients with acute, life-threatening neurological injuries. Patients 
with a severe acute brain injury, secondary to ischemic/hemorrhagic strokes, anoxic 
injury after cardiac arrest, status epilepticus, or traumatic brain injury, may have 
impaired cerebral autoregulation. Therefore, changes in systemic blood pressure 
can have a profound effect on central nervous system (CNS) hemodynamics [1]. 
The use of vasoactive drugs in this population may have variable and possibly 
unwanted results due to this impaired cerebral autoregulation. The impact of these 
agents on the cerebrovasculature may ultimately result in decreased cerebral tissue 
oxygenation and poor outcomes. In addition, acute/chronic comorbidities (e.g., 
chronic hypertension, renal insufficiency, or hepatic failure), hyperthermia/hypo-
thermia, alterations in acid/base status, and even volume status can alter the phar-
macokinetics of these drugs [2]. In patients with aneurysmal SAH, tailoring therapy 
can be challenging as cerebral vasospasm along with other pathophysiologic mech-
anisms are thought to contribute to morbidity and mortality in these patients [3–6]. 
There is a paucity of data describing the effects of medications on the cerebrovascu-
lature when using multimodality monitoring devices, such as transcranial Doppler 
(TCD/TCCS). Therefore, this chapter will review the available evidence in 
this regard.

5.2  Systemic and Cerebral Vasculature: Drug Effects

Select medications are given to directly influence system hemodynamic character-
istics (e.g., vasodilation and vasoconstriction) through varying mechanisms. 
However, there can be secondary effects of these medications on cerebrovascular 
hemodynamics, such as increased or decreased ICP, which must be taken into 
account when optimizing cerebral perfusion pressure and oxygenation in patients 
within the neurocritical care setting [7, 8].

5.2.1  Vasoactive Agents

5.2.1.1  Vasodilators (Table 5.1)

Calcium Channel Blockers

Dihydropyridine calcium channel blockers (CCB) act on L-type slow-conducting 
calcium channels in vascular smooth muscle causing vasodilation. Potential adverse 
effects of these agents are reflex tachycardia and systemic hypotension.
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Nimodipine

It is the only CCB indicated for reducing the incidence and severity of ischemic 
deficits following aneurysmal SAH [4]. Unfortunately, nimodipine is not available 
as an intravenous (IV) formulation in the United States, which increases the 
unwanted systemic hypotensive effects with immediate-release capsule oral admin-
istration. It can be very problematic and sometimes warrants the administration of a 
vasoconstrictor to counter these effects to decrease the risk of lowering cerebral 
perfusion and oxygenation. Other countermeasures include lower dosages given 
every 2  hours orally or via feeding tube by extracting the gel from the capsule. 
There is a new liquid formulation of nimodine available, but it is very expensive and 
is not available at all institutions. The most recent randomized, controlled trial, 
Nimodipine Microparticles to Enhance Recovery While Reducing Toxicity After 
Subarachnoid Hemorrhage (NEWTON), evaluated nimodipine gel administered 
intraventricularly and slowly released over 21 days [8]. Although animal studies of 
this formulation showed promise, the NEWTON trial did not show clinical benefit 
in aSAH patients.

Nicardipine

It is ideal for system blood pressure control in patients who require continuous IV 
administration and has been shown to reduce the incidence of symptomatic vaso-
spasm in patients with aSAH.  However, it was not shown to improve overall 

MOA Systemic
Vascular
Effects

Cerebrovascular
Effects/TCD

findings 

Clinical Pearls

Act on L-type slow-conducting
Ca2+ channels in smooth
muscle
Calcium ion antagonist in
smooth muscle   

↓ ABP No significant effect
on ICP 

Avoid rapid titration: systemic
hypotension, reflex tachycardia
(esp. IV nicardipine)

Magnesium Possible
↓ ABP 

Possible ↑CBF. No
significant effect on
ICP   

Continuous infusions can lead to
high concentrations and
cardiac/systemic adverse effects  

Statins HMG-COA reductase
inhibitors, induction of NO
pathway.     

No significant
effect 

Possible ↑CBF
and therefore ↑ICP 

Caution in hepatic dysfunction

Nitroprusside ↓ ABP ↑ICP with large
dosage
adjustments or
toxicity   

Small titrations recommended,
monitor for thiocyanate toxicity,
Expensive

Clazosentan ↓ ABP ↑cerebral
vasospasm, no
significant effect on
ICP  

Not FDA approved, pulmonary
complications, anemia

Hydralazine Not fully understood. Causes
smooth muscle relaxation and
peripheral vasodilation  

↓ ABP Possible ↑CBF
and therefore
↑ICP/velocity   

Reflex tachycardia, headache,
flushing, hypotension 

Phosphodiesterase-5-
Inhibitor→decrease
cGMP→vasodilation 

↓ ABP Observed
Vasodilatory effect
in normal and
spastic vessels    

Headache
Main use: pulmonary hypertension
and erectile dysfunction 

Papavarine Inhibits cyclic cAMP, cGMP,
and calcium ion channels in
smooth muscle  

↓ ABP ↑ICP/velocity Intra-arterial administration for the
treatment of vasospasm 

Drug/Drug
Class: 

Calcium
Channel
Blockers  

Sildenafil
citrate 

Metabolized to
NO→cGMP→vasodilation in
smooth muscle of arterioles
and venules
Endothelin-1 antagonist

Table 5.1 Vasodilator drugs

MOA mechanism of action, ABP arterial blood pressure, TCD transcranial Doppler, CPP cerebral 
perfusion pressure, CBF cerebral blood flow, ICP intracranial pressure; ↑ Decrease, ↓ Increase
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outcome after 3 months [9]. Exercise caution with nicardipine due to potential sys-
temic hypotension if titrated too rapidly, prolonged effects as treatment duration 
increases, and volume overload due to low concentrations required for peripheral 
administration [4]. There have been some reports of headache as an adverse effect 
with IV nicardipine administration, especially in studies for the treatment of symp-
tomatic vasospasm after aSAH [10]. More recently, IV nicardipine was shown to 
paradoxically increase intracerebral arterial contractility based on an elevated pul-
satile index (PI) calculated from TCD measurements in a small group of patients 
with aSAH [11]. However, it is still unclear if IV nicardipine ultimately increases 
ICP. Other formulations have been studied for use in aSAH, such as nicardipine 
prolonged-release implants (NPRIs), and intraarterial administration (IA). The 
NPRIs were shown in one study to decrease the incidence of delayed ischemic neu-
rologic deficit (DIND) in patients with thick subarachnoid clots (Fisher grade 3) if 
implanted adjacent to arteries located within the clots [12, 13]. IA nicardipine 
administration was shown in one prospective study to reverse vasospasm without 
any sustained effect on ICP or on systemic hemodynamics in patients who required 
interventional treatment for vasospasm [14].

The newest CCB available for IV administration is clevidipine. This is a short- 
acting CCB administered as a continuous infusion for rapid control of hypertension. 
One study has evaluated the cerebrovascular effects of clevidipine and it was not 
found to significantly increase cerebral blood flow velocity (CBFV) or CO2 respon-
siveness [15]. The key to reducing adverse effects from CCB agents is to avoid 
abrupt changes in dosage and maintaining euvolemia throughout the duration of 
treatment.

Other Vasodilators

Magnesium

Calcium has been shown to play a role in vasoconstriction via its action on smooth 
muscle within the arterial walls. Intravenous magnesium antagonizes calcium, 
which can increase cerebral blood flow via decreasing cerebral vasoconstriction. 
Several studies have evaluated the use of continuous IV magnesium infusions in 
patents with aSAH, but the most recent prospective study (MASH-II trial) showed 
no benefit in reducing ischemic deficits. Currently, no data exist to support continu-
ous intravenous infusions of magnesium for improving clinical outcomes in patients 
with aSAH [16].

3-Hydroxy-3-Methyl-Glutaryl-CoA (HMG-CoA) Reductase Inhibitors (Statins)

HMG-CoA reductase enzyme inhibitors, often called statins, are thought to induce 
the nitric oxide (NO) pathway (via inhibition of Rho protein) resulting in increased 
NO production and dilation of cerebral blood vessels improving cerebral blood flow 
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(CBF). Some studies report that both simvastatin and pravastatin can reduce the 
incidence of angiographically proven vasospasm and delayed ischemic neurological 
deficit (DIND) in patients treated with statins for management of aSAH [17, 18]. 
One randomized prospective study showed simvastatin reduced the highest mean 
velocities within the middle cerebral artery (using TCDs), postulating that it inhib-
ited biochemical inflammatory markers that are thought to cause vasospasm [18]. 
The most recent study evaluating statins for prevention of ischemic deficits follow-
ing aSAH (STASH trial) was unable to show benefit with these agents [19]. However, 
if a patient is on a statin prior to admission, the statin should not be stopped as this 
has been associated with rebound vasoconstriction and worse outcomes [20, 21].

Nitroprusside

Nitric oxide activates guanylate cyclase in vascular smooth muscle and increases 
the intracellular production of cyclic guanosine monophosphate (cGMP) causing 
vascular smooth muscle relaxation and vasodilation. Nitroprusside, a potent vasodi-
lator, breaks down in the systemic circulation to release NO causing vasodilation of 
arterioles (and venules). Caution should be used with prolonged high-dose infu-
sions, especially in patients with renal dysfunction, due to potential cyanide/thio-
cyanate toxicity. This toxicity manifests as systemic hypotension, massive 
vasodilation, increased cerebral blood flow (shunted from systemic autoregulation), 
and increased ICP [22, 23]. Large dosage adjustments should also be avoided as this 
can result in decreased systemic blood pressure and increased ICP.

Endothelin-1 Antagonists

The interaction between endothelin-1 (ET-1) and NO is essential for maintaining 
adequate cerebral blood flow (via cerebral vasodilatation) in patients with aSAH 
[3]. Clazosentan, an ET-1 antagonist, has been found to reduce cerebral vasospasm 
in a dose-dependent fashion in patients undergoing endovascular coiling, but it did 
not change the overall clinical outcome (CONSCIOUS-III TRIAL). Additionally, 
adverse effects observed were pulmonary complications, hypotension, and anemia 
with the use of clazosentan [24].

Hydralazine

It directly acts on peripheral vasculature causing relaxation of smooth muscle and 
vasodilation. In rodent animal models, dihydralazine caused increased CBF if auto-
regulation was intact. The extent and duration of systemic vasodilatory effects are 
highly variable and caution should be used due to potential reflex tachycardia, head-
ache, flushing, and systemic hypotension [25].
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Phosphodiesterase Inhibitors

Cyclic guanosine monophosphate (cGMP) is an important nucleotide involved in 
endovascular smooth muscle contraction. The phosphodiesterase isoenzyme type V 
(PDE-V) hydrolyzes cGMP, which lowers its intracellular concentration subse-
quently causing vasoconstriction. Sildenafil citrate (PDE-V inhibitor), commonly 
used for erectile dysfunction and pulmonary hypertension, has been shown in ani-
mal models to have a vasodilatory effect in normal and spastic cerebral vessels [3, 
26]. These cerebrovascular changes may result in headache, which is reported to 
occur in up to 46% of patients [27].

Papaverine

It is a benzylisoquinoline alkaloid derived from opium, and acts as a nonselective 
vasodilator via its inhibition of cyclic adenosine monophosphate (cAMP), cGMP, 
and calcium ion channels in smooth muscle. Intraarterial administration has been 
shown in some studies to reduce cerebral vasospasm angiographically (TCD proven) 
and clinically [28]. Papaverine can increase ICP, and its use has fallen out of favor 
with the availability of safer and more effective vasodilatory agents [29].

5.2.1.2  Vasoconstrictors (Table 5.2)

Generally, an increase in systemic vasoconstriction can cause an increase in cere-
bral blood volume (CBV) and CBF, which may increase ICP. Remember, however, 
that in patients with impaired cerebral autoregulation, the secondary effect of vaso-
constrictive drugs can change [30, 31].

Drug: MOA Systemic 
Vascular 
Effects

Cerebrovascular 
Effects/TCD Findings

Clinical Pearls

Norepinephrine α-adrenergic and β-1
adrenergic agonist 

↑ ABP No significant impact on 
CBF or ICP

Can cause tachyarrythmias

Epinephrine α-1, β-1, and β-2 agonist ↑ ABP No significant impact on 
CBF or ICP

Can cause tachyarrythmias

Dopamine α-adrenergic, β-1, and
dopamine receptor agonist 

↑ ABP ↑ CBF and ICP: may see 
↑ velocities

Likely to cause 
tachyarrythmias at high doses

Phenylephrine α-adrenergic agonist ↑ ABP ↑ CPP, ↑ CBF, possible  
↑ ICP/velocities

Caution: reflex bradycardia

Vasopressin V1-endothelium receptor ↑ ABP ↑ CPP, ↑CBF, possible 
↑ ICP/velocities

Adjunctive therapy for 
refractory hypotension

Table 5.2 Vasoconstrictors

MOA mechanism of action, ABP arterial blood pressure, TCD transcranial Doppler, CPP cerebral 
perfusion pressure, CBF cerebral blood flow, ICP intracranial pressure, ↑ Increase, ↓ Decrease
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Norepinephrine

It is an alpha adrenergic and beta-1 adrenergic agonist that can cause systemic 
hypertension and increased cardiac output, respectively [30]. No significant impact 
on CBF or ICP has been observed [32].

Epinephrine

Acts on alpha, beta-1, and beta-2 adrenergic receptors, but has no significant impact 
on CBF or ICP [32].

Dopamine (DA)

It is an alpha adrenergic, beta-1 adrenergic, and dopamine receptor agonist that has 
been shown to directly increase CBF and ICP [32].

Phenylephrine

It is an alpha-adrenergic receptor agonist that causes vasoconstriction of peripheral 
blood vessels. It has been shown to cause an increase in CPP (cerebral perfusion 
pressure), which then increases CBF [33]. Caution should be used due to the poten-
tial for reflex bradycardia [30].

Vasopressin

Acts on the V1 endothelium receptor, and is often used in refractory hypotension 
due to sepsis as adjunctive therapy. It has also been shown to be effective in main-
taining CPP in TBI swine models without a significant increase in ICP [34].

Neuromonitoring

Can be extremely helpful when using vasoconstrictive agents in patients with neu-
rological injury and impaired autoregulation in order to optimize therapeutic 
strategies.
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5.2.2  Anesthetics/Sedative Agents (Table 5.3)

We know from prior studies that IV sedatives generally cause a dose-dependent 
decrease in CBF as well decrease the cerebral metabolic rate for oxygen (CMRO2), 
ultimately causing a reduction in ICP [35–37]. However, the reduction in CBF can 
be variable between drugs, and there may be compensatory cerebral vasodilation 
which can increase ICP in the setting of preserved autoregulation [37]. In addition 
to the coupled reduction of both CBF/CMRO2, sedatives can also cause peripheral 
vasodilation, therefore leading to a reduction in the systemic mean arterial blood 
pressure (MAP). In patients with impaired cerebral autoregulation, lowering the 
MAP can cause a decrease in CPP and brain tissue ischemia/hypoxia [35, 38]. Keep 
this in mind when selecting agents for sedation and/or pain control by avoiding 
hypotension, therefore maintaining MAP and CPP in patients with impaired cere-
bral autoregulation [38].

5.2.2.1  Benzodiazepines

Benzodiazepines (e.g., diazepam, lorazepam, midazolam, and clonazepam) are 
GABAA receptor agonists. The amount of reduction in CBF as a result of benzodi-
azepines administration can be variable. Common adverse reactions are 

Drug/Drug Class MOA Systemic Effects CNS effects/TCD 
findings

Clinical Pearls

Benzodiazepines GABAA receptor
agonists 

↓ ABP Indirectly ↑ ICP
(hypercarbia)/possible
↑ velocities  

Respiratory 
depression. IV LZP 
and DZP contain 
propylene glycol

Barbiturates GABAA agonists ↓ ABP Directly ↓ ICP/possible
↓ velocities 

Phenobarbital has 
longest half-life. IV 
contains propylene 
glycol

Anticonvulsantsa Depends on drug
class  

Can cause 
↓ ABP

May cause ↑ or ↓ICP
(Topiramate observed
to ↑ICP, causes
metabolic acidosis).     

IV phenytoin contains 
propylene glycol

Opioids Mu receptor
agonists 

↓ ABP Can ↑ ICP/velocities,
and cause hypercarbia
(respiratory depression)

Caution in renal and 
hepatic failure

Propofol Not completely
understood;
probable GABAA

agonist activity 

↓ ABP Possible 
↓ ICP/↓velocities

Systemic 
hypotension, 
Propofol-related 
infusion syndrome 
(PRIS)

Dexmedetomidine α-2 agonist Bradycardia and 
↓ ABP

No significant effect on
ICP 

Does not cause 
significant respiratory 
depression

Clonidine α-2 agonist Bradycardia and 
↓ ABP

No significant effect on
ICP

Ketamine Non-competitive 
NMDA 
antagonist

↑ ABP, 
preservation of MAP

No significant effect on
ICP 

Dissociative 
symptoms; 
hallucinations, 

Table 5.3 Anesthetics/sedatives

a Cause sedation, however primary indication is for seizure control
MOA mechanism of action, ABP arterial blood pressure, TCD transcranial Doppler, CPP cerebral 
perfusion pressure, CBF cerebral blood flow, ICP intracranial pressure, LZP lorazepam, DZP diaz-
epam, ↑ Decrease, ↓ Increase
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respiratory depression and systemic hypotension when dosed aggressively or 
administered as continuous infusions. The ICP can be indirectly elevated from 
benzodiazepine administration due to hypercarbia (acidity causing cerebral vaso-
dilation) in patients with respiratory depression. Midazolam is typically used to 
control elevated ICP in patients with hemodynamic instability over propofol, as it 
does not have as much of an effect on reducing systemic blood pressure. However, 
due to the potential for tachyphylaxis, higher doses of midazolam infusion may be 
required to adequately control ICP [39]. Midazolam has high lipid content and can 
accumulate in tissues causing prolonged sedation but has a relatively short half-
life (1  hour) [40]. Additionally, diazepam and lorazepam containing propylene 
glycol, which can reduce blood pressure with rapid administration and monitoring 
for signs of propylene glycol toxicity (e.g., high anion gap metabolic acidosis, 
osmolar gap, and a sepsis-like picture), are recommended with prolonged therapy 
[41, 42].

5.2.2.2  Barbiturates

Barbiturates (i.e., pentobarbital, phenobarbital, and thiopental) are also GABAA 
agonists and can also cause respiratory depression and hypotension. Studies have 
shown a direct effect of reduction in ICP in patients with severe head injury and 
refractory elevated ICPs; however, hypotension was also observed in some of the 
patients [43, 44]. Intravenous formulations of phenobarbital and pentobarbital also 
contain propylene glycol, and therefore, one should monitor for toxicity and may 
require vasopressor support during continuous infusion therapy [45]. Barbiturates 
are typically used as adjunctive therapy to reduce ICP, and in a select group of 
patients for the treatment of refractory status epilepticus [1, 45].

5.2.2.3  Opioids

Opioids are Mu receptor agonists, and are commonly used for analgesia. In one 
study of patients with severe closed-head injuries, both morphine and fentanyl were 
shown to significantly increase ICP without any significant change in CBF based on 
TCD measurements, regardless of whether or not cerebral autoregulation was pre-
served. A decrease in systemic MAP and hypotension was also observed [46]. 
Another common side effect of opioids is respiratory depression, producing a rise in 
PaCO2 (hypercarbia), and increased ICP [38, 45, 47]. The effect on ICP was noted 
to be transient after boluses of fentanyl, sufentanil, and alfentanil in head trauma 
patients [47]. In patients who are hemodynamically unstable, morphine would not 
be recommended as it causes histamine release and subsequent vasodilation/hypo-
tension [46]. Fentanyl, however, has a fast onset of action and is easily titratable and 
is commonly used as analgosedation in patients with neurological injury [45]. 
Fentanyl is less expensive than remifentanil, a shorter acting agent that is metabo-
lized by plasma esterases and most commonly used in the operating room versus 
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intensive care unit. Remifentanil may also reduce CBF, similar to intravenous anes-
thetics [7, 48]. Also keep in mind that opioids’ concentrations and effects are influ-
enced by hepatic and renal dysfunction (refer to section below on drug clearance 
and metabolism).

5.2.2.4  Anticonvulsant Medications

Apart from the previously mentioned benzodiazepines and barbiturates, there is not 
much literature on the relationship between antiseizure drugs and cerebral vascula-
ture. A common side effect of anticonvulsant agents is sedation and systemic hypo-
tension [42].

Levetiracetam (proposed MOA: binds SV2A synaptic vesicle glycoprotein) and 
lacosamide (proposed MOA: inhibits sodium channels) did not have a significant 
effect on systemic vasculature. However, phenytoin (which blocks voltage-gated 
sodium channels) was shown to cause systemic hypotension [49]. Recall that 
changes in systemic blood pressure can effect ICP via cerebral autoregulation. 
Medications that effect the systemic pH can also have an effect on cerebral vascula-
ture. Topiramate (proposed MOA: acts on multiple cellular targets including inhibit-
ing carbonic anhydrase) was shown to increase cerebral blood flow velocities on 
TCDs in the MCA and PCA in one study as it causes a metabolic acidosis leading 
to cerebral vasodilation [50]. Drugs with similar mechanisms of action, such as 
zonisamide, should also be monitored for these effects.

5.2.2.5  Other Sedatives/Anesthetics

The MOA of propofol is not completely understood, but it appears to be an agonist 
at the GABA receptor, making it useful for sedation and seizure control. One of the 
major adverse effects of propofol is systemic hypotension, especially with bolus 
dosing or large titrations. It may also increase ICP as a result of this systemic hypo-
tensive effect due to compensatory cerebral vasodilation, but decreased ICP and 
CBF can be observed in patients with impaired cerebral autoregulation [1]. In one 
study comparing propofol, pentobarbital, and isoflurane, all three were shown to 
increase both CBF and CBV; however, the greatest effect was seen with isoflurane. 
Remember that acute changes in ICP are determined primarily by CBV [3, 7]. 
Dexmedetomidine and clonidine (presynaptic alpha2 receptor agonists) cause bra-
dycardia and hypotension but did not significantly effect ICP in swine animal mod-
els [51]. Therefore, bolus dosing and large dosage titrations commonly cause these 
effects and should be avoided [51]. Ketamine (a noncompetitive NMDA receptor 
antagonist) is ideal for nonintubated patients as it does not affect respiratory drive 
[1]. Contrary to other sedatives, ketamine has been shown to cause systemic hyper-
tension, and preservation of the MAP. Earlier studies of ketamine suggested that it 
caused an increased ICP [52]. However, based on more current data, ketamine was 
not found to increase ICP when compared with opioids [53]. Ketamine was shown 
to increase CBF, decrease ICP by 92.7%, and decrease the occurrence of DCI in a 
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cohort study of patients with aneurysmal subarachnoid hemorrhage being treated 
with sedation (in addition to ketamine) [54].

5.2.3  Hemodynamic Agents

The use of agents that increase the systemic circulating volume (e.g., normal saline 
and lactated ringers) can increase ICP acutely. The use of diuretics may have the 
opposite effect. Large fluctuations in volume status can effect cerebral vasculature; 
however, central mechanisms usually preserve CPP and, ultimately, the ICP may 
not change [55–57]. In patients with impaired cerebral autoregulation, changes in 
volume status have variable affects on ICP which can impact TCD measurements. 
Therefore, it is important to monitor intake and output (I/Os) and use noninvasive 
methods (e.g., ultrasound) to evaluate if a patient’s volume status is adequate.

5.3  Drug Clearance and Metabolism: Disease Effects

Different disease states can change a drug’s metabolism, which may augment or 
depress its effect. This is particularly true in patients with hepatic or renal dysfunction 
as many medications are metabolized in these organs [58]. Ultimately, medications 
that are not cleared as quickly due to hepatic or renal failure could cause more 
enhanced side effects, such as hypotension and respiratory depression, which can alter 
cerebral hemodynamics and possibly increased ICP [59]. Patients with fulminant liver 
failure tend to have higher ICPs at baseline, which must be taken into consideration 
when using medications that are hepatically cleared that could increase the ICP [60]. 
Disease states that change intravascular volume, such as chronic renal failure/volume 
overload, heart failure, or sepsis, can alter a medication’s metabolism as well. Drug 
metabolism is also affected by temperature, and decreases in metabolism are observed 
with each degree the core temperature drops below 37 °C, especially when utilizing 
targeted temperature management and therapeutic hypothermia [1, 57, 61].

5.4  Conclusion

The use of noninvasive techniques, such as transcranial Doppler (TCD/TCCS), can 
serve as a tool for determining the therapeutic response of pharmacological treat-
ments in neurocritical care patients. However, one must keep in mind the complexi-
ties of different disease pathologies, volume status, acute changes in pH, and the 
relationship between systemic vasculature and cerebral hemodynamics by using a 
multivariable approach to management. It is recommended to avoid abrupt large 
dosage adjustments to prevent large fluctuations in systemic blood pressure, intra-
cranial pressure, and cerebral blood flow.
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 Algorithm

INTENSIVE CARE UNIT(ICU)
EMERGENCY DEPARTMENT(ED)

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)
Bilateral Pupillary reactivity?
Hemodynamic stability?
Oxygenation?
Mechanical Ventilation?

DIAGNOSIS

Subarachnoid Hemorrhage (SAH) Ischemic Stroke Traumatic Brain Injury (TBI)

CNS infection (Meningitis/Encephalitis) Intracerebral Hemorrhage (ICH) Non-Convulsive Status Epilepticus (NCSE)

Brain Tumors Post-Cardiac Arrest Neurosurgery Peri-operative complication

Multimodal Monitoring (MMM)

Impaired Cerebral Autoregulation (CAR)?
Cerebral Blood Flow velocities?

Intracranial Pressure (ICP)?
Cerebral Oxygenation?

Cerebral Perfusion Pressure? (CPP)

PHARMACOLOGICAL TREATMENT
MONITOR Vasoactives Drugs MONITOR

Acute / Chronic Comorbidities Anesthetics / Sedatives Systemic / Cerebral
PK / PD Antiepileptic Drugs (AEDs) Vasoconstriction Effects

Vasodilation Effects

OPTIMAL DOSE
Avoid Adverse Effects

MONITOR Avoid Increase in ICP MONITOR (Systemic)
ABD (PaCO2)
End-Tidal CO2

Avoid Negative Impact on CPP SBP (MAP)
Hemodynamic PatternsAvoid decrease in Cerebral Oxygenation

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

Estimated Cerebral Perfu-
-sion Pressure (eCPP)

Cerebral Blood Flow
Velocities(CBFV)

Cerebral Autoregulation
(CAR)

Intracranial Pressure
(ICP)

Transtemporal Window Transtemporal Window Transtemporal Window Transtemporal Window
MCA–ACA–PCA MCA–ACA–PCA MCA MCA–ACA–PCA 

Low Frequency Probe Submandibular Window Low Frequency Probe Low Frequency Probe
MONITOR ICA–ECA MONITOR MONITOR

Variation over-time Low Frequency Probe Dynamic CA Spectral Doppler Waveform
Dynamic CA? MONITOR Autoregulation Index (ARI) Pulsatility Index (PI)

Autoregulation Index (ARI) Spectral Doppler Waveform ONSD
MFV–EDV–PSV Pupilar Ultrasound / PLR

[ Variation over time]Velocity [Variation over-time]
Lindegaard ratio

REASSESS
a) Drug indication
b) Drug dose
c) AED plasma concentrations
d) Drug-drug interactions
e) Organ function
f) Patient temperature  

ABCD airway – breath – circulation- disturbances, ABD acid-base disturbance, MFV mean flow 
velocity, EDV end-diastolic velocity, PSV peak flow velocity, ONSD optic nerve sheath diameter, 
PLR pupilar light reflex, SBP systolic blood pressure, MAP mean arterial pressure, CA cerebral 
autoregulation
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Chapter 6
Transcranial Doppler Ultrasound: Physical 
Principles

David H. Evans

Key Points
 1. Ultrasound is a valuable noninvasive technique for studying the brain. It is, how-

ever, subject to a number of physical limitations which need to be appreciated in 
order to ensure the correct interpretation of its results.

 2. Because the skull causes rapid attenuation of ultrasound, it is necessary to use 
relatively low transmitted ultrasound frequencies in transcranial applications 
which limits spatial resolution in comparison to that achievable in soft tissue 
imaging. The complex structure of the skull distorts ultrasound beams, further 
degrading spatial resolution.

 3. Doppler ultrasound is a powerful method for measuring blood flow velocities 
and changes in velocity; however, because the sizes of cerebral vessel cannot be 
measured accurately, it is not possible to convert velocity into flow. Furthermore, 
because vessel sizes may change with time, it cannot reliably be assumed that 
velocity changes are proportional to flow changes.

 4. Doppler ultrasound is a powerful technique for detecting cerebral emboli.
 5. While ultrasound is usually considered to be completely safe, users need to be 

aware that it does have a potential to cause tissue damage, and strive to keep 
exposure as low as compatible with obtaining good clinical results. It should be 
remembered that transcranial Doppler employs relatively high intensities in 
order to penetrate the skull bone, and may be used for lengthy periods of time in 
monitoring applications.
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6.1  Introduction

Ultrasound is an important technique for studying neurovascular physiology and 
pathology. As with any measurement or imaging technique, it has strengths and 
weaknesses, and there are a number of potential pitfalls for those interpreting its 
results. This chapter describes the basic physics and instrumentation behind both 
imaging and Doppler ultrasound techniques, with a special emphasis on their appli-
cation to the cerebral circulation.

Medical ultrasound is used to image the body in much the same way as radar is 
used to detect the range and speed of an aircraft, except that instead of using radio 
waves, pulses of high-frequency sound are used. A transducer transmits a very short 
pulse of ultrasound (often lasting much less than one-millionth of a second) into the 
body, and then receives any reflected ultrasound. Once a sufficient time has elapsed 
for all the reflections to return from the tissue of interest, another pulse is emitted 
and the process repeated. The position of any structure producing a reflection can be 
calculated from the direction in which the pulse has been transmitted and received, 
and from the delay between the transmission of the pulse and the reception of the 
reflection. Further information about the characteristics of the structure can be 
determined from the size of the echo, and information about the movement of the 
structure (particularly important for echoes from blood) can be extracted from slight 
changes in the ultrasound phase between successive pulses (the so-called Doppler 
effect). Ultrasound is an ideal technique for imaging soft tissue but cannot penetrate 
gas, and is distorted and rapidly attenuated by bone.

6.2  Ultrasound and Its Propagation Through Tissue

Ultrasound is generally taken to mean any sound that has a frequency above the 
limit of human hearing (about 20 kHz or 20,000 cycles per second). In medical 
diagnostic applications, however, the frequencies used are approximately 100 to 
1000 times greater than this, that is, in the range of 2 MHz to 20 MHz. The reason 
for this is that spatial resolution is limited by the wavelength, which is inversely 
related to the frequency. Ultrasonic waves in soft tissue, like audible sound waves, 
are compressional wave produced by the push-pull action of the sources on the 
propagating media. These waves are known as ‘longitudinal’ waves, since the oscil-
latory motion of the particles in the tissue is parallel to the direction of propagation. 
Other modes of vibration such as ‘shear’ or ‘transverse’ waves can occur in bone, 
but are not usually of great importance.
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6.2.1  Speed of Ultrasound in Tissue

The speed of sound in tissue is important for a number of reasons. It must be known 
in order to convert the time delay between the transmission of a pulse and the sub-
sequent reception of echoes into physical distances, it determines the maximum rate 
at which pulses can be transmitted (it is usually necessary to wait until all the rele-
vant echoes from one pulse return to the transducer before another is transmitted), 
it determines the wavelength of the ultrasound (and hence resolution), it determines 
the amount of refraction that takes place at tissue interfaces, and it is needed to 
convert Doppler shift frequencies into tissue velocities. The speed of sound in tissue 
depends on the elastic properties and density of the tissue, and in general the less 
compressible the tissue the higher the speed of sound, so that, for example, ultra-
sound propagates much more rapidly through bone than through soft tissue. 
Table 6.1 gives approximate values for the speed of sound in some relevant tissues. 
The important thing to note from this table is that, with the exception of air and 
bone, all the values are very similar, at around 1540 ms−1 (metres per second). The 
value for air is much lower, but since ultrasound does not propagate through air this 
is of little significance; the value for bone is much higher, which is of some rele-
vance when performing transcranial examinations. Taking the value of 1540 ms−1 as 
representative, it is easy to calculate that it takes pulses of ultrasound approximately 
6.5 μs to travel 1 cm, and therefore, to convert the delay between the transmission 
of a pulse and the reception of an echo into a depth (remembering that it will take 
13 μs for a round trip of 1 cm). Ultrasound scanners do this automatically, but it 
should be noted that a scanner has no way of telling what tissues the pulse has trav-
elled through, and must use the same conversion factor for all acoustic paths. 
Because the speed of sound is much higher in bone than soft tissue, the apparent 
thickness of bone will be less than half its actual thickness. This may not matter 

Material Speed
(metres per second)

Acoustic impedance
(rayls)

Air 330 0.0004 x 106

Aqueous humour 1500 1.50 x 106

Blood 1570 1.61 x 106

Bone 3500 7.80 x 106

Brain 1540 1.58 x 106

Fat 1450 1.38 x 106

Lens of eye 1620 1.84 x 106

Muscle 1580 1.70 x 106

Soft tissue average 1540 1.63 x 106

Vitreous humour 1520 1.52 x 106

Table 6.1 Speed of sound and acoustic impedance of some common materials
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when making transcranial measurements on the brain through a relatively small 
aperture because it may simply mean the entire image is shifted, but where there are 
significant variations in the thickness of bone underlying the transducer it can intro-
duce undesirable distortions into the image of the brain. Knowing the speed of ultra-
sound enables us to calculate the wavelength (given by sound speed divided by 
frequency) which gives us an idea of the best spatial resolution available from the 
technique, and which in soft tissue will be approximately 0.77 mm at 2 MHz and 
0.1 mm at 15 MHz.

6.2.2  Attenuation of Ultrasound by Tissue

As ultrasound propagates through tissue, it is attenuated; that is to say the energy in 
the beam is reduced. This happens through two main mechanisms: absorption and 
scattering. Absorption is the conversion of the mechanical energy in the beam into 
heat (which will cause a temperature rise in the tissue – see section on ultrasound 
safety), while scattering is the process by which energy is redirected out of the 
beam. In most soft tissue, the most important mechanism is absorption, but in blood 
scattering dominates. Attenuation varies from tissue to tissue, and is strongly fre-
quency dependent. It is usually measured in decibels (dB), and may be written as 
(Eq. 6.1):

 
Attenuation dB( ) = − ( )10 10 0log /I Ix  

(6.1)

where I0 is the initial intensity and Ix is the final intensity. Thus, if the final intensity 
is one-tenth of the initial intensity, the attenuation is said to be −10 dB; likewise 
reductions in intensity to be one-hundredth and one-thousandth of the initial inten-
sity would be written as −20  dB and -30  dB respectively. Typical values of the 
attenuation of 1 MHz ultrasound in some biological materials are given in Table 6.2. 
With the exception of water, the attenuation coefficients for higher frequencies may 
be obtained approximately by multiplying the attenuation at 1  MHz by the fre-
quency in MHz. For example, the attenuation in soft tissue at 2  MHz would be 

Material Attenuation 
coefficient at 1 MHz 

(dB cm–1)
Blood 0.2
Bone 10
Brain (adult) 0.8
Brain (infant) 0.3
Fat 0.6
Muscle 1.5
Water 0.002
Soft tissue average 0.7

Table 6.2 Attenuation 
coefficients for some 
biological materials at 
1 MHz. The values at a 
higher frequency may be 
obtained approximately by 
multiplying by the frequency 
in MHz (note however that 
for water the value should be 
multiplied by the square of 
frequency)

D. H. Evans



103

1.4 dB cm−1, and at 10 MHz would be 7 dB cm−1. The strong frequency dependency 
of attenuation is the factor that limits the highest frequency that can be used in any 
particular situation (ideally we would always use the highest frequency possible 
because the shorter the wavelength, the better the spatial resolution). The higher the 
attenuation coefficient, the higher the frequency, and the deeper the target, the 
smaller will be the returning echoes. We are able to obtain very high-resolution 
images of arteries like the extra-cranial carotid arteries because they are relatively 
superficial and the overlying tissue has a relatively low attenuation coefficient; the 
same is not true for deep vessels. The rapid attenuation of ultrasound by bone means 
that if we wish to insonate through the skull, we have to use relatively low ultra-
sound frequencies (note, however, that the poor resolution we obtain when imaging 
the brain is a result of both using a low frequency and the distortion of the ultra-
sound beam by the skull bone).

6.2.3  Ultrasound Behaviour at Acoustic Boundaries

Ultrasonic imaging is reliant on variations in the acoustic properties of tissues to 
generate the echoes that reveal the range and direction of target structures. The 
behaviour of sound when it encounters a change in acoustic properties depends on 
the relative dimensions of the ultrasound wavelength and the target in its path. If the 
target is small compared with the wavelength (such as the case with a red blood cell 
or the inhomogeneities in the parenchyma of an organ), then the wave is said to be 
scattered. If the target is large (such as the case at the interface between two organs), 
then the wave is said to be reflected or refracted. Both types of behaviour are impor-
tant in ultrasonic scanning. In the case of scattering, the incident energy is retrans-
mitted in all directions (though not necessarily equally), while in the case of 
reflection and refraction, the energy remains confined to a well-defined, reflected 
and transmitted beam.

Figure 6.1a, b illustrate the behaviour of ultrasound at a plain boundary for per-
pendicular and non-perpendicular incidence respectively. In the first case, a propor-
tion of the ultrasound is reflected directly back to the source (the angle of incidence 
and reflection are both equal to zero), and a proportion continues along the original 
path. In the second case, the angle of incidence and reflection are also equal, but not 
to zero, and therefore, the reflected wave does not return to the transducer (this is 
why it is much easier to image large surfaces that are perpendicular to the ultra-
sound beam). In the second case, there is also a transmitted wave, but its direction 
depends both on the angle of incidence and the relative speeds of ultrasound on 
either side of the boundary. The relationship between the angle of the incident wave 
θi and the transmitted wave θt is given by Eq. 6.2:
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where c1 is the sound speed before the boundary and c2 the speed after the boundary. 
If the speeds of sound on either side of the boundary are similar, the direction of 
propagation changes very little, but if they are dissimilar then the direction may 
change significantly (i.e. it is said to be refracted). Refraction effects are particularly 
important at interfaces between soft tissue and bone (recall the speed of sound in 
bone is 2 to 3 times higher than in soft tissue), and can lead to considerable distor-
tion as an ultrasound beam propagates through the skull. The proportion of energy 
reflected at a boundary depends on the difference in the acoustic impedance on the 
two sides of the boundary and for normal incidence may be written (Eq. 6.3):

Interface

Source

a

b

c

Source

Source

Incident

Incident

Incident

Scattered

Transmitted

Transmitted
refracted

θt

θi

θr

Interface

Z1 Z2

Z1 Z2

Reflected

Reflected

Fig. 6.1 (a) Reflection of 
ultrasound at a plane 
boundary (perpendicular 
incidence). (b) Reflection 
and refraction of 
ultrasound at a plane 
boundary (non- 
perpendicular incidence). 
(c) Scattering of ultrasound 
by a target with dimensions 
smaller or comparable to 
the ultrasound wavelength
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where Ii and Ir are the incident and reflected intensities, and Z1 and Z2 are the acous-
tic impedance of the tissue before the boundary and after the boundary, respectively. 
If Z1 and Z2 are similar, then most of the energy is transmitted and little reflected; if 
Z1 and Z2 are very dissimilar, then the converse is true. Values of acoustic impedance 
for some relevant tissues are given in Table 6.1. It can be seen that the values for 
most soft tissues are very similar, but that air has a very low value and bone has a 
relatively high value. The result of this is that the percentage of energy reflected at 
soft tissue interfaces is of the order of 1%, but that, at soft tissue/bone interfaces, 
approximately 50% of the energy is reflected. The impedance of air is so low that 
effectively no transmission at all takes place at a soft tissue/air interface. The low 
acoustic impedance of air is the main reason why it is impossible to image through 
air and why it is essential to exclude air from the interface between the transducer 
and the skin.

Figure 6.1c illustrates the phenomenon of scattering. Scattering is important 
because it is the process that allows us to image the parenchyma of organs and to 
image blood flow. The scattering pattern and the amount of scattering that occur at 
a target depend on the size of the target, and the distribution of compressibility and 
density in the target volume. For targets that are very much smaller than the ultra-
sound wavelength, the wave is scattered more or less uniformly in all directions, 
while for larger targets, the scattering pattern is more complex but still takes place 
over a wide range of angles. For very small targets, such as red blood cells, the scat-
tering is called Rayleigh scattering and is proportional to the fourth power of fre-
quency; for larger targets, the scattered power still increases with frequency but less 
rapidly so. The power returned to the ultrasound transducer by scattering is much 
less than that returned by specular reflectors, but is also much less angle dependent. 
Therefore, echoes from the internal structure of organs and from blood are much 
weaker than those from distinct boundaries, but do not change significantly as the 
angle of insonation changes.

6.3  Pulse-Echo Principles (B-Mode Techniques)

The basic principle behind B-scanning has been described in the introduction. A 
B-mode display is essentially a cross-sectional image of the tissue in the scan plane, 
built up using an echo ranging technique. A transducer transmits a short ultrasound 
pulse into the tissue in a predetermined direction, then switches to receive mode and 
gathers echoes due to reflection or scattering in the tissue from that same direction. 
Since the direction of transmission and reception and the time delay between pulse 
transmission and echo reception are known, the position of any structure producing 
an echo can be determined. The size of each of the echoes provides information 
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about the amount of ultrasound reflected or scattered by the structure (although it is 
necessary to compensate for the attenuation of the pulse by intervening tissue). 
Once all the echoes have been received from depths of interest, then another pulse 
is transmitted along a slightly different path, and the whole process repeated until 
the required plane, perpendicular to the transducer face, has been interrogated. The 
rate at which pulses can be transmitted (the pulse repetition frequency or PRF) is 
limited by the speed of ultrasound in the tissue and the maximum depth of interest; 
so, for example, if it is required to image to a depth of 10 cm, it will be necessary to 
wait 13 μs × 10, that is, 130 μs, before another pulse is transmitted. Clearly consid-
erable processing by the ultrasound scanner is necessary to produce acceptable 
images from the simple echo information described above, and the interested reader 
is referred to Hoskins et al. [1] for further information.

6.4  Transducers

At one time the method used for scanning the ultrasound beam through tissue 
involved physical movements within the transducer. All transducers for B-scan 
imaging are now array transducers where the beam is steered electronically. There 
are two basic types of arrays: linear arrays and phased arrays, both of which contain 
a large number of very small piezoelectric elements capable of transmitting and 
receiving ultrasound.

In linear arrays, each beam is generated using only a limited number of adjacent 
array elements at any one time. Each successive beam is generated by selecting 
another group of elements, so if the first beam is generated using elements 1–8, for 
example, then the second beam might be generated using elements 2–9 and so on. 
Thus, the beam steps along the array. Linear array transducers produce rectangular- 
or parallelogram-shaped fields where all the scan lines are parallel to each other, and 
are the transducers of choice for imaging the extra-cranial carotid arteries.

In phased arrays, each beam is generated using most or even all of the elements 
at the same time. Each successive beam is generated by steering the direction of 
transmission and reception by appropriate phasing of the signals applied to the 
transducer elements. Phased arrays produce sector-shaped fields where the scan 
lines are not parallel to each other and are the transducers of choice for intracranial 
imaging because their small footprint, which allows them to be used with the lim-
ited acoustic windows available in the skull.

Modern ultrasound systems not only move the beam electronically, but dynami-
cally vary their aperture (the number of elements used) and apodisation (relative 
weighting of the contribution of different elements), and also use electronic focus-
sing on both transmit (multiple-zone focussing) and receive (dynamic focussing) to 
achieve excellent lateral resolution in the scan plane. Some modern transducers also 
use more than one row of elements to improve the focussing in the elevation plane 
(i.e. the out of plain dimension or the slice thickness).
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6.5  Artefacts

It is important that users of ultrasound instruments are aware of the many image 
artefacts that can arise. Two of the most important types are described briefly below.

6.5.1  Speed of Sound and Beam Deviation Artefacts

To generate ultrasound images, it is necessary to assume that the beam has followed 
a straight path through the tissue, and that the speed of sound in the tissue is con-
stant and known. Anything that invalidates these assumptions will lead to misregis-
tration of targets. Beam direction may be changed either by refraction effects (i.e. 
where the beam meets a boundary between two tissues with different ultrasound 
velocities, at nonnormal incidence), or by very strong specular reflectors that are not 
at right angles to the beam. Deviations from the assumed velocity of sound will 
make targets appear closer or farther away than they should. If the tissue with the 
higher or lower velocity is a parallel-sided layer, then all the structures behind the 
layer will be moved so as to appear closer or further from the transducer, which may 
not matter. On the other hand, if the layer is not parallel sided or is incomplete, then 
some parts of the structure behind the layer will be moved more than others, so that 
a straight boundary might appear ragged. Strong specular reflectors, not at right 
angles to the beam, may act as acoustic mirrors completely redirecting the beam 
direction away from that assumed by the machine.

6.5.2  Shadowing and Flaring Artefacts

Attenuation of ultrasound in bodily tissues is very significant so that echoes return-
ing from deep structures are always very much smaller than those returning from 
similar superficial structures. In order to overcome this, ultrasound instruments 
employ what is known as time gain compensation (TGC) to the returning echoes, so 
that echoes from deeper structures are amplified more than those from superficial 
structures. In order to do this, the instrument needs to assume an average rate of 
attenuation in the tissue so it can calculate the appropriate gain to apply to echoes 
from each depth. Shadowing and flaring artefacts occur when the attenuation is 
either underestimated or overestimated respectively. One common example of shad-
owing occurs behind an atheromatous plaque in the carotid artery, where the plaque 
attenuates the ultrasound much more rapidly than soft tissue, and so the TGC does 
not adequately compensate for the reduction in the size of the echoes returning from 
behind the plaque. The converse effect can be seen when there is a cyst in the tissue. 
The fluid in a cyst does not attenuate ultrasound as rapidly as soft tissue, but the 
TGC continues to increase gain with depth as though there is soft tissue present. The 
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result of this is that the echoes from behind the cyst are amplified more than is 
appropriate, and the region behind the cyst appears to be very highly reflecting. 
Although these are artefacts, they do in fact convey diagnostic information, in that 
they reveal the presence of tissue with an unexpectedly high or low attenua-
tion values.

6.6  Doppler Principles

If an observer is stationary relative to a source of waves, then the frequency the 
observer measures is the same as the frequency transmitted. If, however, the observer 
is moving towards or away from the source of waves, then a greater or lesser num-
ber of wave fronts will pass the observer in a given time interval, and so the observer 
will measure a higher or lower frequency than that which was transmitted. This 
effect is known as the Doppler effect after the Austrian physicist, Christian Doppler, 
who first described the phenomenon in 1842. In medical ultrasound, the targets do 
not emit spontaneously, and therefore, to make use of this effect, it is necessary to 
transmit ultrasound into the body, and to observe the change of frequency as the 
wave is reflected or scattered from the target. Under these conditions, it can be 
shown [2] that the ‘Doppler frequency’, fd, i.e. the difference between the transmit-
ted frequency ft and the received frequency fr, is given by Eq. 6.4:

 f f f f v cd t r t= − = 2 cos /θ  (6.4)

where v is the velocity of the target, c the velocity of sound in tissue and θ the angle 
between the ultrasound beam and the direction of motion of the target. The velocity 
of sound and the transmitted frequency are known in any situation, and therefore, 
the velocity of a target can be found from Eq. 6.5:

 v fd= K cosθ  (6.5)

where K is a known constant (c/2ft). This equation may be used to monitor changes 
in velocity, and if the angle θ can be determined, then absolute velocity may be 
calculated. In practice, where blood flow is concerned, there will be many targets in 
the Doppler sample volume with a range of velocities, and so the Doppler shift sig-
nal will contain a spectrum of frequencies. Figure 6.2 shows the spectral display 
(usually called a sonogram) of the Doppler signal recorded from an internal carotid 
artery. The horizontal axis represents time, the vertical axis the Doppler shift fre-
quency and the grey level of each pixel the power of the Doppler signal at the cor-
responding frequency and time.

Under ‘ideal’ conditions, the spectrum of Doppler frequencies at any moment in 
time would correspond to the distribution of velocities in the sample volume, but 
there are a number of factors which distort the spectrum and limit the accuracy with 
which the velocity distribution can be determined (note also that the shape of the 
sample volume itself will mean that the flow within a vessel is unlikely to be 
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sampled uniformly, and therefore, the distribution of velocities in the sample vol-
ume may not exactly correspond to the distribution of velocities in the vessel). The 
reader is referred to Evans and McDicken [2] for an in-depth discussion of these 
effects, but the effect of ‘wall-thump’ filters is briefly described here because of its 
importance. As already mentioned, the signals reflected by structures such as blood 
vessel walls are orders of magnitude greater than those scattered by blood, and 
therefore, it is necessary to reject such signals if we wish to study the motion of the 
blood. This is possible because in general such solid structures move with much 
lower velocities than those of blood flow, and therefore, these signals can be rejected 
using a high- pass (wall-thump) filter. While this can be quite effective, the filter will 
also reject the signals from slowly moving blood. This means that blood flow close 
to a vessel wall cannot be studied, and that the mean blood flow velocity in a vessel 
tends to be slightly overestimated, although is not usually a major problem as long 
as the operator is aware of the effect.

6.6.1  Pulsed Wave Doppler

Early Doppler ultrasound devices were continuous-wave devices (that is to say they 
both transmitted and received ultrasound continuously), but such devices had little 
or no range resolution. Because in general it is important to be able to select signals 
from a particular depth, nearly all ultrasound Doppler instruments now use pulsed 
transmission. Pulses of ultrasound are transmitted at regular intervals, and after a 
fixed (but controllable) delay, a receive gate attached to the transducer opens for a 
brief period of time and allows signals from a pre-determined range of depths to be 
collected for Doppler processing. The delay between pulse transmission and the 
opening of the receive gate determines the depth from which signal samples are col-
lected, and the time for which the receive gate is open in combination with the 
transmitted pulse length determines the sample volume length.

time

fr
eq
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y

Fig. 6.2 Sonogram of the Doppler signal from a normal internal carotid artery. The horizontal axis 
represents time, the vertical axis Doppler shift frequency (or velocity), and the grey scale the power 
of the Doppler shift frequency at the corresponding time and frequency. Three complete cardiac 
cycles are shown
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Pulsed wave (PW) ultrasound systems actually operate by measuring the rate of 
change of phase of the returning ultrasound pulses rather than the Doppler shift 
frequency per se and because of this are subject to the effects of aliasing. Aliasing is 
the phenomenon that occurs when a moving object is not sampled sufficiently rap-
idly to be able to reconstruct its true movement. If a Doppler signal is to be correctly 
interpreted, then the rate at which it is sampled (i.e. the pulse repetition frequency) 
must be at least twice the maximum frequency component of the Doppler signal 
(with certain caveats). Failure to respect this limit can lead to artefacts such as rapid 
forward flow being interpreted as reverse flow. The obvious way to avoid this prob-
lem is to increase the PRF, but as we have already seen this is limited by the fact that 
if we wish to avoid range ambiguity we must collect all the returning echoes of 
interest before transmitting a subsequent pulse. It can be shown [2] that there is a 
maximum range-velocity product limit given by Eq. 6.6:

 z v c ftmax max / cos= 2 8 θ  (6.6)

where zmax is the maximum range a PW system can gather echoes from unambigu-
ously and vmax is the maximum velocity that can be unambiguously measured. 
Therefore, it is possible to measure high velocities in superficial structures correctly 
and low velocities in deep structures correctly, but not high velocities in deep struc-
tures. This limit is particularly troublesome in cardiac work where there may be 
very high velocities through stenosed heart valves, but it is possible to encounter 
aliasing in more superficial structures such as stenosed carotid arteries. Equation 6.6 
reveals that one of the ways to avoid aliasing is to use a lower transmitted ultrasound 
frequency, and this is one of the reasons why Doppler studies are often performed 
at slightly lower frequencies than imaging studies.

6.6.2  Duplex Scanning

Duplex scanners are scanners that combine B-mode imaging with PW Doppler 
measurements. The B-scan image is used to guide the Doppler beam and to place a 
Doppler sample volume in a region of interest. Since blood vessels may be imaged, 
the Doppler angle, θ, can also be measured (by assuming that the blood flow is par-
allel to the vessel wall) and, therefore, the Doppler shift frequency can be calibrated 
in terms of blood flow velocity.

6.6.3  Colour Flow Imaging (CFI)

Colour flow imaging systems are similar to pulse-echo B-mode systems, except that 
both the amplitude and the ‘Doppler shift’ on the returning echoes are measured. 
Where no Doppler shift is detected, the usual grey-scale information is written to 
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the display device, but where a Doppler shift is detected, it is colour coded to show 
the measured relative velocity between the transducer and the detected target. 
Usually flow towards the transducer will be coded in one colour (often red), and 
flow away from the transducer in another (often blue).

CFI is an extremely good technique for imaging anatomy and related blood flow, 
but it has a number of limitations that the operator must bear in mind. First and 
foremost, it must be remembered that the Doppler angle, θ, will affect the measured 
Doppler shift, and therefore, flow with the same speed in different parts of the image 
may be represented by different shades of colour, or even completely different 
colours, depending on the component of their velocity relative to the transducer. 
Also CFI, just as ordinary PW Doppler, is susceptible to aliasing, and it is important 
to differentiate between regions of reverse flow in a vessel and regions of aliasing, 
both of which lead to a change in the displayed flow direction. Frame rates in CFI 
are significantly lower than in standard B-mode imaging because in order to detect 
and quantify a Doppler shift, it is necessary to interrogate a sample volume several 
times (typically between 8 and 16), and this is the reason why the so-called ‘colour 
box’ where colour flow information is displayed is often significantly smaller than 
the total area of the scan. Finally, colour flow estimates of velocity are based on a 
relatively small number of samples when compared with PW Doppler, and so their 
velocity resolution is much lower. Colour flow imaging is an excellent way to gain 
an impression of the overall haemodynamics in a region of the body, but if quantita-
tive measurements are to be made, CFI should be used to identify a region of inter-
est and PW Doppler used to make the measurements.

6.6.4  Power Doppler Imaging (PDI)

An alternative to coding and displaying the Doppler shift frequency measured from 
each sample volume is to measure and display the total Doppler power, which is 
determined mainly by the volume of moving blood rather than its velocity. Thus, 
changes in angle, and even aliasing, do not alter the colour coding – indeed because 
of a mechanism known as intrinsic spectral broadening, it is even possible to image 
flow perpendicular to the transducer face, which is not possible with ordinary 
CFI. The result of this is that images of tortuous vessel can often be more complete 
and easier to understand. Power Doppler is more sensitive than colour Doppler for 
imaging of flow but provides no information about the direction of flow.

6.7  Transcranial Doppler Ultrasound (TCD)

Transcranial Doppler ultrasound is the application of Doppler ultrasound techniques 
through the intact skull. Where imaging techniques are involved, such techniques 
are usually called transcranial coded sonography (TCCS). In general, the skull bone 
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is too thick to penetrate adequately with ultrasound, but there are a number of 
‘acoustic windows’ where there is a natural foramina, or the bone is sufficiently thin 
for a significant percentage of ultrasound energy to penetrate. The most commonly 
used window is the temporal bone window, which allows insonation of the middle, 
anterior and posterior cerebral arteries. The foramen magnum window (or sub- 
occipital approach) allows insonation of the basilar and vertebral arteries, and the 
orbital approach allows insonation of the ophthalmic arteries and the internal carotid 
siphon. TCD techniques have many similarities to ordinary pulsed Doppler tech-
niques but also differ in a number of ways. In order to penetrate the skull, it is neces-
sary to use very low transmitted frequencies (recall that attenuation increases with 
frequency), and most simple TCD examinations are performed with 2 MHz ultra-
sound or thereabouts. Low frequencies generate much lower levels of scattering 
from blood, (an advantage when monitoring for emboli since small signals from 
small emboli are less likely to be masked by the blood flow signal, but a disadvan-
tage if it is the blood flow itself that is to be studied). Low frequencies also give poor 
spatial resolution, but the major contribution to poor spatial resolution in transcra-
nial studies is the distortion of the ultrasound beam by the skull.

6.7.1  Velocity Measurement

The method used to estimate blood flow velocity in TCD applications is different 
from that used elsewhere in the body. The standard method is to average the instan-
taneous intensity weighted mean velocity over the cardiac cycle, but in TCD it is the 
instantaneous maximum velocity that is usually averaged. The reason for this is that 
it is easier to extract a good maximum frequency envelope than a good mean enve-
lope when the signal-to-noise ratio is poor. Fortunately, because of the type of flow 
found in cerebral vessels, the mean of the maximum over the cardiac cycle is more 
or less proportional to the true mean, and the constant of proportionality is approxi-
mately 2 [3]. In other words, the true mean velocity is half the figure usually quoted 
as ‘mean velocity’. It is vital when reporting TCD velocity measurements that 
investigators explain exactly which velocity they have calculated. Another particu-
lar issue with TCD velocity measurements is that they are usually made blind, and 
the Doppler angle, θ, assumed. Although this may be valid for some patients, in 
others it can introduce significant errors which must be recognised if absolute veloc-
ity values are of interest.

6.7.2  Flow Changes

In most arteries in the body, it is reasonable to assume that, in the short term at least, 
changes in blood flow velocity are proportional to changes in flow. This is not nec-
essarily a valid assumption in TCD as there is evidence that even the major arteries 
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exhibit considerable vasoactivity. Certainly arterial spasm leads to dramatic 
increases in blood flow velocity that are not representative of changes in flow, and 
other stimuli are thought to affect cerebral arterial diameter. It is vital that this fact 
is borne in mind when interpreting velocity changes in TCD. Unfortunately, cere-
bral vessels are too small to have their diameters accurately measured by ultra-
sound, but attempts have been made to monitor changes in diameter by measuring 
changes in the total amount of power backscattered by the moving blood within the 
sample volume. This technique can only be partially successful because it relies on 
uniform insonation of the blood vessel, which cannot be achieved due to the distor-
tion of the ultrasound beam by the skull bone.

6.7.3  Cerebrovascular Resistance

Cerebrovascular resistance (CVR) can be calculated by dividing mean blood pres-
sure by mean blood flow. TCD, however, measures velocity (i.e. flow divided by 
vessel cross section). Therefore, dividing mean blood pressure by mean blood flow 
velocity leads to a value of CVR multiplied by vessel cross section (at the point of 
ultrasound insonation). This quantity has been called ‘resistance-area product’ or 
RAP [4], both to distinguish it from true CVR, and to emphasise that it is also 
dependent on any changes in the cross section of the vessel where the measurement 
is being made.

6.7.4  TCD – Embolus Detection

Embolus detection has become a major application of TCD. The basis of embolus 
detection is very simple. As an embolus passes through the Doppler sample vol-
ume, if its scattering cross section is sufficiently large, it will give rise to an addi-
tional Doppler component that can be heard or seen on the Doppler display. 
Whether or not an embolus can be detected depends on its size and composition, 
the ultrasound frequency, the size of the sample volume, the embolus trajectory and 
its interaction with the ultrasound beam. In general, even relatively small gas bub-
bles will be detected, but some larger solid emboli may not. Several techniques 
have been proposed for distinguishing between different types of emboli, and while 
some progress has been made towards this goal, there are still significant chal-
lenges. Microembolic signals are discussed in a later chapter in this book, and for 
an in- depth discussion of the physics of embolus detection, the reader is 
referred to [5].
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6.8  Transcranial Colour-Coded Duplex Sonography (TCCS)

Transcranial colour-coded sonography is simply CFI or PDI performed through the 
cranial bones. As for simple TCD, it can only be done through the ‘bone windows’, 
must be done at relatively low frequencies to achieve adequate penetration and is 
subject to the effects of beam distortion (and, therefore, image distortion) by 
the skull.

Transcranial color-coded duplex ultrasonography (TCCS) provides the imaging 
of large intracranial arteries through the intact skull by colour coding of blood flow 
velocity. The circle of Willis can be identified by their anatomic location with 
respect to the brain stem structures and by the flow direction. TCCS is an important 
imaging method due to its excellent time resolution. This technique is useful for 
detecting vasospasm. Application of echo-contrast agent can increase the accuracy 
of investigation [6].

6.9  Ultrasound Safety

No chapter on the physical and technical principles of neurovascular ultrasound 
would be complete without the mention of ultrasound safety. Diagnostic ultrasound 
is generally assumed to be perfectly safe, and even if there are potential hazards, 
these are greatly outweighed by the benefits to the patient. It is, however, important 
to remember that this may not always necessarily be the case. There are two broad 
classes of mechanism by which ultrasound is capable of damaging tissue, the ‘ther-
mal effects’ and the ‘non-thermal effects’, which may be further broken down into 
cavitation, streaming and other direct effects.

Thermal effects, that is, heating of the tissue, are related to the conversion of 
ultrasound energy into heat energy, and hence to the temporal average intensity of 
the ultrasound beam and the rate at which it is absorbed by the tissue. Non-thermal 
effects are related to the peak negative pressure of the ultrasound wave as it propa-
gates through the tissue. It should be noted that these two mechanisms are virtually 
independent of each other, as the relationship between average intensity and peak 
negative pressure depends on the pulsing regime selected. One potential area for 
caution in neurovascular ultrasound is TCD. There are three reasons for this. Firstly, 
in order to overcome the rapid attenuation of ultrasound by the skull, it is necessary 
to use relatively high ultrasound intensities; secondly, bone is a rapid absorber of 
ultrasound and thirdly, TCD monitoring may last for considerable periods of time 
where the same region of tissue is being insonated continuously. All these effects 
can lead to significant heating of the skull bone, and potentially to secondary heat-
ing of brain tissue by conduction from the bone.

There are two indices that are of value in evaluating the potential hazard of ultra-
sonic examinations, the thermal index (TI) and the mechanical index (MI). The TI 
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is an estimate of the rise in tissue temperature in °C under worse case conditions. 
The MI is an attempt to indicate the probability of mechanical damage by non- 
thermal processes. When these indices have a value of 1 or more, the possibility of 
hazard should be considered. There are in fact three different thermal indices, the 
soft tissue index (TIS) and bone index (TIB), and most relevant to TCD, the cranial 
index (TIC), which is the TI that should be used when there is bone at the surface 
(this is because, in this situation, the greatest temperature rise occurs in the bone and 
adjacent tissue). Operators of TCD instruments should strive to maintain as low a 
value of TIC as is compatible with obtaining a good signal, and have clear justifica-
tion for using unusually high values.

One final area of caution with TCD is in relation to the use of contrast agents, as 
they may potentially lower the threshold for cavitational activity. Clearly, it is 
important with respect to any potential for hazard related to the ultrasound that the 
operator must do all they can to reduce unnecessary exposure, and to ensure that the 
benefits to the patient outweigh potential hazards. It is also important that ultra-
sound practitioners keep up to date with the current literature on safety. The 
European Federation of Societies for Ultrasound in Medicine and Biology 
(EFSUMB) issue safety statements regularly and can be found on their website at 
www.efsumb.org. Much more in-depth discussions of ultrasound safety can be 
found in [7, 8].

6.10  Conclusion

Ultrasound is a powerful diagnostic technique. It is important that any user of the 
technique is familiar with the physical and technical principles behind the method, 
as these provide an insight into its strengths and weaknesses, and sources of possi-
ble artefacts.
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Chapter 7
Transcranial Doppler (TCD) 
and Trancranial Color-Coded Duplex 
Sonography (TCCS): Applied 
Neuroanatomy

Camilo N. Rodríguez and Ryan Splittgerber

Key Points
 1. It is important to know the anatomy of the parenchymal brain and cerebral vas-

cular landmarks (circle of Willis) for an adequate US approach and interpreta-
tion of the findings in the critical patient bedside.

 2. Within the circle of Willis the most frequent anatomical variation is hypoplasia 
or absence of the posterior communicating artery (PComA).

 3. It is paramount to choose the most appropriate bone window according to the 
clinical condition of the patient, his decubitus, and the specific objective to be 
studied.

 4. The transtemporal acoustic window is the most used because it allows access to 
the most important axial exploration planes: mesencephalic, diencephalic, and 
ventricular.

 5. The submandibular acoustic window is an alternative and very useful access, 
especially in the critically ill patient and his frequent supine decubitus, when 
studying the vertebrobasilar system.

 6. The anatomical identification of the deep venous cerebral system and the dural 
venous sinuses is not easy. It requires training and dedication to the bedside of 
the patient.
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7.1  Introduction

Transcranial Doppler (TCD) and/or transcranial color-coded duplex sonography 
(TCCS) are frequently used as noninvasive and rapid access neurological monitor-
ing tools in the intensive care unit [1, 2].

The anatomical correlation of the brain parenchyma and its vascular components 
will be better scanned when approaching the patient with the TCCS technique 
where the 2D image (parenchyma and brain structures) is combined with the color- 
coded Doppler of the patients’ vessels corresponding to the circle of Willis.

7.2  Brain Parenchyma: Anatomy and Ultrasound

There are two main techniques for transcranial Doppler: the conventional TCD 
(“blind”) and the transcranial color-coded duplex sonography (TCCS). The main 
advantage of TCCS versus TCD (¨blind technique¨) is that the intracranial vessels 
can be identified in relation to some anatomical landmarks. Within this fact lies the 
importance of recognizing the anatomical structures and their access windows [3].

We will approach the intracerebral anatomy from the insonation windows, which 
are most commonly used in clinical practice.

7.2.1  Anatomy of Acoustic Windows

7.2.1.1  Transtemporal Acoustic Window (Fig. 7.1)

The transtemporal window is the most frequently used as it allows access to the 
most important axial exploration planes: mesencephalic, diencephalic, and ventric-
ular [3, 4].

Mesencephalic Plane

This plane is obtained by projection of the transducer at a 90° angle to the temporal 
bone via the transtemporal bone window.

 A. Brain parenchyma structures identified by TCCS (Fig. 7.2).

• TCCS: B-mode.
• Depth: 14–16 cm.

 a. Cerebral peduncles [Mesencephalon] (hypoechoic >> “Butterfly”) [5, 13]
 b. Basal cisterns (space around the mesencephalon).
 c. Contralateral skull bone (hyperechoic).
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ba

Fig. 7.1 (a) Scheme: anatomy of transtemporal acoustic window and different approaches; (F) 
frontal, (A) anterior, (M) medial, and (P) posterior above zygomatic process of temporal bone. (b) 
Scheme: anatomy of the floor of the cranial cavity: (1) anterior fossa, (2) sphenoid bone, (3) middle 
fossa, (4) posterior fossa, (5) parietal bone, (6) foramen magnum, and (7) sphenoid bone. (blue 
arrows): direction of insonation beam from transducer through temporal bone. (Author: Camilo 
N. Rodríguez)

ba

Fig. 7.2 (a) Mesencephalic plane by TCCS: (M) mesencephalon; (arrow) contralateral skull. (b) 
Brain anatomy by CT scan: (M): mesencephalon; (1) ambient cistern and (2) quadrigeminal cis-
tern. (Author: Camilo N. Rodríguez)
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These are (Fig.  7.2a) the neuroanatomical landmarks used to localize the 
circle of Willis with Doppler technique [3, 4, 6].

 B. Vascular structures identified by TCCS.

• TCCS: Doppler mode.

 1. Circle of Willis [7–9] (Fig. 7.3).

1.1 Internal carotid artery (ICA).
1.2 Middle cerebral artery (MCA).
1.3 Anterior cerebral artery (ACA).
1.4 Posterior cerebral artery (PCA).

7.2.1.2  Diencephalic Plane (Thalamic Plane)

This plane is obtained by a slight displacement of the transducer toward the cephalic 
10° from the mesencephalic plane through the transtemporal window.

 A. Brain parenchyma structures identified by TCCS (Fig. 7.4).

• TCCS: B-mode.
• Depth: 14–16 cm.

 1. Third Ventricle.
[Two hyperechoic horizontal parallel lines]

ba

Fig. 7.3 (a) Circle of Willis by TCCS through transtemporal acoustic window: (1) mesencepha-
lon, (M1) ipsilateral M1 segment of middle cerebral artery (red), (M2) M2 segment of middle 
cerebral artery, (ACA) anterior cerebral artery, (MCAc) contralateral middle cerebral artery (blue), 
(arrow) contralateral skull. (b) Angio-MRI of circle of Willis: MCA (M1): M1 segment of middle 
cerebral artery, (M2) M2 segment of MCA, (ICA) internal carotid artery, (PCA) posterior cerebral 
artery, (BA) Basilar artery, (ACA) anterior cerebral artery, and (MCAc) contralateral middle cere-
bral artery. (Author: Camilo N Rodríguez)
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 2. Thalamus.
[Two hypoechoic structures next to third ventricle]

 3. Pineal Gland.
[Posterior hyperechoic structure] [3, 4]

 4. Contralateral Skull Bone.
[Posterior hyperechoic structure]

 B. Vascular structures identified by TCCS.

• TCCS: Doppler mode.

 1. Middle cerebral artery (M2 segment).
 2. Middle cerebral artery (M3 segment).

7.2.1.3  Ventricular Plane (Cella Media)

This plane is obtained by a slight displacement of the transducer toward the cephalic 
10° from the diencephalic plane through the transtemporal window.

 A. Brain parenchymal structures identified by TCCS.

• TCCS: B-mode.

 1. Anterior horns of lateral ventricles (Fig. 7.5).
[Two anterior hypoechoic structures]

 B. Vascular structures identified by TCCS.

• TCCS: Doppler mode.

 1. Middle cerebral artery (M3 segment).

ba

Fig. 7.4 (a) Diencephalic plane by TCCS through of transtemporal acoustic window: (1) thala-
mus, (2) pineal gland, (yellow arrow) third ventricle and (green arrow) contralateral skull; (b) brain 
MRI: (1) thalamus, (yellow arrow) third ventricle, (dotted line) ultrasound beam through transtem-
poral window and (green arrow) contralateral skull. (Author: Camilo N. Rodríguez)
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7.2.1.4  Upper Pons Plane

This plane is obtained by a caudal projection of the transducer toward the base of 
the skull from the mesencephalic plane [10].

 A. Skull and brain parenchyma structures identified by TCCS.

• TCCS: B-mode.

 1. Sphenoid bone (anterior).
 2. Cerebellum (posterior).

 B. Vascular structures identified by TCCS.

• TCCS: Doppler mode.

 1. Internal carotid artery (carotid siphon).
 2. Ophthalmic artery.

7.2.1.5  Lower Pons Plane

This plane is obtained by a caudal projection of the transducer toward the base of 
the skull from the superior pontine plane [10].

 A. Skull structures identified by TCCS.

• TCCS: B-mode.

 1. Sphenoid bone (anterior).

 B. Vascular structures identified by TCCS.

• TCCS: Doppler mode.

 1. Internal carotid artery (C6 segment).

a b

Fig. 7.5 (a) Ventricular plane by TCCS through transtemporal acoustic window: (1) anterior 
horns of lateral ventricles, (arrow) contralateral skull. (b) Brain MRI: (1) anterior horns of lateral 
ventricles and ultrasound beam (dotted line). (Author: Camilo N Rodríguez)
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7.2.1.6  Coronal Plane (Anterior) (Fig. 7.6)

From the transtemporal window, at the level of the mesencephalic plane, a 90° rota-
tion of the probe is performed by the operator [10].

 A. Brain parenchymal structures identified by TCCS.

• TCCS: B-mode.

 1. Anterior horns of lateral ventricles.
 2. Midline (hyperechoic).

 B. Vascular structures identified by TCCS.

• TCCS: Doppler mode.

 1. Carotid sulcus (Carotid groove of the sphenoid bone: horizontal hyper-
echoic lines on each side of midline).

 2. M1 segment (MCA).

7.2.2  Transforaminal Window

This window allows to localize the insonation of the basilar artery and the intracra-
nial portion of the vertebral arteries (V4 segments) by projecting the ultrasound 
beam between the atlas (C1) and the base of the skull [11].

 A. Skull structure identified by TCCS (Fig. 7.7).

• TCCS: B-mode.

 1. Foramen magnum (occipital foramen) [3, 7–9, 12] (Hypoechoic).

a b

Fig. 7.6 (a) Scheme (coronal cut): anatomy of C1 segment of ICA and MCA; (1) C1 segment of 
internal carotid artery (ICA) and (2) anterior horns of lateral ventricle. (b) TCCS B-mode: anterior 
coronal plane by transtemporal window; (1, 2) anterior horns of lateral ventricle, (3) transtemporal 
acoustic beam, (4) contralateral skull bone, and (A, B) (yellow arrows) carotid groove of the sphe-
noid bone (C1 segment of ICA). (Author: Camilo N. Rodríguez)
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 B. Vascular structures identified by TCCS (Fig. 7.7).

• TCCS: Doppler mode.

 1. Vertebral arteries (VA) (Intracranial portion – V4).
 2. Basilar artery (BA).

7.2.3  Neuroorbital Acoustic Window (Fig. 7.8)

By placing the probe on the eyeball (upper eyelid), either on an axial or sagittal 
axis, the ultrasound beam projection is very useful to explore neurovascular-orbital 
structures [10, 11].

c d

ba

Fig. 7.7 (a) Transforaminal acoustic window by TCCS (B-Mode): (1) foramen magnum. (b) 
Transforaminal acoustic window by TCCS (duplex): (1) vertebral artery (blue), (2) basilar artery 
(blue). (c) Scheme: anatomy of occipital bone;(1) occipital bone, (2) occipital condyle, and (3) 
foramen magnum. (d) Scheme of insonation through transforaminal window by TCCS: (1) basilar 
artery, (2) and (3) vertebral arteries, and (4) foramen magnum. (arrow) It highlights that the flow 
away from transducer. (Blue color). (Author: Camilo N. Rodríguez)
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 A. Structures of the orbit identified by TCCS.

• TCCS: B-mode.
• Anterior.

 1. Eyeball (hypoechogenic).
 2. Pupil.

• Posterior.

 1. Papilla (Normal diameter: 1–1.5 mm).
 2. Optic nerve.
 3. Optic nerve sheath diameter (ONSD) (NV: 4–5 mm).

 B. Vascular structures of the orbit identified by TCCS.

• TCCS: Doppler mode.

 1. Central retinal artery (CRA).
 2. Ophthalmic artery (OA).

a b

Fig. 7.8 (a) Scheme: axial cut through the orbit; (1) zygoma, (2) ethmoidal sinus, (3) zygomatic 
bone, (4) orbital sheet of ethmoidal bone, (5) frontal process of maxillary bone, and (6) middle 
fossa. (b) Scheme: superior view of right orbit; (1) optic chiasm, (2) internal carotid artery, (3) 
optic nerve, (4) ophthalmic artery, (5) central retinal artery, (6) eyeball, (7) cribriform sheet of 
ethmoid bone, and (8) lacrimal gland. (Author: Camilo N. Rodríguez)

7 Transcranial Doppler (TCD) and Trancranial Color-Coded Duplex Sonography…



126

7.2.4  Submandibular Acoustic Window (Figs. 7.9 and 7.10)

The submandibular acoustic insonation window is used to study neck vessels (inter-
nal carotid artery (ICA)). It is also an alternative access to the vessels of the poste-
rior cerebral circulation (vertebral arteries (VA) and basilar artery (BA)) during 
transcranial color-coded duplex sonography (TCCS) in the ICU patient [14].

 A. Cerebrovascular structures.

 1. Carotid system (Fig. 7.10).

 (a) Common carotid artery (CCC).
 (b) Internal carotid artery.
 (c) External carotid artery.

 2. Vertebral arteries.
 3. Basilar artery.

a b

Fig. 7.9 (a) Scheme: superficial anatomy of neck: (1) angle of the mandible,(2) sternocleidomas-
toid muscle, (3) thyroid cartilage, and (4) anterior (carotid) triangle of neck. (b) Scheme: anatomy 
of anterior (carotid) triangle of neck: (1) sternocleidomastoid muscle, (2) internal jugular vein, (3) 
internal carotid artery, (4) external carotid artery, (5) common carotid artery, (6) submandibular 
gland, (7) parotid gland, (8) thyroid cartilage, (9) hyoid bone, (10) sternohyoid muscle, (11) mylo-
hyoid muscle, (12) anterior belly of the digastric muscle, (13) external jugular vein, and (14) cla-
vicular portion of sternocleidomastoid muscle. (Author: Camilo N. Rodríguez)
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7.3  Arteries of the Brain: Anatomy and Ultrasound

The goal of transcranial Doppler (TCD) combined with the transcranial color-coded 
duplex sonography (TCCS) is an integral approach to measure the velocities of the 
cerebral blood flow (CBF) in the circle of Willis.

A deep understanding of cerebral vascular anatomy and its common anatomical 
variations is an absolute prerequisite to interpret TCD/TCCS.

7.3.1  Cerebral Circulation: Circle of Willis (Fig. 7.11)

The circle of Willis is an anastomotic vascular structure located at the base of the 
brain (around the interpeduncular cistern) constituted by two large arterial systems: 
The anterior circulation system is supplied by both internal carotid arteries and the 
posterior circulation system, which consists of the vertebrobasilar arterial system.

This vascular structure is often asymmetric with absent and/or hypoplastic ves-
sels (51%) on its conformation and anatomical presentation. Between 20% and 49% 
of the population have anatomical variations in the circle of Willis [15, 18].

ba

Fig. 7.10 (a) Submandibular acoustic window by TCCS: (1) external carotid artery (blue), (2) 
internal carotid artery (blue), and (3) common carotid artery (blue) (primitive). (b) Scheme of 
carotid system insonation by TCCS: (3) external carotid artery (blue), (2) internal carotid artery 
(blue), and (1) common carotid artery (blue). Arrow: indicates flow away from transducer. (Author: 
Camilo N. Rodríguez)
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7.3.1.1  Structure of Circle of Willis

 A. Anterior circulation system (carotid system).

A.1 Internal carotid artery.
A.2 Middle cerebral artery.
A.3 Anterior cerebral artery.
A.4 Anterior communicating artery (AComA).
A.5 Posterior communicating artery (PComA)

 B. Posterior circulation system (vertebrobasilar system).

B.1 Vertebral arteries.
B.2 Basilar artery.
B.3 Posterior cerebral artery (PCA).

7.3.1.2  Anterior Circulation

Carotid System

The carotid arteries originate bilaterally at the base of the neck from the subclavian 
artery. Both common carotid arteries may differ in length and origin. Right CCA is 
branched from the brachiocephalic trunk, and the left CCA branches directly from 
the aortic arch. The CCA, in the carotid triangle of neck, will then divide into the 
ICA and the ECA [15].

a b

Fig. 7.11 (a) Scheme of anatomy of the circle of Willis: (1) internal carotid artery; (2) middle 
cerebral artery M1–M2 segments; (3) anterior communicating artery; (4) anterior cerebral artery; 
(5) posterior communicating artery; (6) posterior cerebral artery; (7) vertebral artery; (8) posterior 
inferior cerebellar artery; (9) basilar artery. (b) Circle of Willis by TCCS through transtemporal 
acoustic window: (1) mesencephalon, (MCA-M1) ipsilateral M1 segment of middle cerebral 
artery, (PCA-P1) P1 segment of posterior cerebral artery, (ACA-A1) A1 segment of anterior cere-
bral artery, and (MCAc-M1) contralateral M1 segment of MCA. (Author: Camilo N. Rodríguez)
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Internal Carotid Artery (Fig. 7.12)

This artery supplies most of the cerebral hemispheres, the eye, and other acces-
sory organs.

• Diameter: 4.5 mm.
• Length: 250 mm.

The ICA is divided into four portions (caudal to cephalic) and seven subsegmen-
tations [16] (Fig. 7.12):

 (a) Cervical portion (C7 Segment).
 (b) Petrosal portion (C6 Segment).
 (c) Cavernous portion.

• C3 segment (carotid syphon).

 – Can be monitored by TCD and TCCS through transorbital and transtem-
poral acoustic windows [24].

Fig. 7.12 Scheme of 
anatomy of internal carotid 
artery: (C7) cervical 
portion, (C6) petrosal 
portion, (C3-C4-C5) 
cavernous portion where 
C3 (carotid syphon), 
(C1-C2) cerebral portion, 
(3) ophthalmic artery, (4) 
posterior communicating 
artery, (5) anterior 
choroidal artery, (6) 
anterior cerebral artery, (7) 
middle cerebral artery, 8) 
temporal bone, and (9) 
petrous portion of the 
temporal bone. (Author: 
Camilo N. Rodríguez)
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TCD: Depth 55–70 mm (transorbital window).
TCCS: Transtemporal window (axial approach: superior pontine plane 

and anterior coronal plane approach)

• C4 segment.
• C5 segment.

 (d) Cerebral portion.

• C1 segment.
Before terminal bifurcation can be measured:
TCCS: Anterior coronal plane through transtemporal window.
Duplex: Ipsilateral C1 segment: red color

• C1 segment: Terminal branches.

 1. Anterior cerebral artery.
 2. Middle cerebral artery.

• C2 segment (caudal to cephalic).

 1. Ophthalmic artery (OA).
TCD: Depth 40–50 mm (transorbital window).
TCCS: Transtemporal acoustic window (superior pontine plane) and 

transorbital acoustic window
 2. Posterior communicating artery.
 3. Anterior choroidal artery (AChA).

Other Anatomical Classification

The ICA is divided into four segments (caudal to cephalic): [17].

 1. C1 segment (cervical).
 2. C2 segment (petrosal).
 3. C3 segment (cavernous).
 4. C4 segment (supraclinoid).

• Ophthalmic artery.
• Posterior communicating artery.
• Anterior choroidal artery.

Anterior Cerebral Artery

It is the smallest branch of the two terminals of the internal carotid artery. It branches 
at the inner end of the Sylvian fissure [19, 24].

The anterior cerebral artery is subdivided into five segments:

 (a) Precommunicating segment.
A1 Segment

• Average diameter: 1.6–2.5 mm.
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• Average length: 12.7–20 mm.
• Insonation: Through transtemporal bone window.
• TCD >> Depth: 60–75 mm.
• TCCS: Blue color (ipsilateral)/red color (contralateral).
• Note: Chosen routinely by TCD/TCCS.

 (b) Postcommunicating segment.
A2 Segment

• Insonation: Through frontal bone window.
• TCCS: Duplex: red color (flow forward to the transducer).

 (c) Postcommunicating segments.
A3 to A5 segments

• Insonation: Difficult.

Anterior Communicating Antery

The anterior communicating artery arises from the anterior cerebral artery and 
serves as an anastomotic bridge between the left and right anterior circulation [19].

• Length: 3–4 mm.
• Diameter: 2 mm.
• Note: Great physiological utility in the occlusion of the internal carotid artery.

Middle Cerebral Artery (Fig. 7.13)

It is the largest terminal branch of the ICA and is the initial artery to insonate at the 
beginning of any TCD/TCCS study.

Fig. 7.13 Scheme: 
anatomy of middle cerebral 
artery segmentation; 
MCA-M1 (horizontal), 
MCA-M2 (insular), and 
MCA-M3 (cortical–distal). 
(Author: Camilo 
N. Rodríguez)
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On its journey from the internal carotid artery, the MCA is fragmented into four 
segments from its origin to the convexity, where three of those segments (M1, M2, 
and M3 segments) become more accessible [18, 23, 24, 26]:

 A. Origin of MCA: Terminal branch of the internal carotid artery (ICA).
 B. Vessel route: Sylvian fissure to convexity.

 1. Horizontal Segment (M1) (Figs. 7.3 and 7.13).
Note: The most proximal segment chosen routinely for the TCD/

TCCS study.
Length: 19 ± 3.8 mm.
Insonation: Transtemporal window (mesencephalic plane).
TCCS: Red color (ipsilateral) / blue color (contralateral).
TCD (depth): 35–60 mm

 2. Insular Segment (M2) (Figs. 7.3 and 7.13).
Note: In general, there are two M2 segments.
Bifurcation: (63%) Upper branch and lower branch.
Sometimes three segments can be found (trifurcation (32%)).
Insonation: Transtemporal window (mesencephalic plane).
TCCS: Red color (ipsilateral: flow forward to the transducer)

 3. Opercular or distal segment (cortical) (M3).
Note: Difficult to access by TCD/TCCS.
TCCS: Through transtemporal window in cella media plane (ventricu-

lar plane).

7.3.1.3  Posterior Circulation

Vertebrobasilar System

Vertebral Arteries (Fig. 7.14)

The VA originate from the subclavian artery, ascend toward the foramen magnum 
by passing through the transverse foramen of the cervical vertebrae of C6 to C2. At 
the pontine-medullary junction, the vertebral artery joins with its contralateral to 
form the basilar artery [15, 23].

• Diameter: 2.5–3 mm.
• Length: 250 mm.

 A. The VA are subdivided into four segments.

 (a) Segment (V1).
From its origin to transverse process foramen of C5 or C6

 (b) Segment (V2).
From transverse foramen of C6 to transverse process foramen of C2

 (c) Segment (V3).
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From its exit from the transverse foramen of C2 to the foramen magnum 
(occipital foramen)

 (d) Segment (V4).
From its entry into the skull, through the foramen magnum, to its anas-

tomosis with the contralateral homonymous vessel and formation of the 
basilar artery

• TCCS: Blue color (flow away from transducer).
• TCD: Suboccipital window (transforaminal).

Depth: 45–75 mm.

Basilar Artery (Fig. 7.15)

BA is formed by the anastomosis of the two vertebral arteries at the medulla-pontine 
junction and ascends adjacent to the abducens nerve and oculomotor nerve through 
the basilar sulcus on the ventral aspect of the pons. It terminally forms the right and 
left posterior cerebral arteries (PCA) [23].

• Length: 20–40 mm.

Fig. 7.14 Scheme: 
anatomy of vertebral artery 
(VA); (1) subclavian artery, 
(2) internal carotid artery, 
(3) vertebral arteries, (4) 
basilar artery, (5) posterior 
cerebral arteries, and (6) 
posterior communicating 
artery and (I-VI) cervical 
vertebrae. (Transverse 
processes). (Author: 
Camilo N. Rodríguez)
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• Diameter: 2.5–3.5 mm.
• TCD.

 – Bone window: Transforaminal.
 – Depth: 70–120 mm.

• TCCS.

 – Window: Transforaminal/submandibular.
 – Duplex: Blue color.

a b

c d

Fig. 7.15 (a) Scheme: anatomy of vertebrobasilar system; (1) and (2) vertebral arteries, (3) basilar 
artery, (4) posterior cerebral artery – P1 segment, (5) posterior cerebral artery – P2 segment, (6) 
posterior communicating artery, (7) superior cerebellar artery, (8) anteroinferior cerebellar artery 
(AICA), and (9) posterior inferior cerebellar artery (PICA). (b) Scheme of occipital bone: (1) 
occipital bone, (2) occipital condyle, and (3) foramen magnum. (c) Scheme of the anatomy of the 
vertebrobasilar system by TCCS through transforaminal acoustic window: (1) basilar artery; (2) 
right vertebral artery – V4 segment; (3) left vertebral artery – V4 segment; (4) foramen magnum, 
(arrow) It highlights that the flow moves away from the transducer (blue color). (d) Vertebrobasilar 
system insonation by TCCS through transforaminal acoustic window: (1) V4 segment of vertebral 
artery (blue), (2) basilar artery (blue). Arterial flow moves away from the transducer. (Author: 
Camilo N. Rodríguez)
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Posterior Communicating Artery

After its origin in the internal carotid artery (C1–C2 segments), it extends posteri-
orly (above the common ocular nerve) to anastomose with the posterior cerebral 
artery (terminal branch of the basilar artery) [15, 20, 23].

• Length: 12,5 ± 3,2 mm.
• Diameter: 1,5 ± 0,6 mm.
• TCD.

 – Insonation: Transtemporal window.
 – Depth: 55–65 mm.

Flow: The flow velocity is difficult to measure as it is located perpendicu-
larly to the probe

• TCCS (difficult).

 – Window: Transtemporal window.
 – Plane: Mesencephalic.
 – Duplex: Blue Color.

Posterior Cerebral Arteries

The PCA are the terminal branches of the basilar artery, receiving the posterior 
communicating artery from the internal carotid artery. It surrounds the cerebral 
peduncle defining two clinically relevant segments: a precommunicating segment 
(P1) and another postcommunicating segment (P2) [15].

The PCA branches are divided into four anatomical segments [17, 21–24]:

 A. Precommunicating Segment (P1 segment) (Fig. 7.15).

• Origin: From the basilar artery to the anastomosis with the posterior com-
municating artery, found within the interpeduncular cistern.

• Length: 3–20 mm.
• Diameter: 1.9–2.1 mm.
• TCD.

 1. Window: Transtemporal.
Depth: 65–80 mm

 2. Window: Transforaminal.
Depth: 95–100 mm.
Flow: Forward to the Transducer

• TCCS.

 – Window: Transtemporal window.
 – Duplex: Red color (flow forward to the transducer).

 B. Anterior Postcommunicating Segment (P2A) (Fig. 7.15).

• Origin: From the posterior communicating artery (lateral to the cerebral 
peduncle) to the origin of the P2P subsegment in the ambiens cistern.
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• Length: 18–30 mm.
• Diameter: 1–3 mm.
• TCD.

 – Window: Transtemporal.
 – Depth: 65–80 mm.
 – Window: Transforaminal.
 – Depth: 95–100 mm.
 – Flow: Away from transducer.

• TCCS:

 – Window: Transtemporal window.
 – Duplex: Blue color (flow away from transducer).

 C. Posterior Postcommunicating Segment (P2P).

• Origin: From the P2A subsegment (lateral to the brainstem) to the origin of 
P3 segment, it runs through the ambiens cistern.

• Length: 9–25 mm.
• Diameter: 0.8–2 mm.
• TCD.

 – Window: Transtemporal.
 – Depth: 65–80 mm.
 – Window: Transforaminal.
 – Depth: 95–100 mm.
 – Flow: Away from transducer.

• TCCS.

 – Transtemporal window.
 – Duplex: Blue color (flow away from transducer).

 D. Quadrigeminal Segment (P3 Segment).

• Origin: From the ambiens cistern through the quadrigeminal cistern; it runs 
through the quadrigeminal cistern.

• Length: 19,8 mm.
• Diameter: 1,1 mm.
• TCD: Difficult insonation.
• TCCS [25].

 – Window: Transtemporal (mesencephalic-diencephalic planes).
 – Duplex: Blue color.

 E. P4 Segment.

• Origin: Runs from the parieto-occipital fissure to the distal calcarine fissure.
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Posterior-Inferior Cerebral Artery (PICA) (Fig. 7.15)

The PICA is the most variable and tortuous cerebral artery. Its origin can be variable 
both extracranially and intracranially as a branch of the vertebral artery (VA). It may 
even be absent. In 84% of the population, PICA has a single trunk; in the 83%, it 
arises superior to the foramen magnum.

PICA supplies the cerebellar vermis, cerebellar hemispheres, and structures of 
the medulla oblongata, and has a close relationship with cranial nerves: III, V, VI, 
VIII, IX, and XII [17, 23].

• Diameter: 1.7–1.8 mm.
• TCCS.

 – Window: Transforaminal.
 – Duplex: Red color (flow forward to the transducer).

• TCD.

 – Depth: 50–70 mm.
 – Window: Transforaminal.

7.4  Cerebral Circulation: Anatomical Distribution 
of Cerebral Blood Flow (CBF)

By studying the anatomy of the circle of Willis with magnetic resonance imaging 
(MRI), it is possible to demonstrate the anatomical distribution (%) of the CBF in 
the population where the circle was complete [26].

 1. Internal carotid system (Right).

 1.1 ICA >> (36% ± 4).
 1.2 MCA >> (21% ± 3).
 1.3 ACA >> (12% ± 4).

 2. Internal carotid system (Left).

 1.1 ICA >> (36% ± 4).
 1.2 MCA >> (21% ± 3).
 1.3 ACA >> (11 ± %4).

 3. Vertebrobasilar system (right and left).

 1.1 VA >> (15% ± 5).
 1.2 PCA >> (8% ± 1).
 1.3 BA >> (20% ± 4).
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The CBF in the anterior and posterior communicating vessels is especially evi-
dent during situations of CBF obstruction in one of the two feeding systems of the 
arterial circle (circle of Willis) [37, 38].

7.5  Cerebral Circulation: Anatomical Variations

The circle of Willis probably has two theoretical functions in human brain. Despite 
the communicating arteries being too small or hypoplastic in a majority of the popu-
lation, these branches probably serve two particular functions: (1) as a passive pres-
sure dissipating system, where they transfer pressure, without considerable blood 
flow, from the high pressure end to the low pressure end, and (2) circulation com-
pensatory function, especially on impairment function (stenosis/occlusion) of ICA.

The circle of Willis was discovered with its complete anatomy with autopsy stud-
ies, CT studies, and MRI, where it is visible 14–55% of its entire part [27–29].

7.5.1  Anatomical Variations in the Circle of Willis

7.5.1.1  Anterior Circulation

Most Common Variations [28]

Anterior Communicating Artery
 (a) Hypoplastic or absent (7–13%).
 (b) Doubled (9–30%).
 (c) Unique artery (56%).

Anterior Cerebral Artery
 (a) (A1) Segment: hypoplastic or absent (2–12%)

Posterior Communicating Artery
The most variable artery within the circle of Willis [11, 28–30].

 (a) Bilaterally hypoplastic (7%).
 (b) Unilateral absent or hypoplastic (27%).
 (c) Bilateral present (54%).
 (d) Hypoplastic or unilateral absence of posterior communicating artery (PComA), 

absence of P1 segment, or hypoplastic PCA (1%).
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7.5.1.2  Posterior Circulation

Most Common Variants [28]

Posterior Cerebral Artery
 (a) Blood supply comes from the BA (82%).
 (b) Blood supply comes from the ICA (11%).
 (c) Hypoplastic or unilateral absence of P1 segment (1%).
 (d) Hypoplastic or unilateral absence of P1 segment and PComA (1%).

Vertebral Artery
 (a) Dominant left vertebral artery (45%).
 (b) Dominant right vertebral artery (21%).
 (c) Shared dominance (34%).

7.6  Veins and Venous Sinuses of the Brain: Anatomy 
and Ultrasound

Three venous systems that drain blood from the brain:

 1. Deep cerebral veins.
 2. Dural venous sinuses.

We will focus on the identification of the deep cerebral veins and the dural 
venous sinuses by TCD/TCCS.

Ultrasound of deep intracranial venous does not belong, even, to the routine 
examination techniques applied in daily practice in the ICU. However, the deeper 
and more serious the pathological effects on the intracerebral venous circulation, 
the easier it is to detect them by TCCS/TCD [11, 31].

The relevant anatomy of intracerebral are the venous structures with a high prob-
ability of access by ultrasound (Table 7.1).

Vein / Sinus Flow Velocities (cm/s) a Detection Rate (%)
Basal vein (of Rosenthal) 7–20/5–15 80–100%
Deep middle cerebral vein 4–15/3–11 50–95%

Great vein (of Galen) 6–32/4–25 80–95%
Straight sinus 6–39/4–27 23–82%

Transverse sinus 6–56/5–38 20–84%
Sphenoparietal sinus 27±17 84%

Superior petrosal sinus 27±17 84%

Table 7.1 Normal venous blood flow values

aSystolic/Diastolic velocities. Adapted from manual of Neurosonology; Csiba L, Baracchini 
C. 2016. Cambridge. [11, 32–39]
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Ultrasound of the deep intracerebral venous system and sinuses of the dura is a 
complementary tool (diagnostic modality for a rapid screening at the bedside of the 
critical patient) in which there is no consensus in the sequence of examination 
approach [36].

7.6.1  Deep Cerebral Veins (Fig. 7.16)

• Normal Flow: Low flow velocity (Table 7.1).
• Identification: B-mode + Doppler.

7.6.1.1  Deep Middle Cerebral Vein (DMCV)

Identification: The deep middle cerebral vein is adjacent to the middle cerebral 
artery (MCA) with drainage in the basal vein.

TCCS
Acoustic bone window: Transtemporal.

Insonation plane: Mesencephalon.
Duplex: Flow away from transducer into the dural venous sinuses (blue color).

TCD
Acoustic bone window: Transtemporal.

Flow: Increase in the flow velocity (thrombosis?) [35, 37].

Fig. 7.16 Scheme: 
cerebral veins detectable 
by TCCS and arterial 
relationship; (1) vein of 
Galen, (2) basal vein 
(Rosenthal), (3) deep 
middle cerebral vein, (4) 
basilar artery, (5) posterior 
cerebral artery, (6) internal 
carotid artery, (7) middle 
cerebral artery, (8) anterior 
cerebral artery, and (9) 
mesencephalon (midbrain). 
(Author: Camilo 
N. Rodríguez)
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7.6.1.2  Basal Vein (of Rosenthal)

Identification: The basal vein is very close (slightly cranial) to the P2A segment of 
the posterior cerebral artery.

TCCS
Acoustic bone window: Transtemporal.

Insonation plane: It starts in the mesencephalic plane and then the probe is posi-
tioned with a slight angulation to the diencephalic plane (thalamic), following the 
direction of the posterior cerebral artery.

Duplex: Flow away from the probe to venous sinus of dura mater (blue color).
Note: Decrease the depth [11, 33].

TCD
Acoustic bone window: Transtemporal.

Flow: Increase in the flow velocity (thrombosis?) [35, 37].

7.6.1.3  Great Cerebral Vein (of Galen)

Identification: It is immediately behind the pineal gland (hyperechoic structure) 
behind the two lines (hyperechoic) corresponding to the third ventricle (dience-
phalic plane).

TCCS
Acoustic bone window: Transtemporal.

Insonation plane: Diencephalic (thalamic).
Duplex: Flow away from transducer to venous sinus of dura mater drainage 

(blue color).
Note: Decrease the depth [11, 33, 37].

7.6.2  Dural Venous Sinuses (Fig. 7.17)

7.6.2.1  Sphenoparietal Sinus

Identification: Identify the edges of the lower wing of the sphenoid and the pyramid 
that makes up the sphenoid bone. The sphenoparietal sinus is located at the hyper-
echoic edge of the sphenoid wing.

TCCS
Acoustic Bone window: Transtemporal.

Insonation plane: Superior pons plane and inferior pontine plane.
Duplex: Blue color (flow away from transducer).
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7.6.2.2  Superior Petrosal Sinus

Identification: Identify the edges of the lower wing of the sphenoid and the pyramid 
that makes up the sphenoid bone. The sphenoparietal sinus is located at the hyper-
echoic edge of the sphenoid wing.

TCCS
Acoustic window: Transtemporal.

Insonation plane: Superior pons plane and inferior pontine plane.
Duplex: Blue color (flow away from transducer).

7.6.2.3  Inferior Petrosal Sinus

Identification: It runs close to the basilar artery. Close to this artery, the vertebral 
venous plexus and the inferior petrosal sinus can be identified.

TCCS
Acoustic Window: Transforaminal.

Duplex: Red color (flow forward to the transducer close to the Basilar artery).

7.6.2.4  Cavernous Sinus

Identification: Difficult insonation.

a b

Fig. 7.17 (a) Scheme: sinuses detectable by TCCS (floor of the cranial cavity); (1) foramen mag-
num, (2) cerebellar tentorium, (3) transverse sinus, (4) straight sinus, (5) superior petrosal sinus, 
(6) inferior petrosal sinus, (7) optic nerve, (8) internal carotid artery. (b) Scheme: sinuses detect-
able by TCCS (floor of the cranial cavity, left cerebellar tentorium removed); (1) foramen mag-
num, (2) cerebellar tentorium, (3) transverse sinus, (4) straight sinus, (5) superior petrosal sinus, 
(6) inferior petrosal sinus, (7) optic nerve, (8) internal carotid artery, (9) sphenoparietal sinus, (10) 
sigmoid sinus, and (11) cavernous sinus. (Author: Camilo N. Rodríguez)
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TCCS
Acoustic bone window: Transtemporal.

7.6.2.5  Transverse Sinus

Identification: From the plane of insonation of the straight sinus, it is necessary to 
perform a downward (and posterior) probe rotation for the location of the contralat-
eral transverse sinus.

TCCS
Acoustic bone window: Transtemporal.

Duplex: Blue color (contralateral transverse sinus)/red color (ipsilateral trans-
verse sinus). Both transverse sinuses drain to sigmoid sinuses [11, 32, 37].

7.6.2.6  Straight Sinus

Identification: From the diencephalic plane, it is necessary to rotate the transducer 
upwards to align the plane of insonation with the beginning of the tentorium of the 
cerebellum (hyperechoic). The straight sinus is directed, on this anatomical struc-
ture, until its drainage in the confluent sinus.

TCCS
Acoustic Bone window: Transtemporal.

Duplex: Blue color (flow away from the transducer to confluent sinus) [32].

TCD
Acoustic Bone window: Transforaminal.

Flow: Increase in the flow velocity (thrombosis) [34, 37].

Operator training requires more time and patience. The insonation and identifica-
tion of the intracerebral venous system is more difficult, given the low flow of the 
system under normal conditions.

There is evidence of an alternative frontal acoustic window (paramedian projec-
tion and lateral projection) at the access of the deep venous system and/or anterior 
cerebral artery (A2 segment). It presents a lower efficiency than the transtemporal 
window, a difficulty that can be resolved with the administration of contrast [38].

7.7  Conclusion

To introduce transcranial Doppler (TCD) or transcranial color-coded duplex 
Sonography (TCCS) into critical care practice, the operator should be fully trained 
into acquiring the following:

• Adequate knowledge of cerebrovascular and brain parenchyma anatomy.
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• A correct understanding of the anatomical US landmarks and hemodynamics 
measures for an accurate interpretation of the results.

This knowledge will allow the operator to choose the most appropriate acoustic 
window in correlation with the current clinical condition of the patient, patient’s 
decubitus, insonation technique, and the anatomical objective to be studied.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

IDENTIFY Clinical Status of the Patient
Neuro-Critical Care Patient ? ABCD

Position of the Patient ? Level of Consciousness (GCS)
Conservation of Head Anatomy ? Hemodynamic Stability

Oxygenation? (MV?)

DEFINE
Structure or Vessel of Interest

Acoustic Window

Transcranial Color-Coded Sonography 
(TCCS)

TranscranIal Doppler
(TCD - ¨Blind approach¨)

CEREBRAL PARENCHYMA
(B-Mode)

CEREBRAL HEMODYNAMICS
(Doppler mode and M-Mode)

Intra-axial collections Circle of Willis
(MCA / ACA / PCA / VA / BA)Extra-axial collections

Volume of the Collections Extracranial Carotid System
(ICA / ECA)3th Ventricle Size

Lateral Ventricle Size
Mesencephalon
Midline Shift (MLS)

ATTENTION
CEREBRAL HEMODYNAMICS

(Doppler Mode)
T (Time): Dedication 45 Minutes
C (Color – Grayscale): B-Mode (Brain Parenchyma)

Circle of Willis
(ACA / MCA / PCA / VA / BA)

C (Color – Coded): Doppler Mode 
(Blodd Flow Direction and Insonation angle)

Carotid System
(ICA / ECA)

S (Side): Bilateral Ultrasound (Always)

Spectral Doppler Waveform (Indexes)
(PI / RI / LI)

ATTENTION
T (Time): Dedication 45 Minutes

Cerebral Autoregulation (CA) C (Color): Doppler Mode and M-Mode
Cerebral Venous System D (Double): Bilateral Ultrasound (Always)
Dural Venous Sinuses  

ABCD airway-breathing-circulation-disability, MV mechanical ventilation, ACA anterior cerebral 
artery, MCA middle cerebral artery, PCA posterior cerebral artery, VA vertebral artery, BA Basilar 
artery, PI Pulsatility index, RI resistance index, LI Lindegaard index, ICA internal carotid artery, 
ECA external carotid artery
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Chapter 8
Transcranial Doppler (TCD/TCCS) 
and Cerebral Blood Flow: Applications 
in the Neurological Intensive Care Unit

Edward M. Manno and Farzeneh Sorond

Key Points
 1. Cerebral blood flow originally directly measured more recently is measured 

through external detection systems. Transcranial Doppler ultrasound can serve 
as a surrogate for measurements under select circumstances.

 2. Cerebral autoregulation is a pressure phenomenon that maintains relatively con-
stant cerebral blood flow over a wide range of cerebral perfusion pressures. CO2 
vasoreactivity measures the response of cerebral blood flow to alterations 
in PCO2.

 3. Transcranial Doppler ultrasound represents a noninvasive method to measure 
direction of flow and velocities of the basal cerebral arteries. Cerebral autoregu-
lation can be tested under static and dynamic conditions.

 4. Transcranial Doppler ultrasound is used in a variety of pathologies in the neuro-
logical intensive care unit. Its main use is for the detection of cerebral vasospasm 
after subarachnoid hemorrhage.

 5. Transcranial Doppler ultrasound has attained greater acceptance as a confirma-
tory test in the diagnosis of brain death.

8.1  Introduction

In 1982, Rune Aaslid reported the capability of insonating through the skull using a 
low-frequency pulsed Doppler ultrasound wave [1]. Thus, with the development of 
transcranial Doppler ultrasound (TCD), the cerebrovascular tree could be mapped. 
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Subsequent techniques were developed that allowed for the identification of vessel 
narrowing or occlusion, the assessment of cerebral blood flow and autoregulation, 
and the discovery of high-intensity transient signals (HITS). TCD became increas-
ingly important in its use for discovering patients at risk for cerebral infarction from 
a variety of neurological conditions. The technology became increasingly wide-
spread due to its portability, low cost, and ease of use. Due to the overall utility of 
the technology, TCD became a critical diagnostic tool in the neurological intensive 
care unit. This chapter will review basic cerebrovascular physiology and describe 
TCD technology and its application in the neurological intensive care unit for a 
variety of pathological conditions.

8.2  Cerebral Blood Flow Measures

In the 1940s, Kety and Schmidt using the Fick principle described a direct method 
of quantifying cerebral blood flow (CBF) [2]. Using nitrous oxide, an inert, diffus-
ible, non-metabolizable tracer, they were able to calculate CBF based on a differen-
tial equation incorporating arterial and venous concentrations of nitrous, the time to 
reach equilibrium, and the partition coefficient of the brain [3]. All methods of CBF 
are subsequently compared to the Kety–Schmidt measures which are considered the 
gold standard.

The development of external detection systems permitted the use of radioactive 
tracers to measure global and regional areas of CBF. Perfusion and the time to wash-
out of radioactivity are used to determine regional flow. A variety of substances have 
been used with increasingly sophisticated methods to detect regional flow. Some 
commonly employed methods now include single-photon emission computed 
tomography SPECT and positron emission tomography [4].

Both computed tomography (CT) and magnetic resonance imaging (MRI) have 
developed the bolus-tracking methods to determine and quantify regional blood 
flow. MRI uses gadolinium to detect a decrease in the T2 signal caused by the mag-
netic susceptibility of this agent [5]. CT is able to similarly detect the rate of appear-
ance and disappearance of a contrast bolus to detect regional flow. CT and MRI 
perfusion is now commonly used in emergency departments to detect acute large 
vessel occlusions and to determine if additional brain tissue is at risk for infarction.

All of the above-listed methods, however, are relatively invasive and require 
transport of the patient to radiology.

8.3  Transcranial Doppler (TCD/TCCS)

TCD/TCCS represents a noninvasive method to evaluate flow velocities through the 
basal cerebral arteries. By evaluating the flow velocity spectrum of the cerebral 
arteries, TCD/TCCS can provide information on the direction of flow, patency of 
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vessels, focal stenosis, and cerebrovascular reactivity [5]. TCD/TCCS utilizes a 
2 MHz ultrasound probe to emit a pulsed Doppler wave which is both range gated 
and directionally sensitive. Range gating allows for the depth to be adjusted by 
altering the time the pulsed wave is received. The Doppler principle allows the 
determination of direction of flow. The ultrasonic beam encompasses the insonated 
artery, thus reflecting a wave of erythrocyte velocities that have the highest veloci-
ties detected at the center of the artery [6]. Systolic peak velocities can be measured, 
and mean flow velocities calculated form the waveform. The shape of the waveform 
will determine a pulsatility index (PI) with a low PI representing a dampened wave-
form. High PIs are generally believed to be a marker for increased downstream 
resistance [7].

Using a low-frequency transmitted wave, TCD can insonate through the tempo-
ral bone. Examination is performed through the use of transtemporal, ophthalmic, 
and posterior approaches or “windows” (Fig. 8.1). Through these approaches, a map 
of the cerebrovascular tree can be generated (Fig. 8.2). Normal ranges for TCD flow 
velocities of the cerebral arteries are well documented [6].

8.4  TCD/TCCS: Assessment of Cerebral Blood Flow

TCD has been used to assess both volume flow and relative changes in CBF after 
dynamic changes in blood pressure. Absolute blood flow can be estimated for TCD 
flow velocities only when the diameter of the vessel lumen is known [8]. Calculations 
of CBF using TCD flow velocities under “static” or non-changing conditions have 
determined values similar to expected values of CBF but direct comparisons with 
other measures of CBF are lacking [9]. Similarly, due to the nature of the disease 
processes in the intensive care unit, the two variables of lumen diameter and arterial 
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TransorbitalFig. 8.1 Multiple 
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velocities of the basal 
cerebral arteries. 
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“windows allow for 
insonation of these vessels. 
(Aaslid [5])

8 Transcranial Doppler (TCD/TCCS) and Cerebral Blood Flow: Applications…



150

perfusion territories are rarely constant. Thus, calculation of absolute CBF in the 
neurological intensive care unit is fraught with difficulties. Transcranial color-coded 
duplex sonography can provide a better estimate of luminal diameter but is rarely 
used under dynamic testing [10].

A more practical use of TCD/TCCS in the neurological intensive care unit is 
measuring relative changes in flow velocities [11–16]. Several studies have investi-
gated the relationship between changes in TCD flow velocities and CBF. A linear 
relationship has been reported between flow velocities and the mean transit time of 
technetium [14], and percentage changes in flow velocities and percentage changes 
in CBF [15]. Flow velocity and CBF changes to hyperventilation in normal volun-
teers revealed changes that reflected a slope 0.8 with a y-intercept close to zero, 
again suggesting that relative changes in flow velocities approximated changes in 
CBF [16].

Fig. 8.2 Transcranial waveforms and directions of the basal cerebral arteries obtained through the 
multiple approaches. (LACA = left anterior cerebral artery; LMCA = left middle cerebral artery; 
LPCA = left posterior cerebral artery; LVA = left vertebral artery; BA = basilar artery; RACA = right 
anterior cerebral artery; RMCA = right middle cerebral artery; RPCA = right posterior cerebral 
artery; RVA = right vertebral artery.) (Saver and Feldmann [6])
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8.4.1  Cerebral Autoregulation (CA)

Cerebral autoregulation (CA) is defined as the ability of the cerebrovascular system 
to maintain relative constant CBF despite changes in cerebral perfusion pressure 
[17]. Thus, cerebral autoregulation is defined as a pressure phenomenon. The major-
ity of autoregulatory control occurs at the level of the cerebral arterioles. Arterioles 
will constrict and dilate in response to increases and decreases in cerebral perfusion 
pressure, respectively, to maintain constant CBF between a cerebral perfusion pres-
sure (CPP) of 50–150 mmHg [18]. CBF outside of these ranges becomes dependent 
upon the perfusion pressure. A significant proportion of vascular resistance, how-
ever, is also mediated at the level of the small arteries. Alterations in sympathetic 
tone of these pial arteries can shift the autoregulatory curve upward or downward 
[19] (Fig. 8.3).

The theoretical mechanisms by which CBF is maintained over a wide range of 
perfusion pressures are quite extensive and beyond the scope of this review. Briefly, 
however, hypothesized mechanisms can be grouped into myogenic, metabolic, and 
neurogenic categories. The myogenic theory postulates that smooth muscle cells of 
the arteries and arterioles constrict or dilate in response to changes in transmural 
pressure generated across the vessel wall [20]. This may be mediated through altera-
tions in the position of the actin-myosin filaments in these smooth muscles [21]. 
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The metabolic theory postulates that local changes in cerebral blood flow release a 
variety of substances that both affect vessel diameter and couple flow with metabo-
lism [22]. The neurogenic theory suggests that small intrinsic nerves may be respon-
sible for changes in CBF [23].

8.4.2  CO2 Vasoreactivity

Unlike cerebral autoregulation which is a pressure phenomenon, CO2 vasoreactivity 
is a metabolic phenomenon. There is a direct increase in CBF with increasing PaCO2 
[24, 25]. The response curve of CBF to Pa CO2 is sigmoidal with the CBF response 
flattening below 15–20 mmHg and above 100 mmHg (Fig. 8.3). PaCO2 will freely 
diffuse across the blood–brain barrier; however, changes in CBF are mediated through 
changes in cerebral spinal fluid (CSF) hydrogen ion concentration. These changes, 
however, are short-lived as the choroid plexus of the brain will equilibrate and buffer 
these changes over a few hours [26] returning CBF to its baseline level. Cerebrovascular 
reserve is a terminology that is used to define the amount of flow during maximal 
arteriolar dilation. It is described as a percentage of maximal dilation [27].

8.5  TCD/TCCS: Assessment of Cerebral Autoregulation 
and CO2 Vasoreactivity

The assessment of cerebral autoregulation and CO2 vasoreactivity requires continu-
ous monitoring of TCD/TCCS flow velocities during manipulations of blood pres-
sure and CO2, respectively. Technically, this is achieved through the use of a head 
holder that locks down the probes during insonation of bilateral flow velocities in 
the vessels of interest.

Cerebral autoregulation can be evaluated under dynamic or static conditions. 
Dynamic testing involves an induced drop in blood pressure or spontaneous blood 
pressure oscillations during continuous TCD monitoring. Induced changes are often 
performed during rapid deflation of thigh blood pressure cuffs. The abrupt drop in 
blood pressure leads to a mirrored drop in TCD flow velocities. In patients with poor 
autoregulation, TCD flow velocities will parallel a slow return in blood pressure. In 
patients with intact autoregulation, TCD/TCCS flow velocities will return to base-
line immediately and will precede improvements in blood pressure. A similar type 
of response called a transient hyperemic response to carotid compression can also 
be employed [28]. In practice, however, these tests are rarely utilized in the inten-
sive care unit.

Static autoregulation is measured using pharmacologic manipulation of blood 
pressure during continuous TCD monitoring. It is calculated as a percentage change 
in cerebrovascular reserve (CVR) / a percent change in CPP x 100. CVR is defined 
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as CPP /mean TCD velocities Using this method, autoregulation is expressed as a 
percentage with 100% signifying intact autoregulation [29, 30].

CO2 vasoreactivity can similarly be addressed while measuring continuous TCD 
flow velocities during manipulation of PCO2. This can be achieved through breath 
holding or changes in inspired pCO2. Acetazolamide can similarly be used, but con-
cerns have been raised using this pharmacology since acetazolamide may directly 
affect middle cerebral artery (MCA) diameter during testing and may complicate 
the calculation of changes in CBF [31].

8.6  TCD/TCCS: Use in the Neurological Critical Care Unit

8.6.1  TCD/TCCS: Use in Subarachnoid Hemorrhage

TCD can be used in the neuro ICU for a variety of neurological processes. It is most 
commonly used to detect the development of cerebral vasospasm after subarachnoid 
hemorrhage. Cerebral vasospasm is a self-limited vasculopathy that develops 
4–14 days after subarachnoid hemorrhage. Pathologically, the basal cerebral arter-
ies develop a T-cell infiltrate, collagen remodeling, and smooth muscle proliferation 
[32]. This can potentially lead to vessel narrowing and cerebral ischemia. Vasospasm 
appears to be a reaction to the amount and location of subarachnoid blood as first 
described by Fisher [33] and later verified by Kistler [34].

Prior to the development of TCD, vasospasm could only be detected through the 
use of cerebral angiography. Aaslid was able to demonstrate, however, a good cor-
relation between MCA flow velocities and actual vessel luminal diameter as mea-
sured by angiography. Mean MCA flow velocities greater than 120 cm/s represented 
mild narrowing, while flow velocities greater than 200 cm/sec represented severe 
narrowing [1].

While TCD flow velocities can correlate with vessel narrowing, using TCD to 
predict which patients will develop subsequent cerebral ischemia has been more 
problematic. Initial studies suggested that absolute or rapid increases in flow veloci-
ties were indicative of impending neurological deficits [35, 36]. However, subse-
quent studies could not reproduce these findings [37].

The reasons for this discrepancy in findings may be technical. TCD flow veloci-
ties need to be corrected for a variety of physiological parameters [38] but in prac-
tice rarely are. In an attempt to differentiate increased blood flow from vessel 
narrowing, Lindegaard developed a ratio of flow velocities from the extracranial 
carotid artery to the MCA. Elevated flow velocities in the MCA not matched in the 
extracranial internal carotid artery (ICA) would suggest vessel narrowing, while 
similar changes would suggest hyperemia [39]. Similar ratios have been developed 
for the posterior circulation [40]. Disturbances in cerebral autoregulation after sub-
arachnoid hemorrhage can lead to a misinterpretation of TCD flow velocities. 
Manipulations of blood volume and blood pressure commonly employed for 
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treatment of cerebral vasospasm can directly affect TCD flow velocities in patients 
with disturbed autoregulation [30]. Measurements of cerebral vascular reserve in 
patients with vessel narrowing may prove to be predictive of which patients are at 
risk for developing ischemic deficits [41].

Finally, the premise that vessel narrowing is the source of cerebral ischemia after 
subarachnoid hemorrhage may be inaccurate. Recent speculations have suggested 
that the hemoglobin released into the subarachnoid space binds spinal fluid nitrous 
oxide which is needed for vasomotor coupling of metabolism to CBF [42]. 
Rabinstein reported that most cerebral infarcts after subarachnoid hemorrhage 
occurred in vascular territories unaffected by vessel narrowing [43]. Similarly, the 
results of the Conscious-2 trial a randomized study of an endothelin receptor antag-
onist reported significant improvement in vessel narrowing after subarachnoid hem-
orrhage with no effect on ischemic deficits or outcome [44].

8.6.2  TCD/TCCS: Use After Traumatic Brain Injury (TBI)

TCD/TCCS has been used to facilitate management in the intensive care unit [45]. 
TCD use after TBI can be utilized to estimate intracranial pressure (ICP), determine 
the status of cerebral autoregulation, and determine if cerebral vasospasm.

Changes in TCD waveforms have been documented with increases in ICP. Loss 
of distal compliance leads to an increased pulsatility index. Continued increases 
lead to loss of diastolic flow velocities. At extreme levels, systolic spikes and loss of 
TCD waveforms are noted [46]. Pulsatility indexes have been correlated with ICP 
in a variety of cerebral conditions; however, attempts to define ICP based on TCD/
TCCS waveform analysis have fallen short [47].

While TCD/TCCS waveforms as yet cannot be used to replace ICP, monitoring 
increases in pulsatility indexes can be used to potentially identify expanding lesions, 
focal or global increases in ICP, and decreases in CPP. Continuous TCD monitoring 
has noted an increase in pulsatility indexes in head trauma patients at their CPP 
dropped below 70 mmHg, thus potentially providing a warning for inadequate per-
fusion [48]. Flow velocities below 35 cm/sec suggesting decreased CBF after head 
trauma have been associated with poor outcomes [48, 49]. Similarly, loss of cerebral 
autoregulation is common after head trauma and has been associated with worse 
outcomes. Identifying these disturbances early in the post-traumatic course may 
allow for individualized therapies [50, 51].

Traumatic subarachnoid hemorrhage is common, and cerebral vasospasm can 
develop in similar patterns as detected after aneurysmal subarachnoid hemorrhage. 
Cerebral vasospasm after head trauma has been identified as a predictor of poor 
outcome [52], and medical maneuvers designed to increase CBF can potentially be 
employed. Interestingly, posterior circulation vasospasm is more common after 
traumatic subarachnoid hemorrhage [53].
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8.6.3  TCD/TCCS: Confirmation of Brain Death

TCD can be utilized as a confirmatory test to assess for the absence of CBF in 
patients that have met criteria for brain death. The portability of TCD allows for the 
assessment of hemodynamically unstable patients that may not tolerate transfer out-
side of the intensive care unit. TCD use as a confirmation test has been reported to 
shorten the time of diagnosis.

Several patterns of waveforms have been described to indicate the absence of 
effective perfusion. These include small systolic spikes, oscillating flow, and loss of 
signal which had previously been isolated [54]. If vessels have not been previously 
insonated, the absence of signal cannot be utilized since in about 10% of patients’ 
vessels cannot be insonated through the temporal bone. Sensitivity increases with 
the number of vessels which can be isolated. A lower false-positive rate has been 
reported when using a transorbital approach [55].

A recent meta-analysis confirmed the diagnostic accuracy or TCD confirmation 
of brain death, and most countries accept TCD as an ancillary test to confirm brain 
death [56]. Consensus guidelines for the determination of circulatory arrest have 
been proposed by the World Federation of Neurology [57]. Despite this, Canada, 
Australia, and New Zealand prefer other methods for confirmation [58].

8.6.4  TCD/TCCS: Use in Intracerebral Hemorrhage

TCD use after intracerebral hemorrhage traditionally had limited value. Poorer out-
comes have been noted in patients with disturbed cerebral autoregulation and CO2 
vasoreactivity [59]. Differences in the middle cerebral artery pulsatility indexes 
may suggest side-to-side differentials in ICP.

Newer sonographic techniques have been used in the ICU to evaluate intracere-
bral hemorrhages. Transcranial color-coded sonography has identified spontaneous 
hemorrhages [60]. Transcranial duplex sonography has identified midline shift after 
intracerebral hemorrhage and has been utilized to predict outcome after hemorrhage 
[61, 62].

8.6.5  TCD/TCCS: Other Uses in the Intensive Care Unit

A variety of information can be gathered during routine TCD evaluation. Evidence 
for midline shift or a different location of a vessel previously insonated can suggest 
the development of a mass lesion. High-intensity transient signals (HITS) suggest 
recurrent emboli which can be detected during transient ischemic attack evaluation 
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or post-carotid endarterectomy [63]. Reversal or patency of vessels can be evaluated 
using TCD after bypass operations. Changes in vascular resistance can signify a 
local mass lesion or decreased perfusion. All may point to the need for additional 
imaging. More recently, increased continuous MCA flow velocities were noted dur-
ing episodes of non-convulsive status epilepticus [64].

8.7  Conclusion

TCD/TCCS has gained increasing acceptance and use due to its many advantages of 
ease of use and access, cost, portability, and reliability. By measuring flow veloci-
ties, both cerebral and CO2 vasoreactivity can be assessed providing valuable infor-
mation to the neurological status of the patient. TCD, while unable to predict with 
confidence which patients will develop ischemic complications after subarachnoid 
hemorrhage, is quite useful in identifying that cerebral vasospasm is developing. 
Subsequently, this can focus neurological assessments and treatments. It is a useful 
tool in several circumstances for confirming brain death in the hemodynamically 
unstable patient. Newer sonographic techniques have been developed that will offer 
promising new insights into both the pathogenesis and prognosis of a number of 
acute neurological conditions.
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Chapter 9
Transcranial Doppler (TCD/TCCS) 
and Cerebral Blood Flow Velocities: 
Parameters of Normality

Jorge H. Mejía Mantilla, Pablo F. Amaya, and Leidy Gaviria Villarreal

Key Points
 1. The interpretation of the values obtained by TCD/TCCS examination is depen-

dent on the clinical context and the systemic circulatory status, with reference to 
the normal values expected for a patient.

 2. The identification of the insonated vessel depends on the window, the direction 
of the probe points, the depth of insonation and the direction of flow in the ves-
sel; therefore, after appropriate training an examiner can accurately identify the 
vessels.

 3. Studies discovered that cerebral blood flow velocity is not the same in women as 
in men. It found that females usually have higher velocity than contemporary 
males without differences in pulsatility or resistance indexes.

 4. Cerebral blood flow is auto-regulated, and its distribution throughout the brain 
depends partially on the metabolic activity of the tissue. Therefore, in actively 
working brains, we can expect to find higher CBF, hence higher cerebral blood 
flow velocities (CBFV) in the side with higher metabolic activity.

 5. Cerebral blood flow velocities (CBFVs) are higher in younger persons. The 
decline in velocities is found in most series after the fifth decade, and thereafter 
there is a steady decrease in mean velocity in most series.

J. H. Mejía Mantilla (*) 
Head Neurointensive Care Unit, Department of Critical Care and Anesthesiology, Hospital 
Universitario Fundación Valle del Lili, Cali, Colombia
e-mail: Jorge.mejia@fvl.org.co 

P. F. Amaya 
Hospital Universitario Fundación Valle del Lili, Cali, Colombia
e-mail: pablo.ricardo@fvl.org.co 

L. G. Villarreal 
Clinical Research Unit, Hospital Universitario Valle del Lili, Cali, Colombia
e-mail: leidy.gaviria@fvl.org.co

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81419-9_9&domain=pdf
https://doi.org/10.1007/978-3-030-81419-9_9#DOI
mailto:Jorge.mejia@fvl.org.co
mailto:pablo.ricardo@fvl.org.co
mailto:leidy.gaviria@fvl.org.co


164

 6. Reference values for a local population should be constructed by insonating 
healthy subjects at rest in a calm and comfortable setting. The operator should be 
an expert in the TCD technique, and it is preferable to limit the number of opera-
tors in order to avoid potential bias of inter-observer variability.

9.1  Introduction

Transcranial Doppler (TCD) is a low-cost bedside, noninvasive method to evaluate 
a patient’s cerebral haemodynamics in real time [1]. TCD variations have a good 
correlation with invasive methods for the measurement of cerebral blood flow 
(CBF), as intravenous Xenon133 [2], indicating that TCD accurately evaluates 
changes in CBF.

TCD allows the measurement of blood flow velocity in intracranial arteries and 
the indexes derived: pulsatility, resistance and hemispheric index. It allows to evalu-
ate the anterior and posterior circulation throughout the cranial windows: transor-
bital and transtemporal for supra-tentorial circulation, and suboccipital for 
infra-tentorial circulation. Cervical Doppler allows to evaluate internal carotid 
artery in its extracranial portion, to estimate the hemispheric Lindegaard ratio, 
which is useful to discriminate between situations of hyper-flux and vasospasm [3].

The reproducibility of TCD has been studied by Maeda et  al. both for inter- 
observer and intra-observer variabilities; they found a good agreement for repeated 
measurements provided arterial pressure and PaCO2 are kept constant in the subject 
[4]. They found a Coefficient of Variation (CV) of 7.5% and a correlation coefficient 
(r) of 0.95 for Middle Cerebral Artery (MCA) mean blood flow velocity, and a CV 
of 13.5% and r of 0.83 for Basilar Artery (BA) mean blood flow velocity for intra- 
observer reproducibility. The values for inter-observer variability show a slightly 
wider variability: CV of 10.5% and r of 0.9 for MCA and CV of 17.5% and r of 0.78 
for BA assessment. Even though these values are statistically significant, the clini-
cal impact of such differences is considered acceptable for a bedside measurement 
method of CBF velocity, especially for MCA. According to their analysis, the main 
source of variation of results is the position of the probe in the sonographic window 
of the patient, since small variation in the insonation angle can lead to important 
discrepancy in reported blood flow velocity [5]. They note that the insonation win-
dow is smaller for MCA than the window for BA exam; this might explain the wider 
variation in the assessment of posterior circulation.

The interpretation of the values obtained by TCD/TCCS examination is depen-
dent on the clinical context and the systemic circulatory status, with reference to the 
normal values expected for a patient; those normal values have been published by 
several authors since the beginning of the technique. We will discuss in this chapter 
the published reference values for different populations, the normal values we found 
in our city, and the recommendations for local reference value findings.
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9.2  TCD/TCCS and CBFV: Normal Values in Early Studies

The identification of the insonated vessel depends on the window, the direction the 
probe points, the depth of insonation and the direction of flow in the vessel; there-
fore, after appropriate training an examiner can accurately identify the vessels [6]. 
It is important to know the reference values for depth of insonation, direction of 
flow and normal velocity for a correct interpretation of the examination, so early 
authors undertook the task of building reference values’ tables that are commented 
in this text.

Since the beginning of the technique in 1980s, the use of TCD ultrasonographers 
committed to the task with 1 to 2 MHz dedicated probes has produced similar results 
in various countries. It was later evident that the reference values varied according 
to age and sex of the subjects (Arnolds 1986). The first works reported the shift of 
ultrasound in its original units: Kilohertz, but this was not useful to the clinician [7]. 
Soon afterward, the corresponding velocity of flow was reported in cm/s, a much 
more useful information at the bedside. One of the first reports of normal values for 
peak (systolic), end-diastolic and mean velocities is by Hennerici et  al. from 
Düsseldorf [8] (Table 9.1), one of the first reporting an age drift. Other investigators 
reported the reference values for daily variation [4, 9], spontaneous or induced vari-
ations of EtCO2 [9, 10], right and left side velocities [11] and wakefulness–sleep 
cycle [12]; we will not address those topics here.

Table 9.1 Normal values as reported by Hennerici in normal subjects from Germany

Arteries
(depth in 
mm)

Systolic peak velocity 
(cm/sec)

Averaged mean velocity 
(cm/sec)

Diastolic peak 
velocity (cm/sec)

Age
(years)

MCA 
(50 mm)

94.5 ± 13.6
91.0 ± 16.9
78.1 ± 15.0

58.4 ± 8.4
57.7 ± 11.5
44.7 ± 11.1

45.6 ± 6.6
44.3 ± 9.5
31.9 ± 9.1

<40
40–60
>60

ACA 
(70 mm)

76.4 ± 16.9
86.4 ± 20.1
73.3 ± 20.3

47.3 ± 13.6
53.1 ± 10.5
45.3 ± 13.5

36.0 ± 9.0
41.1 ± 7.4
34.2 ± 8.8

<40
40–60
>60

PCA 
(60 mm)

53.2 ± 11.3
60.1 ± 20.6
51.0 ± 11.9

34.2 ± 7.8
36.6 ± 9.8
29.9 ± 9.3

25.9 ± 6.5
28.7 ± 7.5
22.0 ± 6.9

<40
40–60
>60

VA/BA 
(75 mm)

56.3 ± 7.8
59.5 ± 17.0
50.9 ± 18.7

34.9 ± 7.8
36.4 ± 11.7
30.5 ± 12.4

27.0 ± 5.3
29.2 ± 8.4
21.2 ± 9.2

<40
40–60
>60

MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, VA verte-
bral artery, BA basilar artery
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9.3  TCD Hemodynamic Parameters: Variations by Sex

The earliest studies did not agree in their results about this point; Macchi et al. in a 
sample of 120 volunteers from 19 to 89  years old found no difference between 
males and females [13] in artery calibre, systolic and mean blood flow velocity, 
despite differences in cranial size and body weight.

By contrast, other studies discovered that cerebral blood flow velocity is not the 
same in women than in men; Vriens in 120 subjects aged 20 to 70 years found that 
females usually have higher velocity than contemporary males [10] without differ-
ences in pulsatility or resistance indexes [14]. Other groups report the same finding 
[13, 15–17]; this difference disappears with hyperventilation, resulting in a decrease 
of CBF velocity to similar values in both sexes. We summarized those reports in 
Tables 9.2, 9.3, and 9.4.

Table 9.2 Mean flow velocity (MFV) in TCD by sex. Data extracted from the original publications

Study Country Year N Sex

MFV Velocity (cm/seg)

MCA ACA PCA ICA VA BA

P. Grolimund Switzerland 1986 535 Female 59.9 ± 31 51.1 ± 33 40.2 ± 22 39.2 ± 19

Male 55.7 ± 28 48 ± 7 35.2 ± 19 34.3 ± 25

Macchi C Italy 1994 120 Female 61.9 ± 23 49.9 ± 23 42.8 ± 26

Male 63.0 ± 23 50.0 ± 26 44.0 ± 22

Tegeler CH USA 2013 364 Female 61.6 ± 23 51.9 ± 19 30.6 ± 12 37.2 ± 20 36.2 ± 19 43.7 ± 21

Male 56.4 ± 24 47.1 ± 20 27.5 ± 10 35.4 ± 16 29.3 ± 16 35.8 ± 18

Dixon Yang USA 2015 369 Female 32.8 ± 1 30.6 ± 1 27.9 ± 1 19.8 ± 1 22.0 ± 1

Male 33.9 ± 1 30.9 ± 1 28.7 ± 1 20.3 ± 1 23.3 ± 1

MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, ICA 
Internal Carotid Artery, VA vertebral artery, BA basilar artery

Table 9.3 Resistance index (RI) in TCD by sex. Data extracted from the original publications

Study Country Year n Sex

Resistance Index (RI)

MCA ACA PCA VA BA

Dixon 
Yang

USA 2015 369 Female 0.78 ± 0.01 0.80 ± 0.01 0.78 ± 0.01 0.70 ± 0.01 0.72 ± 0.01

Male 0.74 ± 0.01 0.76 ± 0.01 0.76 ± 0.01 0.69 ± 0.01 0.72 ± 0.01

MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, VA verte-
bral artery, BA basilar artery

Table 9.4 Pulsatility in TCD by sex. Data extracted from the original publications

Study Country Year n Sex

Pulsatility Index

MCA ACA PCA ICA VA BA

Tegeler CH USA 2013 364 Female 0,80 ± 0.26 0,80 ± 0.3 0,76 ± 0.24 0,87 ± 0.34 0,79 ± 0.26 0,79 ± 0.26

Male 0,84 ± 0.26 0,85 ± 0.3 0,79 ± 0.34 0,87 ± 0.4 0,81 ± 0.36 0,84 ± 0.54

Dixon Yang USA 2015 369 Female 1.64 1.75 1.65 1.33 1.41

Male 1.51 1.59 1.55 1.33 1.45

MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, ICA inter-
nal carotid artery, VA vertebral artery, BA basilar artery
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It has been suggested that the gender difference was due to the lower haematocrit 
in women; furthermore, the hormonal status, especially oestrogen levels, appeared 
to contribute to the reactivity and in the vascular tone in the cerebral microcircula-
tion of women [7, 18].

9.4  TCD Hemodynamic Parameters: Variations by Age

The seminal work by Aaslid in 50 subjects aged 20 to 65 years reported similar 
velocities in CBF [1]; several other studies have addressed this issue, with highly 
concordant results in every population reviewed: CBF velocity is higher in younger 
persons [7, 8, 10, 14, 19]. The Brazilian group found that the variations in velocity 
are more consistent in MCA, probably because the characteristics of this artery have 
little variability with age and are easier to insonate than the other intracranial vessels 
[20]. The decline in velocity is found in most series after the fifth decade [21], and 
thereafter there is a steady decrease in mean velocity in most series. The results of 
the available studies are summarized in Table 9.5.

9.5  TCD Hemodynamic Parameters: Variations by Laterally

Cerebral blood flow is auto-regulated, and its distribution throughout the brain 
depends partially on the metabolic activity of the tissue [22]; therefore, in actively 
working brains, we can expect to find higher CBF, hence, higher CBF velocity in the 
side with higher metabolic activity. Most studies for the determination of reference 
values are performed in resting subjects. Nevertheless, asymmetry between left and 
right sides has been described by Schmidt [11] as well as Farhoudi [23] in a recent 
study in Iranian population and by us in subgroups of subjects. This inconstant find-
ing is probably due to mental activity during the insonation and not a permanent 
anatomical or physiological characteristic of cerebral circulation.

9.6  TCD Hemodynamic Parameters: Geographic 
and Ethnic Trends

We did not find any pattern in the distribution of reference values, as reported in 
several studies in Table 9.5 for velocity and Tables 9.6 and 9.7 for resistance and 
pulsatility indexes, respectively.

We searched for differences in cerebral haemodynamics related to living in alti-
tude, but most studies have been performed in cities below 1000 m above sea level; 
one report from Iran was made at 1400 m above sea level. They report higher veloci-
ties in one of its tables, but the values are not consistent with another table in the 
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Table 9.5 Mean flow velocity in TCD by age

Author Country Date n Age

MFV velocity cm/s

MCA ACA PCA VA BA

Rune Aaslid Switzerland 1982 50 20–65 62 ± 24 51 ± 24 44 ± 22

P. Grolimund Switzerland 1986 535 22–86 57.3 ± 30 49.2 ± 30 37.2 ± 19

M. Hennerici Germany 1987 50 <40 58.4 ± 17 47.3 ± 27 34.4 ± 16

40–60 57.7 ± 23 53.1 ± 19 36.6 ± 19

>60 44.7 ± 22 45.3 ± 27 29.9 ± 27

E.B. Ringelstein USA 1990 106 10–29 70 ± 32 61 ± 30 55 ± 18 45 ± 20 46 ± 22

30–49 57 ± 23 48 ± 15 42 ± 18 35 ± 17 38 ± 18

50–59 51 ± 20 46 ± 19 39 ± 20 37 ± 20 32 ± 14

60–70 41 ± 14 38 ± 14 36 ± 16 35 ± 14 32 ± 14

RGA Ackerstaff The 
Netherlands

1990 125 14–70 60.9 ± 28

P.J. Martin UK 1993 115 20–39 74 ± 3 60 ± 3 53 ± 2 44 ± 3 50 ± 3

40–59 47 ± 3 61 ± 4 49 ± 2 40 ± 2 44 ± 5

>60 58 ± 3 51 ± 3 42 ± 3 33 ± 3 35 ± 4

J. Krejza Poland 1998 182 20–40 81 ± 40 56 ± 14 52 ± 34

41–60 73 ± 38 53 ± 16 51 ± 26

>60 59 ± 22 44 ± 22 40 ± 18

M.F Barbosa Brazil 2006 88 16–68 62 ± 20 48 ± 20 37 ± 16 32 ± 16 43 ± 9

S. Demirkaya Turkey 2008 63 21–30 57.4 ± 23 43.6 ± 18 33.1 ± 11

31–40 57.9 ± 22 41.2 ± 19 37.7 ± 24

41–50 65.9 ± 29 43.0 ± 19 35.9 ± 19

51–60 51.3 ± 26 39.3 ± 19 32.2 ± 17

>60 46.9 ± 11 37.7 ± 13 31.6 ± 17

M. Farhoundi Iran 2010 80 25–55 62 ± 20 52 ± 20 43 ± 14 36 ± 18 48 ± 16

Tegeler CH USA 2013 364 <30 66.6 ± 29 53.6 ± 20 30.9 ± 11 36.1 ± 22 42.1 ± 26

30–39 64.6 ± 17 54.4 ± 17 31.8 ± 10 35.1 ± 16 41.0 ± 19

40–49 60.0 ± 23 51.0 ± 18 30.0 ± 15 35.6 ± 18 40.7 ± 19

50–59 56.6 ± 19 48.5 ± 18 28.8 ± 10 32.9 ± 17 38.0 ± 19

60–69 51.2 ± 20 43.8 ± 18 26.4 ± 11 30.6 ± 16 35.5 ± 17

70–80 49.6 ± 21 42.4 ± 23 25.3 ± 11 30.8 ± 23 35.6 ± 21

Dixon Yang USA 2015 369 70–74 33.8 ± 1 32.2 ± 2 29.8 ± 2 20.7 ± 1 24.6 ± 2

75–79 33.9 ± 2 29.4 ± 2 28.3 ± 1 19.4 ± 1 22.7 ± 1

80–84 32.9 ± 3 30.1 ± 2 26.9 ± 2 20.9 ± 2 22.8 ± 2

>85 32.2 ± 4 31.0 ± 3 27.6 ± 1 19.0 ± 2 21.0 ± 2

Data extracted from the original publication. Early works reported the shift of frequency instead of 
velocity, we performed the conversion to velocity according to Doppler equation. Data shown is 
limited to mean velocity, see original report for systolic or diastolic velocities
MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, ICA 
Internal Carotid Artery, VA vertebral artery, BA basilar artery
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same paper [23]. We found a report from Sao Paulo [20], a multiethnic metropolis 
in Brazil, located at 760 m above sea level, and our own results are from 1000 m 
above sea level; we found no differences in transcranial Doppler results.

9.7  TCD Normal Values: Latin American Population Sample

We performed an evaluation of normal subjects in order to build our local reference 
values for Cali, Colombia, a multiethnic city at 995 meters above sea level [24]. Our 
published results on 51 healthy volunteers showed variation of velocities in intracra-
nial arteries pending on age, sex, laterality and body mass index, but the magnitude 
of these variations and the strength of the associations are limited by the power of 
the study. We found slightly higher CBF velocity in subjects with body mass index 
under 25 than the CBF velocity in subjects over 30, but the comparison did not 
reach statistical significance. Therefore, we complemented our sample to improve 
the statistical power of our analysis, and the results are summarized in Table 9.8.

9.8  TCD Hemodynamic Parameters: Altitude

Analysis of the hemodynamic parameters (CBFVs and hemodynamic indexes/
ratios) of cerebral basal arteries makes it possible to assess the changes that occur in 
each clinical situation and arrive at a specific diagnosis. Keep in mind, these hemo-
dynamic parameters are influenced by anatomical and physiological variables as 
well as by the altitude.

Table 9.8 Normal values for the entire sample in Cali, Colombia

Artery Pulsatility Index MFV Velocity (cm/s) Depth (mm)

Left side

MCA 0.81 (0.63–1.14) 61.5 (35–93) 52 (48–59)
ICA 0.89 (0.62–1.26) 53 (33–75) 64 (59–71)
ACA 0.93 (0.65–1.78) 46 (27–64) 69 (62–78)
PCA 0.9 (0.61–1.28) 44 (27–64) 63 (57–72)
Right side

MCA 0.83 (0.58–1.12) 62 (33–87) 53 (48–58)
ICA 0.86 (0.64–1.14) 53.5 (36–77) 64 (59–71)
ACA 0.93 (0.64–1.52) 45 (28–63) 70 (62–79)
PCA 0.865 (0.63–1.49) 41.5 (26–63) 64 (58–70)
Sub-occipital

Basilar 0.78 (0.75–0.82) 45.0 (41.7–48.4) 87.5 (85.5–89.5
Vertebral 0.76 (0.72–0.80) 36.1 (33.0–39.2) 66.4 (64.7–68.1)

MCA middle cerebral artery, ICA Internal Carotid Artery, ACA anterior cerebral artery, PCA poste-
rior cerebral artery

9 Transcranial Doppler (TCD/TCCS) and Cerebral Blood Flow Velocities: Parameters…
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In populations living at altitude, increased haemoglobin concentration is observed 
as a result of physiologically elevated red blood cell production, with a concomitant 
increase in blood viscosity [25]. This rheological change of the blood, together with 
arterial lumen area and vessel length, is the main determiners of CBF resistance, 
meaning that CBFV is inversely correlated with haematocrit level [26].

Table 9.9 compares the results of several studies conducted in normal subjects in 
populations at different altitudes.

Matamoros et al. (2019) [27] recruited 47 healthy Ecuadorian volunteers (alti-
tude 2850 m); two patients were excluded because they did not have a viable cranial 
window for TCD study. Thus, we recorded mean flow velocity (MFV), peak systolic 
velocity, end-diastolic velocity and pulsatility indices (PI) in 45 patients (62.2% 
women; mean age, 35.9 years); recorded patient’s age, sex and haematocrit; and 
analysed cerebrovascular hemodynamic parameters by sex and age groups.

Analysing the relationship between MFVs and sex, Table 9.10 showed results 
very similar figures to those obtained in other series. We recorded higher MFV val-
ues for women, a difference that appears to be dependent on the lower haematocrit 
levels found. Age is the most important factor modifying CBFVs in TCD. In the 
study, Table  9.11 showed analysed CBFVs in two age groups (over and under 
40 years) and found a difference of 16.4% for the MCAs and 14.9% for the ACAs 

Table 9.9 Comparison of hemodynamic parameter values obtained with the results of other 
studies [27]

Study Parameter MCA(A1) ACA(A1) eICA
PCA 
(P1) Basilar Vertebral(V4)

Ecuador (2850 m)
S.Matamoros et al.
(2019)
n = 45

MFV 
(cm/s)

49.3 39.9 34.6 34.6 36.7 26.0

PI 0.8 0.8 0.8 0.8 0.8 0.7

Colombia (995 m)
Franco et al. (2015)
n = 51

MFV 
(cm/s)

59.8 47.4 31.5 37.4 45.1 35.8

PI 0.74 1.01 0.8 0.77 0.78 0.76
Sao Paulo (760 m)
Fregonesi B. et al. 
(2006)
n = 88

MFV 
(cm/s)

62 48 – 37 43 32

PI 0.51 0.52 – 0.53 0.51 0.51

Bern (Switzerland)
(540 m)
Aaslid et al. (1982)
n = 50

MFV 
(cm/s)

62 51 37 44 – –

PI – – – – – –

Girona (Spain) 
(76 m)
Segura et al. (1999)
n = 118

MFV 
(cm/s)

54 43 – 34 37 29.1

PI 0.98 1.01 – 1.01 1.03 1.01

ACA anterior cerebral artery, MCA middle cerebral artery, eICA extracranial internal carotid artery, 
PCA posterior cerebral artery, PI pulsatility index, V4 intracranial vertebral artery, MFV mean flow 
velocity

J. H. Mejía Mantilla et al.
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between the two groups. In the posterior circulation, the inter-hemispheric differ-
ences were fewer and not statistically significant.

The hemodynamic parameters recorded using TCD differ from those published 
in other series with subjects with no history of disease. The lower CBFV values 
recorded appear to be influenced by altitude and haematocrit [28]. Hence, the con-
sideration of these results could have an impact on the assessment and therapeutic 
decisions in patients with acute neurological injury.

9.9  TCD Hemodynamic Parameters: Recommendations 
for Local Assessment of Normal Values

Reference values for a local population should be constructed by insonating healthy 
subjects at rest in a calm and comfortable setting. The operator should be an expert 
in the TCD technique, and it is preferable to limit the number of operators in order 
to avoid potential bias of inter-observer variability, although if the operators have 
similar level of expertise the variability should be non-significant [4].

Table 9.10 Mean flow velocity (MFV) and pulsatility index (PI) values by sex [27]

Artery MFV (cm/s), SD PI, SD
Men Female Men Female

MCA(M1) 48.7 ± 15.5 49.6 ± 14.4 0.8 ± 0.1 0.7 ± 0.1
ACA(A1) 40.4 ± 12.9 39.7 ± 12.6 0.8 ± 0.2 0.8 ± 0.2
eICA 31.5 ± 5 36.4 ± 6.7 0.9 ± 0.2 0.8 ± 0.1
PCA(P1) 34 ± 12.3 34.9 ± 12.2 0.8 ± 0.1 0.8 ± 0.1
PCA(P2) 33.8 ± 9.9 35 ± 8.2 0.8 ± 0.2 0.9 ± 0.3
Basilar 32.5 ± 8.9 39.2 ± 10 0.8 ± 0.2 0.8 ± 0.2
V4 25.6 ± 6 26.3 ± 6.9 0.7 ± 0.2 0.7 ± 0.2

ACA anterior cerebral artery, ICA internal carotid artery, MCA middle cerebral artery, PCA poste-
rior cerebral artery, SD standard deviation, MFV mean flow velocity

Table 9.11 Mean flow velocity (MFV) and pulsatility index (PI) by age [27]

Artery MFV (cm/s), SD PI, SD
<40 years >40 years <40 years >40 years

MCA(M1) 52.7 ± 14.4 44.1 ± 13.8 0.8 ± 0.1 0.7 ± 0.1
ACA(A1) 42.4 ± 13 36.1 ± 11 0.8 ± 0.2 0.8 ± 0.1
eICA 35.3 ± 6.3 33.5 ± 6.8 0.8 ± 0.1 0.8 ± 0.2
PCA(P1) 35.7 ± 13.7 32.9 ± 9.5 0.8 ± 0.1 0.8 ± 0.1
PCA(P2) 35.7 ± 9.1 32.9 ± 8.4 0.8 ± 0.2 0.9 ± 0.3
Basilar 37.4 ± 11.3 35.7 ± 8.1 0.8 ± 0.1 0.8 ± 0.2
V4 25.7 ± 6.2 26.5 ± 7.1 0.7 ± 0.2 0.7 ± 0.2

ACA anterior cerebral artery, ICA internal carotid artery, MCA middle cerebral artery, PCA poste-
rior cerebral artery, SD standard deviation, MFV mean flow velocity
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The sample should include subjects of both sexes in similar proportions and a 
distribution of ages similar to the potential patient’s ages for the laboratory, for adult 
laboratory ages from 18 to 90 years old. In order to obtain statistical power for each 
subgroup, there must be at least 10 subjects for each decade for each gender 
(A.  Garcia, personal communication). Considering 10 to 15% of non-insonable 
window, it would be better to include 12 cases per decade [24].

The criteria for definition of normal or the criteria to include non-normal indi-
viduals should be explicit, considered as part of the reference population of interest 
for the authors.

9.10  Conclusion

Transcranial Doppler ultrasound is an established technology useful to evaluate 
cerebral circulation at the bedside. Its portability, absence of irradiation and non- 
invasiveness make this approach especially useful in critically ill patients; further-
more, TCD/TCCS can be repeated as many times as needed with no harm to the 
patient and at low cost, making TCD the most versatile way to evaluate cerebral 
circulation at the ICU.

The interpretation of TCD/TCCS is operator dependent and can be influenced by 
the reference values considered normal for a given population; it is important for 
each TCD/TCCS laboratory to develop its own table of normal values for the local 
population.
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Chapter 10
Transcranial Doppler (TCD/TCCS) 
Approaches: Acoustic Windows

Jorge Carrizosa

Key Points
 1. Proper insonation technique is essential to achieve better visualization of struc-

tures and trustable flow velocities in transcranial Doppler evaluation.
 2. A standardized routine of insonation should be applied to decrease intra- and 

interobserver variability.
 3. Transcranial color-coded duplex sonography is an easy, reproducible, and non- 

invasive method to evaluate critical care patients at the bedside.
 4. To know the acoustic windows and their related target structures will allow a 

complete evaluation of the brain hemodynamics in most cases.
 5. The sonographer/physician must know considerations about age, gender, ethnic-

ity, and other conditions related to hard-to-insonate windows.

10.1  Introduction

Neurological evaluation is not easy in neurocritical care patients to understand brain 
dynamics and to anticipate complications as deep sedation is common. Multimodal 
neuromonitoring has emerged as a strategy to evaluate the central nervous system in 
critical care patients. Hemodynamic instability, risk of complications during trans-
fer to the imaging department, and need for frequent evaluation of brain hemody-
namics represent usual conditions of the neurocritical ill patient. Non-invasive 
monitoring strategies are essential and necessary to avoid complications during 
transfer to other wards and to enable frequent evaluation. Transcranial Doppler 
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sonography was described first by Aaslid in 1982 as a technique for examination of 
intracranial cerebral arteries [1].

In the last years, with the advent of focused ultrasound protocols [2], routine 
evaluation of the critical care patient is becoming a mandatory skill, including 
assessment of the central nervous system. Nowadays, there are two methods to 
assess brain with ultrasound: transcranial Doppler limited to evaluation of brain 
flow velocities and transcranial color-coded duplex sonography, which permits 
assessment of central nervous system in brightness mode (B-mode). To master skills 
performing an ultrasound to obtain the best images possible is necessary to avoid 
misdiagnosis.

The purpose of this chapter is to guide the technique of the insonation of the 
brain through different acoustic windows, structured assessment, the target of evalu-
ation, and evaluation routine on both sides—additionally, a description of some 
recommendations to optimize structure visualization and optimize image views.

10.2  TCD/TCCS: Acoustic Windows

Inner skull structures are not easy to evaluate randomly with ultrasound as the bone 
is a strong reflector. To know anatomy to identify thinner areas of the skull is man-
datory in routine evaluation during ultrasound evaluation. In order to achieve visu-
alization of relevant anatomical structures, a 2.0–3.5 MHz phased array transducer 
is necessary (Fig. 10.1).

Additionally, transcranial Doppler ultrasound preset in ultrasound machines with 
similar software facilitates quick identification of different structures (Fig. 10.1b). 

Fig. 10.1 Ultrasound 
probes indicated for 
transcranial Doppler 
ultrasound in comparison. 
TCD transcranial Doppler; 
TCCD transcranial 
color-coded sonography
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Comfort is fundamental for the sonographer/physician, who should be located 
behind the patient when it is possible (Fig. 10.2a). However, head access in that way 
could be difficult in critical care patients due to other monitoring devices, wires, and 
extracorporeal support machines. Some modifications to the usual position should 
be done in many cases. Acquiring skills to insonate the brain with both hands is 
essential to achieve adequate insonation (Fig. 10.2b).

b

a

Fig. 10.2 (a) Sonographer/physician position behind the patient, ensuring comfort to perform 
complete transcranial Doppler evaluation. (Author: Jorge Carrizosa). (b) Physician showing dex-
terity in transcranial Doppler examination with both hands. (Author: Jorge Carrizosa)
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10.2.1  Transtemporal Acoustic Window (Table 10.1)

10.2.1.1  Technique

Place the 2.0–3.5 MHz phased array transducer in B-mode image at the temporal 
bone cephalad to the zygomatic arch and anterior to the ear with probe indicator 
alienated with the plane of the eye of the patient -axial- (Fig. 10.3). In this position, 
the very first target of visualization is the midbrain, visualized as a hypoechoic 
butterfly-shaped surrounded by the hyperechoic cisterns (Fig. 10.4a, b). The initial 
depth of insonation of 15 centimeters is recommended, recognizing the contralat-
eral side of the skull as a hyperechoic image [3]. Then, slight tilt movements in 
cephalocaudal direction scanning downward and upward identify different planes 
with particular anatomical structures, as shown in Fig. 10.5.

After scanning of transtemporal planes in B-mode image, color-coded Doppler 
is activated with midbrain visualization in the center of the image in order to iden-
tify the circle of Willis. The probability of recognizing the circle of Willis as mid-
brain is displayed is high, even in non-expert practitioners [4].

Table 10.1 Target of visualization: transtemporal window

Targets of visualization

B-mode: midbrain, third ventricle, thalami, basal ganglia, frontal horns, pineal gland, and insula
Color Doppler and pulsed wave Doppler modes: circle of Willis (middle cerebral artery [MCA], 
anterior cerebral artery [ACA], posterior cerebral artery [PCA], top of the basilar cerebral 
artery), terminal segment of the internal carotid artery [ICA])

Fig. 10.3 Transtemporal 
window showing position 
of the transducer: 
1-vertical axis anterior to 
the ear; 2-horizontal axis 
cephalad to the zygomatic 
arch; 3-probe indicator 
(green dot), alienated with 
the plane of the eye of the 
patient. Yellow window 
indicates the area for 
exploration of the anterior 
temporal window. (Author: 
Jorge Carrizosa)
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The direction of blood flow should be useful to a better understanding of brain 
vascular anatomy in the color-coded Doppler display as vessels with flow toward 
the transducer are coded red while those with flow away from the transducer are 
coded blue. In this insonation plane, the ipsilateral middle cerebral artery (MCA) 
(red) is M1–M2 segments, M3 (blue) segment; the ipsilateral anterior cerebral 
artery (blue) is A1–A2 segments; and the ipsilateral posterior cerebral artery (red) is 
P1 and P2 (blue) segments as displayed.

In the complete circle of Willis patients, anterior communicating artery and pos-
terior communicating artery could be identified. Contralateral A1 and M1 segments 
are also common in patients with an adequate transtemporal window (Fig. 10.5a, b). 
Once identified the circle of Willis in color-coded Doppler display, the practitioner 
can proceed to pulsed-wave Doppler mode to appraise cerebral arterial and venous 
spectral waves and measure velocities of blood flow at every point of interest.

ba

Fig. 10.4 Transtemporal window examination. (a) B-mode image highlighting in the zoomed yel-
low square the hypoechoic area of the midbrain. (b) Color-coded image of the same plane of 
insonation showing midbrain and surrounding vascular structures of the circle of Willis. (Author: 
Jorge Carrizosa)

ba

Fig. 10.5 (a) Complete circle of Willis is shown with gain increased for educational clarity. (b) 
Same picture in image A with demarcation of the different arteries in the circle of Willis with dif-
ferent colors. Black boxes are indicating every artery name. Triangle: superior cerebellar artery; 
pentagon: top of the basilar artery. (Author: Jorge Carrizosa)
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Color-coded Doppler scanning in the same planes as B-mode image explained 
before is also recommended. By slightly tilting the transducer in a caudal direction, 
the terminal segment of the internal carotid artery can be noticed. Coronal plane 
insonation could also be done by rotating the transducer by 90° at the P1 segment 
(posterior coronal plane), allowing the visualization of the top of the basilar 
artery [4].

10.2.2  Transforaminal Acoustic Window (Table 10.2)

10.2.2.1  Technique

Place the 2.0–3.5 MHz phased array transducer in B-mode image suboccipital at the 
midline and pointed toward the nasion (Fig. 10.6), identifying the bone border of the 
foramen magnum and the clivus. Activate the color Doppler mode box and identify 
both intracranial segments of vertebral arteries lateral to the foramen magnum. 
Sigmoid sinus is usually visualized at this point. Then, tilt the transducer upward 
following the vertebral arteries to find their junction with the basilar artery at 75–80 
millimeters approximately (Fig. 10.7). The path of the basilar artery can be tracked 

Table 10.2 Target of visualization: transforaminal Window

Targets of visualization

B-mode: foramen magnum
Color Doppler and pulsed wave Doppler modes: vertebral arteries, basilar artery, posterior 
inferior cerebral arteries, sigmoid sinus

ba

Fig. 10.6 (a) Insonation of transforaminal window showing correct angle of insonation with ultra-
sound beam toward the nasion (green dot). (b) Transforaminal window insonation in a critical care 
patient. Note how a folded pillow helps to place the transducer in proper position. (Author: Jorge 
Carrizosa)
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and measured in different segments at 80–90–100 millimeters [5]. Vertebral arteries 
and basilar arteries are coded blue as their flow direction goes away from the trans-
ducer. The posterior inferior cerebellar artery can also be visualized through this 
window emerging from the distal segment of the vertebral artery with red color- 
coding as its flow goes toward the transducer.

10.2.3  Transorbital Acoustic Window (Table 10.3)

10.2.3.1  Technique

Adjust power output and decrease 10% before placing the 2.0–3.5  MHz phased 
array transducer in B-mode image on the closed upper eyelid. Remember the as low 
as reasonably achievable (ALARA) principle (“as low as reasonably achievable”), 
in order to decrease thermal and mechanical effects [6]. Lightest pressure possible 

ba

Fig. 10.7 (a) Transforaminal insonation at vertebral arteries plane. The blue circle is magnified to 
better understanding of the insonated structures. See how both vertebral arteries find each other to 
follow as the basilar artery. Red dots with shades area demarcate the foramen magnum (hypoechoic), 
the black triangle indicates the location of the clivus (hyperechoic). (b) Complete insonation of the 
basilar artery in depth range between 70 and 100 millimeters (area between orange dotted lines), 
and spectral Doppler showing basilar flow velocity. (Author: Jorge Carrizosa)

Table 10.3 Targets of visualization: transorbital Window

Targets of visualization

B-mode: retrobulbar space
Color Doppler and pulsed wave Doppler modes: ophthalmic artery, carotid siphon, central 
retinal artery, central retinal vein, posterior ciliary artery
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must be applied to minimize the risk of injuries to eyeball and retina. Set depth to 
10 centimeters: eyeball and retrobulbar structures (intraconal and extraconal) are 
seen. Activate the color mode box right behind the eyeball and place the color box 
between 3 and 6 centimeters in order to identify the ophthalmic artery (red color-
coded with peripheral vessel morphology in spectral Doppler mode). Tilt the trans-
ducer downward and medial to identify the ipsilateral carotid siphon. This structure 
is usually found between 55 and 75 millimeters. Flow direction varies according to 
the insonated segment of the carotid siphon (Figs. 10.8 and 10.9).

Fig. 10.8 Insonation of 
the transorbital window. A 
chart of the internal carotid 
artery has been drawn on 
the picture for educational 
purposes. The ultrasound 
beam is represented with 
the shaded gray box. Note 
that tilting exploration with 
the transducer must be 
done to finally insonate the 
different segments of the 
carotid syphon and the 
ophthalmic artery (OA) 
(number 1 to 5). 1: C4 
segment; 2: C3 segment; 3: 
ophthalmic artery; 4: C2 
segment; 5: C1 segment. 
(Author: Jorge Carrizosa)

a b

Fig. 10.9 Transorbital window examination. (a) B-mode image identifying the hyperechoic line 
in the retrobulbar space, separating intraconal and extraconal structures (orange dashed line). (b) 
Color-coded Doppler at the same level illustrated above with a chart of the path of the carotid 
syphon for clarity (red shaded area). Three different segments of the carotid syphon can be identi-
fied as C4-C3-C2. CRA central retinal artery, OA ophthalmic artery, PCom posterior communicat-
ing artery. (Author: Jorge Carrizosa)
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Examination of specific structures requires a switch to a linear-array transducer 
emitting 7.5–12 MHz in order to achieve better resolution. Ophthalmic or neuro- 
orbital preset is available in many ultrasound machines, and it is strongly recom-
mended to keep safety aspects. Place the linear-array transducer on the closed upper 
eyelid. B-mode image will allow examining optical nerve, optic nerve sheath, 
papilla [7]. Color Doppler mode box placed right behind the papilla will allow to 
insonate ophthalmic artery, central retinal artery, central retinal vein, and posterior 
ciliary artery.

10.2.4  Submandibular Acoustic Window (Table 10.4)

10.2.4.1  Technique

Place the 2.0–3.5 MHz phased array transducer in B-mode image at the subman-
dibular level. The objective of this approach is to insonate and measure blood flow 
velocity of the distal internal carotid artery right before the entrance of the artery to 
the skull (40 to 60 millimeters) (Figs.10.10 and 10.11). Data from these measure-
ments are required to calculate the MCA/internal carotid artery (ICA) mean flow 
velocity ratio or Lindegaard ratio. Lindegaard ratio is useful in the differentiation 
process between vasospasm and hyperemia [8]. A review of carotid protocol and 
examination of neck vascular structures is detailed in another chapter in this book.

10.2.5  Frontal Bone Window (Table 10.5)

10.2.5.1  Technique

Place the 2.0–3.5 MHz phased array transducer in B-mode image above the lateral 
aspect of the eyebrow (Fig. 10.12). The Sylvian fissure and the mesencephalon are 
the reference structures. Frontal horns of the lateral ventricles, orbital roof, and 
hypophyseal groove can also be identified (Fig. 10.13) [9].

Activate the color Doppler mode box and adjust pulse repetition frequency to 
medium range (20 cm/s). The anterior cerebral artery is identified with flow direc-
tion toward the probe in A2 segment and away from the probe in A1 segment [10] 
(Fig. 10.14). Other structures of the Circle of Willis could be determined according 
to the depth of insonation. However, blood flow velocity measurement is not 

Table 10.4 Targets of visualization: submandibular window

Targets of visualization

B-mode: jugular vein, common carotid artery, external carotid artery, internal carotid artery
Color Doppler and pulsed wave Doppler modes: the terminal segment of the extracranial 
internal carotid artery
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recommended routinely at this level in order to avoid misinterpretation of the brain 
blood flow dynamics. Proper selection of a suitable window for every specific vessel 
in a protocolized way is recommended.

Placing the transducer slightly lateral of the midline of the forehead and posi-
tioned vertically allows identifying the choroid plexus of the third ventricle (hyper-
echogenic), the corpus callosum (hypoechogenic), and the orbital roof 
(hyperechogenic). Activate the color Doppler mode box and adjust pulse repetition 
frequency to a low range. A3 segment of the anterior cerebral artery is identified 
with flow direction away from the probe as it surrounds the corpus callosum 
(Fig. 10.15). Change the depth of insonation to identify the internal cerebral vein at 
9 to 10 centimeters, slightly above the choroid plexus of the third ventricle 
(Fig. 10.16) [11].

10.3  Ethnicity, Age, and Gender: TCD/TCCS 
Special Considerations

There are some considerations regarding ethnicity described as initial reports that 
estimate an inadequate acoustical temporal bone window of about 9% in Caucasian 
people [12]. However, higher rates of an inadequate acoustical temporal bone 

Fig. 10.10 Submandibular 
window insonation. An 
internal carotid artery chart 
has been drawn for clarity. 
Note the color flow 
direction away the probe as 
the transducer position is 
pointing in cranial 
direction. Red circle is 
indicating the target depth 
of insonation between 40 
and 60 millimeters. 
(Author: Jorge Carrizosa)
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window have been reported in Hispanic and Asian people [13, 14]. Also, age and 
gender are related to a high proportion of suboptimal windows in older women, 
especially those older than 80 years old, in whom an optimal temporal window has 
been seen in less than 50%. It is well known that the rate of successful insonation of 
brain circulation through transcranial Doppler decreases with age [15–17]. This 
probability of unsuccessful insonation is related to the thickness of temporal bone 
advancing with age [13].

b

a

Fig. 10.11 Submandibular window in B-mode and color-coded Doppler ultrasound. (a) B-mode 
image at submandibular level indicating the hypoechoic area (red dotted line) corresponding with 
the carotid artery. (b) Color-coded Doppler and pulsed-Doppler ultrasound at the same level above. 
As the direction of the transducer is pointing in cranial direction, carotid artery flow direction is 
away the probe. Small red area at the carotid bifurcation level corresponds to the jugular vein (flow 
direction toward the transducer). Different spectral-Doppler waves are shown in order to identify 
the vascular structures. 1: jugular vein; 2: common carotid artery; 3: external carotid artery; 4: 
internal carotid artery. Orange dashed lines were sketched between 40 and 60 millimeters to prove 
the correct depth of insonation to proper measurement of the internal carotid artery. (Author: Jorge 
Carrizosa)

Table 10.5 Targets of visualization: frontal bone window

Targets of visualization

B-mode: third ventricle and choroid plexus of the third ventricle, Sylvian fissure, corpus 
callosum, orbital roof
Color Doppler and pulsed wave Doppler modes: anterior cerebral artery [ACA], internal 
cerebral vein
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Fig. 10.12 Frontal bone 
window insonation. 1: 
transducer position above 
the eyebrow (supraorbital 
zone) with probe indicator 
(green dot) pointing to the 
right side in horizontal 
position. 2: transducer 
position in paramedial 
zone with probe indicator 
(green dot) pointing in 
cephalic direction in 
vertical position. (Author: 
Jorge Carrizosa)

Fig. 10.13 B-mode image 
in frontal window 
insonation at supraorbital 
zone. Typical anatomy is 
showed: third ventricle in 
the red box; frontal horns 
of lateral ventricles in 
orange lines. (Author: 
Jorge Carrizosa)
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Fig. 10.14 Color-coded 
Doppler image at frontal 
window insonation through 
supraorbital zone. Path of 
the ipsilateral anterior 
cerebral artery is shown. 
AComA (ACom) anterior 
communicating artery; 
ACA1 anterior cerebral 
artery segment A1; ACA2 
anterior cerebral artery 
segment A2. (Author: 
Jorge Carrizosa)

ba

Fig. 10.15 Frontal window insonation at the paramedian frontal zone. (a) B-mode image delimit-
ing the corpus callosum (light blue dashed line) and the choroid plexus of the third ventricle (yel-
low rectangle). (b) Color Doppler image at the same level in the image above. Path of the anterior 
cerebral artery segment A3 (pericallosal artery) is seen in the color scale surrounding the corpus 
callosum. (Author: Jorge Carrizosa)

Fig. 10.16 Color-coded 
Doppler image at the 
paramedial frontal bone 
window with depth 
adjustment showing the 
internal cerebral vein 
(ICV) with flow direction 
away from the probe. 
(Author: Jorge Carrizosa)
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10.4  TCD/TCCS: Special Clinical Situations in ICU

10.4.1  Decompressive Craniectomy

Nowadays, patients with decompressive craniectomy are not infrequent in neuro-
critical care units. The procedure is performed on patients with refractory intracra-
nial hypertension, malignant brain edema in middle cerebral artery infarction, or to 
manage expansive focal injury in traumatic brain injury. One of the most relevant 
publications to date is the decompressive craniectomy in diffuse traumatic brain 
injury (DECRA) trial [18]. Fronto-temporoparietal decompressive craniectomy, 
bifrontal decompressive craniectomy, and occipital decompressive craniectomy, 
among others, have been described.

As part of the skull has been removed surgically, images are easier to get, but the 
sonographer/physician must take care of the pressure applied to the tissues. Lightest 
pressure possible should be enough to achieve the insonation of interesting struc-
tures. By applying excessive pressure, increased intracranial pressure, direct inju-
ries to the brain parenchyma, and wrong measurements can occur. Changes in blood 
flow velocities have been described before and after a decompressive craniectomy. 
The most common difference after decompressive craniectomy is an asymmetrical 
increase in cerebral blood flow velocities with a higher increase in the decompressed 
side than the opposite side. A decrease in the pulsatility index has also been reported 
[19–21]. Monitoring the decompressed patient with transcranial Doppler ultrasound 
is remarkably important as different hemodynamic patterns have been described 
after the procedure.

10.4.2  Patient’s Position

Access to some windows in critical care patients could be challenging. Due to the 
inability to flex the neck, risk of secondary injury removing the cervical collar, or 
prone position as a complement of mechanical ventilation strategy for severe acute 
respiratory distress syndrome, a complete evaluation of brain circulation is some-
times limited. No diagnostic approach should generate a risk of injury to the patient.

As a primary goal in transcranial Doppler evaluation is to identify and measure 
blood flow velocities in the middle cerebral artery, transtemporal window usually 
remains accessible even in conditions mentioned before [22, 23]. Identifying proper 
time to perform the evaluation is recommended in synchronous work with the nurse 

J. Carrizosa



191

team as the schedule for patient’s position change must be taken advantage of for 
the insonation. In very extreme conditions in which it is impossible to insonate 
every window, the sonographer/physician should try to take information from the 
transtemporal window, transorbital window, submandibular window, transforaminal 
window, and the transfrontal window in that priority order.

10.5  TCD/TCCS: Contrast-Enhanced

The quality of the acoustic window has been related to the thickness of the temporal 
squama. Insufficient temporal bone window using transcranial color-coded sonog-
raphy has been described between 10% and 38% [12, 14–16, 24]. To date, there are 
two agents currently approved for use in neuro sonography: Levovist® and 
SonoVue®. For patients with inadequate acoustical temporal bone window, absent 
or insufficient to perform an accurate diagnosis, use of echo contrast agents may be 
useful to achieve better images where available. Echo contrast agents are comprised 
of stabilized microbubbles with a diameter lesser than 8 μm. The physical effect is 
through enhancement of the scattering phenomenon related to the size of the micro-
bubbles [25, 26]. This contrast-enhanced strategy has been described for different 
conditions in addition to an insufficient window like brain death determination, 
stroke, dural arteriovenous fistulae, and intracranial collaterals examinations [17, 
25, 27].

10.6  Conclusion

Transcranial Doppler ultrasound has become the stethoscope for the brain to evalu-
ate the critical care patient’s brain parenchyma and cerebral hemodynamics. To 
achieve a proper evaluation of the patient’s central nervous system with ultrasound, 
accessible windows, and their target structures to be identified must be part of the 
knowledge of the sonographer/physician. Standardization of the routine of evalua-
tion is recommended. In some specific groups of patients, a hard-to-find acoustic 
window could represent a challenge for the sonographer/physician. Echo contrast 
agents can be intravenously applied to achieve adequate insonation of targeted brain 
vascular structures.
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 Algorithm

EMERGENCY DEPARTMENT (ED)
INTENSIVE CARE UNIT (ICU)

Clinical Status of Patient
ABCD
Level of consciousness (GCS)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxigenation?SPECIAL SITUATIONS CONTRAST ENHANCED

Primum Non Nocere Transtemporal Window (TTW)
When?Decompressive Craniectomy

Light Pressure 
Applied to the tissue

Inadequate TTW (10-38%)
DIAGNOSIS Absent TTW (10-38%)

Prevent high ICP
Caution with the 

BFV interpretation
Patient Position CRITICAL ILL PATIENT
Team work with
Nurse ICU staff

Acute Neurological Injury
Non Acute Neurological Injury

Neck : Ability to Flex?
Cervical Collar?

-Coded 

TRANSTEMPORAL
WINDOW (1)

TRANSFORAMINAL
WINDOW (2)

TRANS-ORBITAL
WINDOW (3)

SUBMANDIBULAR
WINDOW (4)

FRONTAL BONE
WINDOW (5)

B-MODE B-MODE B-MODE B-MODE B-MODE
Anatomical Reference

Structure
Anatomical Reference

Structure
Anatomical Reference

Structure
Anatomical Reference

Structure
Anatomical Reference

Structure

Midbrain
(Mesencephalon)

Foramen
Magnum

Eyeball Carotid Artery
Shadow

3th Ventricle
Optic Nerve Frontal Horns of LV

COLOR-CODED
ULTRASOUND

COLOR-CODED
ULTRASOUND

COLOR-CODED
ULTRASOUND

COLOR-CODED
ULTRASOUND

COLOR-CODED
ULTRASOUND

MCA / ACA / ICA (C1) VA (V4) OA / CRA ICA ACA(A2)
PcomA / PCA BA Carotid Siphon ECA AcomA

Transcranial Doppler (TCD) / Transcranial Color
duplex Sonography (TCCS)

 

ABCD Airway-Breathing-Circulation-Disability, MCA Middle cerebral artery, ICA Internal carotid 
artery, C1 C1 segment of ICA, PcomA Posterior communicating artery, PCA Posterior cerebral 
artery, BA Basilar artery, VA Vertebral artery, V4 V4 segment of VA, OA Ophthalmic artery, CRA 
Central retinal artery, ECA External carotid artery, ACA Anterior cerebral artery, A2 A2 segment of 
ACA,ICP Intracranial pressure, GCS Glasgow coma scale., 1-2-3-4-5 Sequence of Insonation 
Protocol, TTW Transtemporal window, ICP intracranial pressure, LV Lateral ventricle
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Chapter 11
Neurocritical Patient in ICU: Transcranial 
Doppler (TCD/TCCS) as the Brain 
Stethoscope

Chiara Robba and Danilo Cardim

Key Points
 1. Cerebral blood flow velocity

The spectral waveform derived from TCD is characterized by three compo-
nents: peak systolic flow velocity (PSV), mean flow velocity (MFV), and end- 
diastolic velocity (EDV) values.

 2. Pulsatility index
Pulsatility index (PI) can provide information about the downstream cerebral 

vascular resistance and describe quantitative and qualitative changes in the mor-
phology of the TCD waveform resulting from cerebral perfusion pressure changes.

 3. Cerebral compliance
Cerebral compliance (C) is the ability of the brain to adapt to changes in vol-

ume inside the cranium in response to a change in pressure to avoid intracranial 
hypertension.

 4. Cerebrovascular time constant
The cerebrovascular time constant (TAU) is a non-invasive TCD-based index 

indicating theoretically the time to establish a change in cerebral blood volume 
after a sudden change in arterial blood pressure during one cardiac cycle.
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 5. Critical closing pressure
Critical Closing Pressure (CrCP) is described as the sum of intracranial pres-

sure (ICP) and vascular wall tension (WT). The latter represents the active vaso-
motor tone that alongside ICP determines the CrCP. Clinically, CrCP represents 
a lower threshold of arterial blood pressure, below which the brain microvascu-
lature collapses and cerebral blood flow (CBF) ceases.

 6. Cerebral autoregulation
Cerebral blood flow autoregulation refers to the intrinsic ability of the brain 

to maintain a stable CBF despite fluctuations in cerebral perfusion pressure.
 7. Non-invasive assessment of intracranial pressure

ICP evaluation is crucial in many neurological diseases, and it is commonly 
measured through intraventricular or intraparenchymal catheters, but their inva-
sive nature and related complications preclude their use in many conditions. 
TCD waveform analysis has been widely investigated as a technique for non- 
invasive ICP (nICP) estimation.

11.1  Introduction

Transcranial Doppler ultrasonography (TCD)/TCCS has the potential to be used as 
an alternative diagnostic tool for the assessment of cerebral hemodynamics rather 
than costly and potentially risky investigations such as invasive ICP monitoring.

In the neurointensive care setting, the monitoring of TCD-derived indices may 
provide an early detection of the onset of cerebrovascular derangements. The 
knowledge of cerebrovascular dynamics can facilitate clinical management of cere-
bral pathologies, including traumatic brain injury (TBI), aneurysmal subarachnoid 
hemorrhage (aSAH), intra- and extracranial arterial stenosis and occlusion, brain 
death, cerebral infections, and hydrocephalus [1].

The aim of this chapter is to provide an overview of the basic and advanced 
TCD-derived methods (Table 11.1) and clinical applications of TCD in critically ill 

Table 11.1 Basic and 
advanced signals derived from 
transcranial Doppler 
ultrasonography

Basic signals Flow velocity
Pulsatility index

Advanced signals Autoregulation
CrCP
WT
Ca, Ci

Tau
nCPP
nICP

Abbreviations: CrCP critical closing pressure, WT wall 
tension of the cerebral vasculature, Ca compliance of the 
cerebral arterial bed, Ci compliance of the intracranial 
space, Tau cerebrovascular time constant, nCPP non-inva-
sive cerebral perfusion pressure, nICP non-invasive intra-
cranial pressure
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patients in the neurointensive care setting (Table 11.2), and to describe the utility of 
TCD in the diagnosis and monitoring of cerebrovascular diseases as a “stethoscope 
for the brain.”

11.2  Basic Methods

11.2.1  Flow Velocities

The spectral waveform derived from TCD/TCCS is characterized by three 
components:

 1. Peak systolic flow velocity (PSV),
 2. Mean flow velocity (MFV), and
 3. End-diastolic velocity (EDV) values (Fig. 11.1).

Table 11.2 Clinical applications of transcranial Doppler ultrasonography

Clinical Applications Role of TCD
Main 
references

TBI Non-invasive ICP and CPP estimation [7, 10]
Autoregulation [45, 46]
Compliance and cerebrovascular dynamics [49]
Prediction of neurological deterioration in the 
emergency room

[50, 51]

SAH (Aneurysms and 
AVM)

Vasospasm [55, 56, 66]
Autoregulation [58, 60]

Stroke Diagnosis and treatment of ischemic stroke [62–65]
Brain death Diagnosis of brain death [66]
Sickle cell disease Risk from a spectrum of brain injuries that include 

subclinical infarction, acute stroke and hemorrhage
[67]

Cerebral venous 
thrombosis

[6]

Right to left cardiac shunt Evaluation of paradoxical embolism through right to 
left cardiopulmonary shunts (e.g., patent foramen 
ovale)

[68]

Peri-procedural/operative Autoregulation
Non-invasive ICP and CPP

[69–71]

Liver failure and hepatic 
encephalopathy

Non-invasive ICP estimation and prognosis for acute 
liver failure

Preeclampsia Assessment of autoregulation and FV as prognostic 
for preeclampsia

[82]

Sepsis Assessing cerebral perfusion changes in septic patients 
as risk of Sepsis-associated encephalopathy

[83]

Abbreviations: AVM arteriovenous malformation, CPP cerebral perfusion pressure, FV cerebral 
blood flow velocity, ICP intracranial pressure, SAH subarachnoid hemorrhage, TBI traumatic brain 
injury, TCD transcranial Doppler ultrasonography
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PSV is predominantly dependent on the cardiac output, that is, systemic hemo-
dynamics, rather than depicting cerebral hemodynamics.

The use of EDV as a relevant parameter is currently thriving in clinical practice, 
especially in intensive care. Some authors have reported a reduction of CPP by ris-
ing ICP or by falling arterial blood pressure (ABP) in head-injured patients, which 
resulted in a greater fall in diastolic flow velocity than other flow parameters [2].

TCD/TCCS cerebral blood flow velocities are commonly measured modalities in 
clinical and experimental environments. Through analysis of TCD waveform, many 
authors attempted to investigate the relationship between the cerebral blood flow 
(CBF) and cerebrospinal fluid (CSF) dynamics, proposing several mathematical 
and hydrodynamic models derived mostly from flow velocity (FV), ABP, and intra-
cranial pressure (ICP) signals as inputs [3, 4].

11.2.2  Pulsatility Index (PI)

Gosling’s pulsatility index (PI) can provide information about the downstream cere-
bral vascular resistance and describe quantitative and qualitative changes in the 
morphology of the TCD/TCCS waveform resulting from cerebral perfusion pres-
sure changes [5].

PI is calculated as the relationship between the difference of systolic flow veloc-
ity and diastolic flow velocity divided by mean flow velocity, and in normal condi-
tions, it usually ranges from 0.5 to 1.19 [6]. Proximal stenosis or occlusion may 
lower PI below 0.5 due to downstream arteriolar vasodilation, whereas distal occlu-
sion or constriction may increase PI above 1.19 [7]. A PI less than 0.5 may also 
indicate an arteriovenous malformation as the resistance in proximal vessels is 
reduced due to continuous distal venous flow [8]. More recently, a larger study 
including more than 350 healthy individuals has reported normative values for TCD 
assessment of arteries in the circle of Willis [9]. Normal PI values have been reported 
as 0.82 ± 0.16 and 0.81 ± 0.13 for distal and proximal middle cerebral artery (MCA), 
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Fig. 11.1 Representation of the TCD cerebral blood flow velocity (CBFV) waveform, presenting 
a peak systolic and an end diastolic. (FVs = PSV); (FVd = EDV)
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respectively. Being a ratio, PI is not affected by the angle of insonation and therefore 
may be a sensitive parameter for early detection of intracranial hemodynamic 
changes [9] (Eq. 11.1).

 
PI PSV EDV MFV= ( )– /

 
(11.1)

Mathematically, PI can be calculated as inversely proportional to CPP, directly 
proportional to pulse amplitude of ABP, and nonlinearly proportional to the compli-
ance of the arterial bed (Ca), heart rate (HR), and cerebrovascular resistance 
(CVR) [5].

PI has been used for the assessment of distal CVR [10] as many experimental 
and clinical studies have supported the concept that PI is a reflection of the distal 
CVR, attributing greater PI to higher CVR [8]. However, an experimental study 
demonstrated that hypercapnia causes a decrease in both CVR and PI, whereas a 
reduction in CPP with intact autoregulation induces a decrease in CVR but an 
increase in PI [11].

PI has been also widely investigated as non-invasive estimator of ICP, as it has 
been demonstrated that ICP and PI are positively correlated during increases of ICP 
(Fig. 11.2). However, the role of PI as non-invasive estimator of ICP can be contro-
versial [12].

11.3  Advanced Methods

Several secondary advanced model-based methods for cerebral hemodynamics 
assessment have been introduced.
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Fig. 11.2 Plot showing the positive relationship between pulsatility index (PI) and intracranial 
pressure (ICP) in traumatic brain injury
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11.3.1  Compliance of Arterial and CSF Compartments

Cerebral compliance (C) is the ability of the brain to adapt to changes in volume 
inside the cranium in response to a change in pressure to avoid intracranial hyper-
tension. This parameter includes the cerebrovascular arterial compliance (Ca), 
which describes the change of arterial blood volume in response to change in arte-
rial pressure, and the compliance of the cerebrospinal space (Ci), which refers to 
changes of volume of the intracranial space in regards to changes in ICP [13].

TCD/TCCS allows a non-invasive estimation of cerebral arterial blood volume 
(CaBV) [14] and enables the assessment of the relative changes in Ca and Ci. These 
two parameters reflect the relationship between pulsatile changes in ABP and CaBV 
(Ca) and ICP and CaBV (Ci). This model is based on the mechanism of brain pulsa-
tility that describes the physiological interactions of the intracranial compartments 
undergoing volumetric changes during the cardiac cycle.

This method was widely described in patients with TBI during “plateau waves” 
of ICP [13, 15] monitored using TCD. The origin of plateau waves includes intrinsic 
cerebral vasodilatation, with a rise in cerebral blood volume and a rise in 
ICP. Therefore, according to the “vasodilatory cascade” hypothesis, these changes 
are associated with rapid increase in Ca caused by vasodilatation of cerebral resis-
tive vessels during a wave and a reduction of Ci due to the decrease in cerebrospinal 
compensatory reserve caused by the increase in cerebral blood volume [16, 17]. 
More recently, Kim et al. confirmed this relative inverse change in Ca and Ci in head 
injury patients, illustrating that both compartmental compliances can be continu-
ously monitored over a cardiac cycle [18].

The pulsatile component of ICP (Fig. 11.3) and a clinical management guided by 
cerebral compliance has been associated with outcome prediction in several con-
texts, including SAH, TBI, and normal pressure hydrocephalus [19].
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11.3.2  TAU (Cerebrovascular Time Constant)

The cerebrovascular time constant (TAU) is a non-invasive TCD-based index indi-
cating theoretically the time to establish a change in cerebral blood volume after a 
sudden change in arterial blood pressure during one cardiac cycle [20] (Eq. 11.2).

TAU is an analog to time constant and is calculated as a product of cerebral arte-
rial compliance (Ca) and cerebrovascular resistance (CVR), expressed in time units 
(seconds).

 
Tau CVR sa= × ( )C

 
(11.2)

The dependence of TAU on hemodynamic and cerebrovascular parameters was 
studied on 46 New Zealand rabbits undergoing hemodynamic manipulations. TAU 
resulted to be inversely correlated with the changes in ABP (during arterial hypo- 
and hypertension) and CPP (during intracranial hypertension). Specifically, during 
a decrease in CPP, Ca increased while CVR decreased. During hypercapnia, the 
decrease in CVR was more pronounced than the increase in Ca, resulting in a total 
decrease in Tau [20].

In normal subjects, where Ca and CVR were estimated using mathematical trans-
formations of ABP and TCD, Tau was studied following cerebral blood flow veloc-
ity waveform changes in end-tidal CO2 (EtCO2). The time constant resulted to be 
shortened with increasing EtCO2, while hypocapnia lengthened the time con-
stant [21].

TAU was also studied in healthy volunteers and in patients with severe stenosis 
of the internal carotid artery (ICA), and it was found to be significantly shorter in 
severe internal carotid artery stenosis [21] than in controls and that it correlated with 
the degree of stenosis. Moreover, TAU was found to be significantly decreased dur-
ing vasospasm in SAH patients [22], and in particular, it was found to be shortened 
on the side of the aneurysmal SAH before the vasospasm was identified by the clini-
cal or conventional TCD signs of vasospasm.

In a recent study [23], TAU was assessed in patients with traumatic brain injury 
(TBI) with and without intracranial hematomas (epidural, subdural, and multiple 
hematomas). Tau was shorter in both groups in comparison with normal data, but in 
patients with intracranial hematomas, the time constant was even shorter, indicating 
a failure of autoregulation of cerebral capillary blood flow after severe TBI occurs.

11.3.3  Critical Closing Pressure and Wall Tension

Critical Closing Pressure (CrCP) was first introduced by Burton’s model, and it is 
described as the sum of ICP and vascular wall tension (WT) [24]. Wall tension 
(WT) represents the active vasomotor tone that alongside intracranial pressure 
determines the critical closing pressure. Clinically, CrCP represents a lower 
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threshold of ABP, below which the brain microvasculature collapses and CBF 
ceases [24].

CrCP can be assessed non-invasively using TCD/TCCS, by comparing the pul-
satile waveforms of blood flow velocity and ABP, and given the association with the 
vasomotor tone of small blood vessels (wall tension), CrCP can provide important 
information regarding cerebral hemodynamics and changes in cerebral perfusion 
pressure in several neurological conditions [25, 26]. The estimation of CrCP through 
TCD has also been shown to be clinically useful for estimating changes in ICP non- 
invasively or for cerebrovascular tone assessment to direct therapies in patients at 
risk to develop vasospasm after subarachnoid hemorrhage or hyperemia [27].

With TCD/TCCS, CrCP can be assessed non-invasively by comparing the pulsa-
tile waveforms of CBFV and ABP [27–29] assuming a linear relationship between 
these two parameters during one cardiac cycle. Alternatively, the fundamental har-
monics of the pulse waveforms of ABP and CBFV can also be used [25, 30]. 
However, a limitation of all these methods consists in the possibility to obtain nega-
tive values of CrCP, which cannot be clinically and physiologically explained [31, 
32]. Varsos et al. proposed a new method for estimating CrCP derived based on the 
model of cerebrovascular impedance [26], eliminating the issue of rendering nega-
tive values (Eq. 11.3).

 

CrCP ABP
ABP

CVR HR
mmHg

a

= −
⋅ ⋅ ⋅( ) +

( )
C 2 1

2π
#

 

(11.3)

where CVR
ABP

FV
=

 
C

C
a

aBV

a
=

1

1  

Here, CVR (mmHg/(cm/s)) represents cerebral vascular resistance, Ca (cm/
mmHg) denotes compliance of the cerebral arterial bed (arteries and arterioles), and 
HR is the heart rate given in beat/s. a1 represents the pulse amplitude of the first 
harmonic of the ABP waveform, and CaBV1 is the pulse amplitude of the first har-
monic of the cerebral arterial blood volume waveform (CaBV). The pulse amplitude 
of the first harmonics is determined with fast Fourier transformation.

Derived from CrCP and ABP, other indices, such as the diastolic closing margin 
(DCM) of the brain microvasculature, can be obtained. Previous works have dem-
onstrated that diastolic ABP (ABPd) below CrCP is associated with the loss of mea-
surable CBFV during diastole [33], causing an acceleration of brain ischemia when 
CPP decreases further. The difference in pressures between ABPd and CrCP (DCM) 
represents the force that allows cerebral blood flow circulation during diastole. 
When DCM is exhausted (≤0 mmHg), vessels will collapse resulting in cessation of 
cerebral blood flow [33, 34] (Eq. 11.4).

 
DCM ABP CrCP mmHgd= ( )–

 
(11.4)
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11.3.4  Autoregulation

Cerebral blood flow autoregulation refers to the intrinsic ability of the brain to 
maintain a stable cerebral blood flow (CBF) despite fluctuations in cerebral perfu-
sion pressure [35]. In many neurological diseases (including TBI, stroke), an impair-
ment of this autoregulatory response has been demonstrated [36, 37] and seems that 
the degree of impairment is related to poor outcome.

Traditionally, assessment of cerebral autoregulation has been performed under 
steady-state conditions, at constant baselines ABP and CBF, and then another 
steady-state measurement was performed following manipulation of ABP.  Many 
authors adopted TCD as a static model for autoregulation assessment in patients 
using the static autoregulatory index or static rate of regulation, defined as the net 
change in cerebral blood flow following the manipulation of cerebral perfusion 
pressure under steady state [38, 39].

Although for decades this classic static approach has been widely applied in 
clinical practice, it does not take into account different factors including the differ-
ent upper and lower limits of autoregulation or different slopes of the “autoregula-
tory zone” among different individuals [40]. Thus, the investigation of dynamic 
cerebral autoregulation using TCD is an area of significant research given the high 
temporal resolution, which allows to measure the timing and the magnitude of the 
changes of CBF to the CPP/ABP challenge. This “dynamic” approach uses the 
induced or spontaneous rapid changes in ABP as an autoregulatory stimulus and 
compares ABP and CBFV during the whole autoregulatory process (dynamic pres-
sure autoregulation) [41].

In brain monitoring, TCD/TCCS can be useful to calculate an index of autoregu-
lation called mean flow index (Mx) which is the correlation coefficient index 
between MFV and CPP [42]. Zero or negative correlation indicates preserved auto-
regulation, whereas a positive correlation between CPP and CBFV indicates 
impaired autoregulation. Mx index has shown to be strongly associated with poor 
outcome at 6  months in patients with impaired autoregulation after severe head 
injury [57]. More recently, Budohoski et al. [43] demonstrated in a cohort of 300 
head-injured patients that a new autoregulation index, the Sx index (correlation 
between PSV and CPP), shows a stronger association with the patient outcome 
than Mx.

Despite the wide and generally accepted value of TCD in the assessment of cere-
bral autoregulation, this technique has some limitations. Measurements of CBFV 
are frequently only taken from the MCA, and thus autoregulatory changes in the 
posterior circulation may not be detected [44]. Moreover, TCD-based studies use 
CBFV as a surrogate measure of CBF. However, CBFV is only proportional to CBF 
when vessel cross-sectional area remains constant, as previously mentioned.
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11.3.5  Non-invasive ICP and CPP

ICP evaluation and management is crucial in many neurological diseases, and it is 
commonly measured through intraventricular or intraparenchymal catheters which 
are accurate, but their invasive nature and related complications preclude their use 
in many conditions such as coagulopathy [45, 46]. TCD/TCCS waveform analysis 
has been widely investigated as a technique for nICP estimation.

TCD-derived nICP methods are based on the relationship between ICP and indi-
ces derived from cerebral blood flow velocity. The correlation between PI and ICP 
has been extensively studied. However, reports on its usefulness for predicting ICP 
and CPP are discordant [47, 48]. Bellner et al. [25] found a significant correlation 
(R = 0.94, P < 0.0001) between invasively measured ICP and PI, with good sensitiv-
ity and specificity to detect ICP  >  20  mmHg. Other authors found less positive 
results; Zweifel et  al. [26] in a cohort of 290 patients found a weak correlation 
between PI and ICP (0.31; P < 0.001), with a 95% prediction interval of ICP values 
wider than ±15 mmHg. In a recent study, Cardim et al. [12] demonstrated a non- 
significant correlation between nICP derived from PI and ICP measured invasively.

The role of PI in the assessment of ICP is not clear, and the variability of these 
results can be explained by the fact that increase in PI is not specific to increase in 
ICP. PI can increase following a decrease in CPP and ABP, or during decrease in 
partial pressure of CO2 or increase in pulsatility of ABP waveform [5].

Many authors have proposed mathematical models that simulate the cerebrovas-
cular dynamics using simultaneous CBFV and ABP measurements. In a Black-Box 
model for estimation of ICP, the intracranial compartment is considered a black-box 
system, with ICP being a system response (output signal ICP) to the incoming sig-
nal ABP (input signal). Cardim et  al. [12] evaluated the black-box method in a 
cohort of 40 TBI patients, obtaining a moderate correlation with measured ICP 
(R = 0.39, P < 0.05). Other mathematical models have also been proposed, such as 
the cerebrovascular dynamics model for non-invasive estimation of ICP according 
to Heldt [49].

Many authors have also studied and proposed methods based on the primarily 
intended calculation of non-invasive cerebral perfusion pressure (nCPP), and sec-
ondarily calculating non-invasive ICP based on the assumption that (Eq. 11.5)

 nICP ABP nCPP= – .  (11.5)

Aaslid et al. [50] first developed a mathematical model for non-invasive estima-
tion of CPP based on transcranial Doppler waveform analysis based on spectral 
pulsatility index and the first harmonic component of the arterial blood pressure, but 
this method demonstrated low accuracy.

Czosnyka et al. [51] proposed a similar but modified formula, based on the wave-
form analysis of CBFV, which uses the EDV for the estimation of nCPP.  In 96 
patients suffering from head injury, the correlation between nCPP and measured 
CPP was R = 0.73 (P < 0.001), with estimation error less than 15 mmHg and in 84% 
of the examinations.
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Varsos et al. used a method based on CrCP [52]. According to this method, nCPP 
seems to be correlated with measured CPP (R = 0.85, P < 0.001), with a mean ± SD 
difference of 4.02 ± 6.01 mmHg, and 83.3% of the cases with an estimation error 
below 10 mmHg [52].

Considering the distinct categories for nICP estimation, there has been a consid-
erable variability in the reported accuracy of these methods, and various methods 
demonstrated wide confidence intervals for prediction and remain to be fully vali-
dated [53]. Nevertheless, it is known that even the standard invasive techniques 
might not comply with the specified limits for error [54–56]. Thus, it is debatable 
whether these accuracy requirements are realistic for all sorts of ICP monitoring.

In view of this, an important concept that should be stressed is ICP not solely “as 
a number,” once dynamical features of this parameter, such as its waveform and 
relative changes in time, are fundamental for a proper assessment of the clinical 
state of the patient [57]. Therefore, despite the intrinsic limitations and inaccuracy 
to predict ICP mean absolute values, TCD-based nICP methods may have a poten-
tial clinical utility since this technique allows a non-invasive assessment of cerebral 
circulation dynamics as ICP changes over the time domain.

These features also allow tracking nICP changes in real time in a variety of clini-
cal settings (emergency rooms, ambulatories, operating theaters). This is one of the 
advantages of transcranial Doppler ultrasonography and may become particularly 
useful as a primary assessment tool in centers where ICP monitoring is not routinely 
applied or unavailable. It may also suit patients in whom invasive ICP monitoring 
may not be clearly indicated (mild closed head injury, for example) or contraindi-
cated (coagulopathy, for instance).

11.4  Applications of TCD/TCCS Monitoring 
in Clinical Practice

11.4.1  Traumatic Brain Injury

Traumatic brain injury (TBI) is a relevant cause of morbidity and mortality, and 
several important disturbances of cerebral hemodynamics occur after TBI, includ-
ing hyperemia, cerebral ischemia, and vasospasm.

Monitoring and targeted management of ICP and CPP are necessary for patients 
with severe traumatic brain injury. Intracranial hypertension and low CPP are asso-
ciated with poor outcome, and the literature is clear about the importance of a strict 
neuromonitoring in order to avoid secondary brain insults [58].

TCD has been widely applied in TBI patients, in particular, for the assessment of 
ICP and CPP in human and animal studies [12]; moreover, some authors showed 
that impaired autoregulation, determined by TCD methods (Mx or Sx index), is 
strongly associated with poor outcome at 6 months [42, 43]. TCD demonstrated to 
be useful in TBI patients as it is able to avoid the use of invasive techniques for the 
measurement of CBF and provide similar prognostic information [43].
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TCD can be also useful in TBI patients for the assessment of cerebral dynamics 
and cerebral swelling through the calculation of cerebral compliance. Hyperemia 
may occur a few hours after TBI, lasting 2 to 4 days, and also be assessed using 
TCD patterns suggestive of high vascular resistance, consistent with elevated intra-
cranial pressure [59], or following an ischemic event.

EDV and PI have been shown to have a role in the decision between “fast track” 
and standard ICP monitoring at admission in patients with TBI [60]. In the emer-
gency room, TCD might complement brain computed tomography scan and clinical 
examination to screen patients at risk of further neurological deterioration after 
TBI. In a recent study [61], transcranial Doppler parameters showed a strong nega-
tive predictive value (NPV) in TBI patients who did not undergo secondary neuro-
logic deterioration, and patients with abnormal TCD patterns had greater disability 
4 weeks after TBI.

11.4.2  Aneurysmal Subarachnoid Hemorrhage

Aneurysmal subarachnoid hemorrhage (aSAH) has an incidence of 6–10 per 
100,000 people per year [62], with a 6-month mortality rate ranging from 32 to 
67%, and 30% of survivors harbor permanent neurological impairment [63].

In 20 to 40% of patients, new ischemic neurological deficits that were not present 
on hospital admission become apparent in the days and weeks following the ictus 
and are mainly associated with vasospasm consequent to aSAH. Vasospasm usually 
occurs 3 to 14 days following aneurysmal subarachnoid hemorrhage (aSAH), and it 
is known to be one of the causes leading to delayed cerebral ischemia (DCI) and 
poor outcomes [64].

Angiography is considered the gold standard for the detection of vasospasm; 
however, TCD has been extensively used for monitoring patients with aSAH, and it 
has been demonstrated to be able to assess vasospasm and monitor and guide the 
clinical treatment (triple-H therapy, angioplasty, etc.) [65].

TCD for the detection of vasospasm, usually performed on the MCA, has been 
studied by several authors. TCD is able to detect vasospasm as the constriction of 
the cerebral vessels leads to an increase of cerebral blood flow velocities [65].

According to a recent meta-analysis [66] including 2870 patients, TCD was 
found to be highly predictive of evidence of vasospasm in patients with aSAH with 
sensitivity of 90% (95% confidence interval (CI) 77%–96%), specificity of 71% 
(95% CI 51%–84%), positive predictive value (PPV) of 57% (95% CI 38%–71%), 
and NPV of 92% (95% CI 83%–96%) at pooled estimates for TCD diagnosis of 
vasospasm.

Vora et al. [66] in a retrospective study of 101 patients found that MCA means 
flow velocity higher than 120 cm/s had a specificity of 72% and sensitivity of 88% 
for ≥33% of angiographic vasospasm with a NPV of 94% for MFV < 120 cm/s. 
Moreover, MFV > 200 cm/s was 98% specific and 27% sensitive with a PPV of 87% 
for angiographic vasospasm of ≥33%.
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To differentiate an increase of the CBFV related to systemic hyperdynamic flow 
and vasospasm, the Lindegaard ratio (LR) [67] is normally used, which is defined as 
MFV on the MCA divided for the extracranial ICA MFV. LR < 3 indicates hyper-
dynamic flow (hyperemia) and >3 indicates vasospasm. Mild vasospasm is defined 
as MFV  >  120 and <149  cm/s (LR  =  3–6); moderate vasospasm is defined as 
MFV  >  150 and <199 (LR  =  3–6) and severe vasospasm as MFV  >  200  cm/s 
with LR > 6.

TCD has been extensively used for the detection of cerebral vasospasm showing 
good sensitivity and specificity, but TCD can also have a role in the detection of 
cerebral autoregulation after aSAH. Late detection of impaired cerebral autoregula-
tion in these patients [68] is associated with increased risk to develop DCI indepen-
dently of the incidence of vasospasm [69], and it is associated with poorer 
outcome [70].

11.4.3  Stroke

In patients affected by internal carotid artery (ICA) stenosis, impaired autoregula-
tion assessed by significant increases in Mx and decreases in dynamic autoregula-
tion index observed in the pathological stenoocclusive arteries have shown to 
correlate with the degree of stenosis and is considered a tool to identify patients at 
risk of stroke and for need of surgical decompression [71]. For instance, in a cohort 
of 48 patients with angiographic occlusion, TCD showed an overall sensitivity of 
83% and specificity of 94%, especially in the anterior circulation [72].

TCD can also be a reliable prognostic indicator in MCA occlusive stroke [73], 
and its role in the assessment of cerebral autoregulation after stroke has been exten-
sively studied. Some authors have consistently shown an impairment in ipsilateral 
cerebral autoregulation and an association with the need for decompressive surgery, 
neurological decline, and poor outcome [44].

TCD may also have a role in the prediction of outcome in patients with stroke, 
according to the site and severity of occlusion observed. In a study of 335 patients 
with acute stroke who received thrombolytic treatment, distal MCA occlusions 
assessed through TCD were associated with the greatest chance of early recanaliza-
tion (44%), compared with 30% in the proximal MCA, 30% in the basilar artery, 
and <10% in the terminal ICA [74].

Despite the important role of TCD in patients with ischemic stroke, CTA and 
MRI are still considered first-line imaging techniques due to the operator depen-
dency and poor ability of TCD to access the posterior cerebral circulation [6].
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11.4.4  Other Clinical Scenarios

TCD presents a wide range of clinical applications in the context of anesthesiology, 
neurology, neurosurgery, and neurointensive care settings (Table 11.2).

Besides the common previously described applications in neurointensive care 
settings (TBI, SAH, stroke), it has been successfully applied in the diagnosis of 
brainstem death [75] in central nervous system infections and in many ischemic 
cerebrovascular diseases (sickle cell disease, right to left cardiac shunt, venous 
thrombosis) in adult and pediatric populations [6, 76, 77].

Moreover, TCD is gaining interest even in the intraoperative settings. It has been 
successfully applied in order to assess nCPP and nICP in surgical procedures at risk 
of intracranial hypertension [78, 79], such as laparoscopic procedures with pneumo-
peritoneum and Trendelenburg position [80]. It has been also successfully used for 
neuromonitoring during carotid endarterectomy or during cardiopulmonary 
bypass [81].

Growing and recent evidences support the use of TCD even in metabolic coma 
(such as during liver transplant or hepatic encephalopathy) or in pregnant patients to 
assess autoregulation and cerebrovascular changes as prognostic factor for pre-
eclampsia and cerebrovascular events during pregnancy [82].

Finally, TCD has been recently applied in septic patients to assess nCPP and 
PI. Some authors found higher values of PI and cerebral vascular constriction in 
septic patients compared to control group, suggesting a possible role of TCD in the 
assessment of the mechanisms underlying the pathogenesis of sepsis-related 
encephalopathy [83].

11.5  Conclusion

The non-invasiveness, repeatability, portability, and high temporal resolution of 
TCD have promoted the wide use of this technique, especially for bedside monitor-
ing of CBF in the neurocritical care settings.

Invasive techniques still appear to remain the gold standard across most of the 
clinical applications; moreover, operator dependency and the need for an appropri-
ate temporal window are significant limitations to TCD clinical utility.

However, despite some limitations including operator dependency and 10–20% 
of patients having inadequate transtemporal acoustic windows, TCD remains a 
valuable tool for the assessment of cerebral hemodynamics in critically ill patients. 
Its wide utility as a diagnostic tool makes it a useful “stethoscope for the brain.”
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of Patient
ABCD
Level of consciousness (Glasgow)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxigenation?

DIAGNOSIS

Subarachnoid Hemorrhage (SAH) Ischemic Stroke Traumatic Brain Injury (TBI)
CNS infection (Meningitis/Encephalitis) Intracerebral Hemorrhage (ICH) Acute Liver Failure (ALF)

Brain Tumors Preeclampsia Neurosurgery Peri-operative
Brain Death Sickle Cell Disease Sepsis - Delirium

Cerebral Venous Thrombosis Right to Left cardiac shunt

Multimodal Monitoring (MMM)
Transcranial Doppler (TCD)

Transcranial Color-Coded duplex Sonography (TCCS)

BASIC SIGNALS ADVANCED SIGNALS
Flow Velocity (FV) Pulasatility Index (PI) Autoregulation (AR) CrCP & Wall Tension (WT)
Spectral Waveform

Qualitatives – Quantitatives
Changes
(Trends)

PI: (PSV – EDV) / MFV
0.5 – 1.1

Dynamic AR
Indexes Measurement

Pressure (mmHg)
Measurements

Cerebral vascular resistance MFV & CPP (Mx)
PSV & CPP (Sx)

CrCP (mmHg)
DCM (mmHg)

PSV / MFV / EDV Spectral Waveform Changes? Zero or negative value
(AR is preserved)
Positive value 
(Impaired AR)

ESTIMATE

ICP
CPP

Cerebral arterial Compliance (Ca) Cerebrovascular Time Non-invasive ICP/ CPP
Compliance of Intracranial space (Ci) Constant (TAU) (nICP) / (nCPP)

Cerebral Compliance Time → Changes→ Pressure (mmHg)
Ca→ABP ⇔ CaBV TCD/TCCS – based index nICP = ABP - nCPP
Ci→ICP ⇔ CaBV TAU = Ca x CVR (sec.)  

ABCD Airway-breathing-circulation-disability, CPP Cerebral Perfusion Pressure, ICP Intracranial 
Pressure/MFV Mean flow velocity, EDV diastolic flow Velocity, PSV Peak systolic flow velocity, 
Ca Cerebral arterial compliance, Ci Compliance of intracranial space, CVR Cerebrovascular 
resistance
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Chapter 12
Neurosonology in the ICU: Transcranial 
Doppler (TCD) Protocol

Corina Puppo

Key Points
 1. TCD is a non-invasive ultrasound technique at the patient’s bedside, measuring 

cerebral blood flow velocities (CBFV) of basal cerebral arteries.
 2. It measures flow velocities and estimates changes in cerebral blood flow but does 

not measure cerebral blood flow in absolute values.
 3. It uses areas or natural orifices of the skull as acoustic windows to insonate intra-

cerebral hemodynamic changes.
 4. The most used acoustic window to evaluate global cerebral hemodynamics is the 

transtemporal window through the middle cerebral artery (MCA) insonation.
 5. TCD, through an envelope wave, determines the three flow velocities and the 

derived hemodynamic indexes: PSV, EDV, MFV, PI, RI, and LR.
 6. In normal conditions, the intracranial blood flow circulates only in one direction, 

accelerating during systole and decelerating during diastole, without ever stop-
ping or reversing its direction.

 7. The cerebral arteries’ blood flow is less pulsatile than in the rest of the arteries of 
the body, given the important collateral circulation of the system (circle of 
Willis) that maintains a low resistance pattern.

 8. It is essential to repeat the TCD examinations in order to measure the hemody-
namic changes in real time and to assess the trends of the parameters evaluated 
and/or the response to an established therapeutic trial.
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12.1  Introduction

Transcranial Doppler (TCD) is a non-invasive ultrasound method that measures 
cerebral blood flow velocities (CBFVs) in the basal cerebral arteries (circle of 
Willis), without transferring the patient out of the ICU.

It measures the circulatory velocity of the blood. It does not measure cerebral 
blood flow (C BF). However, under certain conditions, changes in CBFV are 
proportional to changes in CBF.

In intensive care unit (ICU), it can be used (a) uniquely, (b) repeatedly, observing 
the trend of changes in CBFVs and pulsatility, (c) continuously alone, or (d) com-
bined with other variables, for example, arterial blood pressure and intracranial 
pressure (ICP), constituting multimodal neuromonitoring.

12.2  TCD: Spectral Wave

The screen of the TCD equipment shows the circulation velocity in time. The circu-
latory velocity of a complete arterial pulse cycle is called sonogram.

At each instant the blood particle velocities can be seen. Since the ultrasound is 
reflected by multiple moving blood particles in a certain segment of the artery (the 
depth and size of this segment are chosen by the operator), a “spectrum” of veloci-
ties is generated [1]. This spectrum is different if the flow is laminar or turbulent 
(Fig. 12.1). In arterial segments without stenosis or bifurcations, the flow is laminar.

By taking only the maximum velocities at each point in this spectrum, the TCD 
equipment outlines an “envelope” wave. The envelope wave, therefore, shows the 
values of the particles moving at the highest velocity within the arterial vessel. The 
values of the envelope wave thus generated are those analyzed and displayed by the 
ultrasound equipment. In the graph of the envelope wave of each arterial pulse, three 
variables are defined: peak systolic velocity (PSV), mean flow velocity (MFV), and 
end-diastolic velocity (EDV) (Fig. 12.2).

Spectrum and envelope wave characteristics: Under normal conditions, cerebral 
blood flow moves in a single direction within the vessel, slows down in the diastole, 
and accelerates when a new blood pulse arrives. It does not stop or reverse its direc-
tion. The final diastolic rate is the lowest of each pulse, greater than zero.

By convention, the flow toward the transducer is given a positive value and the 
flow away from it is given a negative value. In the arterial bifurcations, a bidirec-
tional flow is seen.

A relatively constant diameter of the studied vessel is assumed, and thus the 
changes of CBFV are directly proportional to the changes of CBF. For this, the 
transducer must remain fixed without changes in its angulation.

TCD measures CBFV and estimates changes in CBF but does not measure CBF 
in absolute values.
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12.3  TCD: Identification of Vessels

Transcranial Doppler identifies the different arteries according to

 1. Characteristics of the Doppler signal.
 2. Topography of the Doppler signal (acoustic window, direction of the ultrasound 

beam, and depth).
 3. Hemodynamic response to maneuvers.

 1. Characteristics of the Doppler Signal:

Fig. 12.1 Difference between laminar flow spectrum (upper) and turbulent flow spectrum (lower). 
In the first one most of the circulating particles are of high velocity and therefore form a thick line 
near the maximum velocity in each instant; the different colors translate more or less particles 
concentration. A lower triangle remains where there is a spectral window, indicated by a red circle. 
In turbulent flow, which can be seen in bifurcations, or in severe stenoses, the angles of intonation 
are formed between the direction of the particles rotating in turbulent form and the direction of the 
ultrasound emitted by the transducer are large, so they look as low velocities. The vascular murmur 
is marked with a circle, evidencing the turbulence, which has a special sound, like that of a 
¨seagull's song¨, superimposed on the normal sound
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By convention, if the flow is directed toward the transducer, it is shown as 
positive spectrum wave; if it is directed in the opposite direction, it is shown as 
negative spectrum wave. If a bifurcation is insonated, it is displayed as a bidirec-
tional spectrum wave.

 2. Topography:
Different acoustic windows allow to insonate different arteries of the circle of 

Willis. From each acoustic window, the direction of the ultrasound beam from 
transducer allows the identification of the different basal cerebral arteries, as 
well as the depth at which each of them is located.

 3. M-Mode: Power Motion Mode Doppler
Transcranial Doppler emits pulsed ultrasound. This means that it obtains 

information only from a small volume of the intracranial space whose depth is 
permanently defined throughout the examination. This small volume is called 
the “sample volume.” The operator must, therefore, know which vessel he is 
going to look for, through which window, and at what depth he is going to 
look for it.

The operator must also know the insonation angle that he must give to the 
transducer. This generated the concept that the technique is operator dependent. 
The introduction of the M-mode (PMD) facilitates the examination, even for 
inexperienced operators, since it makes it possible to simultaneously see the 

Fig. 12.2 On the left you can see a Doppler spectrum velocities (sonogram) in the first four cycles. 
In the following cycles the spectrum has been erased and only the envelope wave is seen. The 
arrows show the point where the PSV, the EDV and the MFV. You can also see the graphical cal-
culation of the average velocity which in this case coincides with the value calculated by the equip-
ment since the envelope wave correctly follows the maximum values of the Doppler spectrum. The 
average velocity calculated graphically is the one that marks a horizontal line that divides the 
envelope wave in two parts of similar area as seen in the figure

C. Puppo



219

intensity and direction of the flow along 6 cm or more of the intracranial space 
that the ultrasound beams cross.
When using the PMD, the screen of TCD machine is divided into two sectors:

 1. In the main sector (generally upper), you can see the sonogram of the vessel 
under examination (at a predetermined depth), that is, the full characteristics 
(spectrum, envelope wave, PSV, EDV, MFV, PI) of the flow velocity at the cho-
sen point of the artery under study.

 2. In the M-mode sector screen (generally lower), the different flows that appear 
along the path (3–6 cm or more, configurable by the examiner) of the ultrasound 
beam in that direction are shown simultaneously (Fig. 12.3). This sector graphs 
the flows along the beam path, showing in the different depths, if there is any 
flow or not, and in case there is, in red or blue color if it is directed toward or 
moves away from the transducer, respectively.

Over time these segments are seen as red or blue horizontal bands crossing 
the screen. The display allows to choose any point of interest in this sector, so 
that the main screen shows the sonogram of the flow at the chosen point and the 
characteristics of both the spectrum and its envelope waves (PSV, EDV, MFV, 
PI, etc.).

Normal values of CBFVs vary according to (a) insonated vessel and (b) physio-
logical variables. CBFV in the cerebral arteries varies with age, where they are 
greatest in childhood and decrease with age. Normal values of CBFV in healthy 
adults for three age groups are shown in Table 12.1.

To have a global idea of the values in mind, the following scheme is useful: aver-
age velocity in cm/s (±10): ACM 60, ACA 50, ACP 40, and posterior circulation 
sector 35.

Other important physiological variables that influence the CBFV in the cerebral 
arteries are blood viscosity (one of whose main determinants is hematocrit), tem-
perature, PaCO2, and heart rate.

The trends of values are more important than a single CBFV value.

12.4  TCD: Clinical Utility

TCD is known as the “Stethoscope of the brain.” The use of the TCD is directed to the 
detection and follow-up of cerebral hemodynamics alterations in the patients with neu-
rological injury: acute ischemic stroke (AIS), subarachnoid hemorrhages (SAH), intra-
cerebral hematoma, traumatic brain injury (TBI), and other pathologies such as central 
nervous system (CNS) infections, cerebral vasculitis, etc. It is especially useful in neu-
rocritically ill patients whose state of consciousness is altered (secondary to different 
injuries and/or sedation/analgesia/neuromuscular block requirements), and complete 
neurological examination is not possible. Unlike the TCCS, it does not show anatomi-
cal images (B-mode) but only the blood flow velocities in the basal cerebral arteries.
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The alterations of cerebral hemodynamics, monitored by TCD, are generally 
secondary to

 1. Increase of ICP.
 2. Vasospasm.
 3. Hyperemia.

Fig. 12.3 The M mode or "Power Mode". The two panels that appear on the computer screen 
when using this mode are shown. The insonation is through transtemporal acoustic window. In the 
upper panel you can see the Doppler spectrum, where equipment has delineated the spectral 
Doppler envelope. In this case it is a laminar blood flow. The lower panel shows the M-mode, 
which displays all the flows in the path of the ultrasonic beam, their depths in relation to the surface 
of the transducer and their directions (towards the transducer in red and away from it in blue). The 
scale on the left shows at what depth, in mm, these flows are seen. Between 40 and 60 mm there is 
a flow that approaches the transducer, which corresponds to the middle cerebral artery (MCA). In 
this red band there is a dotted line, which shows the depth at which the artery is being observed, in 
this case about 48 mm; at this depth corresponds the spectrum seen in the upper panel. Any point 
can be chosen, so that the volume of the sample will inspect and show on the upper display the 
spectrum and the corresponding envelope with its PSV, MFV, EDV and PI. Between 70 and 75 mm 
a flow is seen that moves away, corresponding to the anterior cerebral artery (ACA). The carotid 
bifurcation is not clearly seen in this image, but at about 62 mm a blue band can be seen at times, 
so it can be thought that this is the bifurcation and that by slightly angulating the transducer it could 
be clearly found
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 4. Alterations in cerebrovascular reactivity.
 5. Coexistence of two or more of the previously mentioned points.

When the interest is to assess whether there are global alterations of the cerebral 
hemodynamics, we must insonate the anterior circulation; middle cerebral artery 
(MCA), anterior cerebral artery (ACA), and the posterior circulation; and basilar 
artery (BA) and vertebral arteries (VA). When the interest of the study is to detect a 
segmental alteration (vasospasm), the assessment must be global initially and then 
detailed, along each vessel.

12.5  TCD: Frequent Uses in Intensive Care Unit

 1. Detect and estimate changes of intracranial pressure (ICP) [2–11].
 2. Diagnose cerebral circulatory arrest [12–18], collaborating in the diagnosis of 

brain death.
 3. Diagnosis and monitoring of cerebral artery vasospasm in the clinical evolution 

of SAH [19, 20], TBI [21, 22], and CNS infections [23–27].
 4. In AIS: Monitor arterial recanalization when thrombolytics are performed [28]. 

To increase the action of these drugs (sonothrombolysis) [29, 30]. To evaluate 
the presence of microembolism signals and the presence of right–left shunt in 
cryptogenic AIS.

 5. To evaluate the state of cerebral autoregulation (CA) [31], by means of inte-
grated neuromonitoring through mean flow reactive index (Mx).

 6. Cerebral vasomotor reactivity to CO2. Time constant of cerebral circulation and 
critical closing pressure.

Table 12.1 Normal values of CBFVs in adults [32]

Artery
(Depth / mm)

PSV
(cm/s)

EDV
(cm/s)

MFV
(cm/s)

Age
(yr.)

MCA
(50 mm)

95 ± 14 46 ± 7 58 ± 8 <40
91 ± 17 44 ± 10 58 ± 12 40–60
78 ±  15 32 ± 9 45 ± 11 >60

ACA
(70 mm)

76 ± 17 36 ± 9 47 ± 14 <40
86 ±  20 41 ± 7 53 ± 11 40–60
73 ±  20 34 ± 9 45 ± 14 >60

PCA
(60 mm)

53 ± 11 26 ± 7 34 ± 8 <40
60 ± 21 29 ± 8 37 ± 10 40–60
51 ± 12 22 ± 7 30 ± 9 >60

VA / BA
(75 mm)

56 ± 8 27 ± 5 35 ± 8 <40
60 ± 17 29 ± 8 36 ± 12 40–60
51 ± 19 21 ± 9 31 ± 12 >60

MCA Middle cerebral artery, ACA Anterior cerebral artery, PCA Posterior cerebral artery, VA 
Vertebral artery, BA Basilar artery
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12.6  TCD: Technique

12.6.1  Position of the Patient and Examiner

Frequently, the neurocritical patient is in dorsal decubitus, with the head elevated 
about 30°, aligned with the trunk. It is not necessary to modify the patient’s posi-
tion. The examiner can be placed at the patient’s bedside, but given the large number 
of catheters and devices that are frequently found around critical patients, it is usu-
ally placed at the side of the bed.

The different vessels are insonated through the different acoustic windows 
(Fig.  12.4). Acoustic windows are areas of the skull that are more permeable to 
ultrasound beams, because they are thinner or because they are natural orifices. The 
transducer should be placed by exerting moderate pressure (except when using 
transorbital window), with abundant gel to ensure proper coupling between the 
transducer and the skin. It must be known in which direction the ultrasound beam 
will be emitted, and at what depth each artery will be searched. In this way, the 
depth will be fixed in advance.

The exploration will begin more superficially and will be deepened by a few mil-
limeters, optimizing the angle of insonation at each point to find the spectrum whose 
blood flow velocity is maximum, which is the one that will coincide with the mini-
mum angle of insonation (angle between the ultrasonic beam and the direction of 
blood flow at the point of insonation).

12.6.2  Transtemporal Acoustic Window

TCD assessment begins through the transtemporal acoustic window to insonate 
middle cerebral artery (MCA). The transtemporal acoustic window extends above 
the zygomatic arch, in front of the swallow, and behind the lateral corner of the 
homolateral eye. It has a projection that can be anterior, medial, and posterior. Each 
patient is different, so the best approach should always be sought in each case.

12.6.2.1  Anterior Circulation

Middle Cerebral Artery (MCA)

 1. Acoustic Window: Transtemporal
 2. Depth: (M1 Segment)

The depth should be between 45 and 60–65  mm and followed along its 
entire length.

 3. Acoustic Window: Transtemporal
 4. Depth: (M2 Segment)
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In certain cases, it is important to insonate more superficially, from 45 mm to 
30 mm (e.g., distal vasospasm).

In all cases, the transducer will be slightly rotated to apical (about 10°), caudal 
(about 10°), occipital, and frontal direction [7], independent of the sector of the 
transtemporal window that the operator is located to record Doppler signals.

As the flow of the MCA is toward the transducer, it will be seen as a positive 
sonogram.

At 65 mm depth of insonation is the carotid bifurcation, where the MCA and the 
anterior cerebral artery (ACA) originate. The carotid bifurcation is insonated as a 
bidirectional blood flow, with a simultaneous positive and negative sonogram.

a b

c d

Fig. 12.4 The circle of Willis and their relationships to the different acoustic windows. In (a) it is 
shown the whole circle of Willis, its main branches and the vessels that form it, the transducer in 
transtemporal acoustic window and the different intonation angles that must be given to it (in this 
plane) to find the lowest angle of insonation with the MCA and. In (b) the transoccipital acoustic 
window and its relationship with the blood flow in the posterior circulation can be observed. In (c) 
the anterior sector is seen in a coronal view and, in (d) the transorbital acoustic window and its 
relationship with the vessels of the carotid siphon and OA is observed in a sagittal section
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At greater depth of insonation, the flow in the ACA (A1 segment) is seen as a 
sonogram with negative blood flow velocities that originates at 65 mm depth (in the 
carotid bifurcation) and extends about 5–10 mm inward and forward, with values 
always negative.

12.6.2.2  Posterior Circulation

Posterior Cerebral Artery (PCA)

 1. Acoustic Window: Transtemporal
 2. Depth:

The transducer should be rotated slightly to occipital direction, between 70 
and 90 mm depths. The blood flow is directed toward the transducer, where it 
will be seen as a positive sonogram.

To differentiate whether a positive spectrum found in the transtemporal window 
is MCA or PCA, we must consider the following:

 1. Direction of the probe: PCA is found with transducer rotated to occipital 
direction.

 2. Depth: MCA is usually less than 65 mm, and PCA is deeper.
 3. Carotid compression maneuvers: Homolateral compression will generate 

decrease in sonogram blood flow velocity if it is MCA and increase if it is PCA, 
in which the blood flow in this artery originates in the posterior sector. This 
depends on the patient having a functioning posterior communicating artery. If 
the circle of Willis does not compensate, carotid compression will not generate 
changes if it is PCA.

12.6.3  Submandibular Acoustic Window

12.6.3.1  Internal Carotid Artery (ICA—Extracranial Portion)

 1. Transducer: 2 MHz
 2. Depth: 40–50 mm

The blood flow is away from the transducer (negative spectrum wave).
The velocity in this artery is approximately 30 cm/s.

As a complement to the insonation of MCA, mainly when the velocities are high, 
this velocity is compared with extracranial internal carotid artery (ICA) velocity, to 
study the Lindegaard ratio (vasospasm vs. hyperemia). The transducer is placed 
below the angle of the mandible, parallel to, and behind the upright branch.
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12.6.4  Transoccipital Acoustic Window

12.6.4.1  Posterior Circulation

 1. Vessels: Basilar artery (BA) and vertebral artery (VA)
 2. Acoustic Window: Foramen magnum

The transducer is positioned under the external occipital protuberance and is 
directed toward the nasion.

 3. Depth: 80–100 mm (BA)
Follow the vertebral arteries to their central confluence with the BA.

 4. Depth: 60 mm (VA)
Therefore, with an initial depth of 60 mm, angulate the transducer to the right 

and left of the midline until the signals from the vertebral arteries are found. If 
no Doppler signal is found, the transducer can be moved slightly sideways to 
optimize the window through retromastoid position. The identification of right 
and left vertebral arteries will be based on the direction of the ultrasonic beam 
and landmarks between the observed vessels.

The patient can be positioned in a dorsal decubitus with a pillow under the 
occiput and the head flexed to the side opposite the operator, or (without absolute 
contraindications for cervical flexion) the patient can be lateralized very carefully to 
access the acoustic window.

12.6.5  Transorbital Acoustic Window

 1. Vessels: Ophthalmic artery (OA) and carotid siphon
 2. Depth: 40–60 mm (OA)

The OA flow is directed toward the transducer (positive spectral Doppler).
Unlike basal cerebral arteries, OA is an extracranial artery with high resis-

tance flow pattern. Homolateral carotid compression results in a decrease of the 
Doppler signal. This artery can act as collateral in case of significant carotid 
disease. In this clinical context, a negative flow is visualized since the direction 
of blood flow away from the transducer.

 3. Depth: 60–80 mm (Carotid siphon)
The flow can be directed toward the transductor or away from it, according to 

the portion of the carotid siphon that is insonated.

The ultrasound intensity should be lowered to 10% to minimize eye exposure 
(prevent cavitation effects). The transducer, using abundant gel, is placed on the 
closed upper eyelid, a few millimeters inward from the middle of the eyelid. No 
pressure should be exerted on the eye, and the exposure should be for a short time.

Figure 12.5 shows a scheme of basal cerebral arteries studied by TCD and the 
depths at which they are found each.
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12.6.6  Blood Flow Velocities and Hemodynamic Indexes

12.6.6.1  Interpretation of Doppler Spectrum Wave (Sonogram)

The PSV corresponds to the highest measuring of the Doppler spectrum wave 
(sonogram). It is related to the left ventricular contractility. The EDV corresponds 
to the lowest point of the sonogram, before starting a new cardiac cycle. It makes it 
possible to infer the blood flow velocity output, related to cerebrovascular resis-
tances (CVR). In comparison with the circulatory flow velocities of the extracranial 
vessels, this CBFV output in the basal cerebral arteries is high. It evidenced a 
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Fig. 12.5 Scheme of the basal cerebral arteries being studied with TCD, their approximate depths 
(mm), and CBF direction. Anterior circulation; ICA (terminal segment); Bif carotid bifurcation, 
MCA middle cerebral artery. (M1: M1 segment and M2 segment). ACA anterior cerebral artery. 
AComA anterior communicating artery, OA ophthalmic artery. In the posterior circulation; VA 
vertebral arteries, BA basilar artery. Connecting the anterior and posterior sector we see the 
PComA posterior communicating artery. Communicating arteries do not have flow in normal con-
ditions, they do when they function as collaterals
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characteristic of the cerebral circulation: it is a system of low resistance. The MFV 
is calculated mathematically as the average on time of the CBFVs during each 
Doppler spectrum wave. It can also be calculated graphically in the Doppler 
sonogram.

12.6.6.2  Pulsatility Index

There are two hemodynamic indices: the pulsatility index (PI) or Gosling’s index 
and the resistance index (RI) or Pourcelot’s index.

The PI is the most widely used. It is calculated by the following formula 
(Eq. 12.1):

 
PI PSV EDV MFV∗ = +( ) /  

(12.1)

*Normal value: 0.6–1.2
The higher the differential velocity (high PSV and low EDV), the higher the PI 

value [7]. In general, it reflects a higher (high PI) or lower (low PI) resistance to the 
cerebral blood flow, and it can be modified by (1) conditions specific to the intrace-
rebral arteries (small resistance vessels), (2) change of cerebral parenchyma compli-
ance, and/or (3) changes in cerebral perfusion pressure. PI > 1.2 (integrating clinical 
evolution of the patient with PI absolute and trends values) in patients with acute 
neurological injury and risk of developing intracranial hypertension, should always 
alert the clinician. Repeated and bilateral neurological monitoring with TCD is 
crucial.

The other hemodynamic index that can be measured by TCD is RI (less used). 
The RI is calculated with the following formula (Eq. 12.2):

 
RI PSV EDV PSV= +( ) /  

(12.2)

12.7  The Different Patterns of Cerebral Blood Flow

12.7.1  High-Velocity Pattern

It is seen mainly in vasospasm or hyperemia.

12.7.2  Low-Velocity Pattern

This pattern refers to cerebral hypoperfusion.
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12.7.3  High Resistance Pattern

In general, it coexists with low CBFV. A PI > 1.2 should lead to suspicion of intra-
cranial hypertension in critically ill patients with acute neurological injury 
(Fig. 12.6).

12.7.4  Cerebral Circulatory Arrest Pattern

Reverberant flow and systolic spikes are seen diffusely in the patient progressing to 
brain death.

All these patterns will be described in depth in the corresponding chapters.

Fig. 12.6 Sonogram: High resistance pattern (MCA)
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12.8  TCD: Other Clinical Uses

Among the advantages that TCD has over other monitoring methods, it is the pos-
sibility of performing prolonged neurological monitoring, constituting a very useful 
tool in multimodal neuromonitoring (MMM).

12.8.1  Through the MMM You Can Study the Following

12.8.1.1  Cerebral Vascular Reactivity

Capacity of the cerebral arteriolar bed to respond to different stimuli with changes 
in CVR. Depending on the stimulus, cerebrovascular reactivity can be classified as 
follows:

 1. Reactivity to CO2.
 2. Metabolic reactivity.
 3. Reactivity to drugs.
 4. Cerebral autoregulation.

12.9  TCD: Limitations

The most important limitations of TCD are (a) operator dependent and (b) 10–15% 
of patients do not have a good acoustic window.

12.10  Conclusion

Transcranial Doppler is a useful monitoring tool for assessing cerebral hemody-
namics in the critically ill patient. It allows suspecting or ruling out serious altera-
tions that need urgent management, at the patient’s bedside, in a non-invasive way. 
Unlike imaging studies, which give an anatomical evaluation that provides little 
information about functionality, TCD can be done as many times as desired (repeated 
or continuous way), with excellent temporal resolution.

It is complementary to the anatomical evaluation. The TCD protocol in ICU is 
different from that performed in the neurological laboratory. The study can be done 
to evaluate hemodynamics globally and/or segmental changes (vasospasm, steno- 
occlusion, etc.). In this case, it should be remembered that there may be intracranial 
pressure gradients and, therefore, the arteries of the anterior and posterior circula-
tions (bilaterally) should be assessed through the four acoustic windows in order to 
evaluate CBFV, hemodynamic indexes, and right/left CBF asymmetry.

12 Neurosonology in the ICU: Transcranial Doppler (TCD) Protocol



230

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

DIAGNOSIS

Neurological
Monitoring

CRITICALLY ILL
PATIENT

Neurological
Compromise

TRANSCRANIAL DOPPLER(TCD)

CEREBRAL HEMODYNAMICS

TRANSORBITAL
WINDOW

SUBMANDIBULAR
WINDOW

TRANSTEMPORAL
WINDOW

TRANSFORAMINAL
WINDOW

MEASUREMENT MEASUREMENT MEASUREMENT MEASUREMENT
1. CBFV 1. CBFV 1. CBFVs 1. CBFVs
2. PI 2. PI 2. PI
3. Flow direction 3. Flow direction 3. Flow direction

ARTERY 4. Flow asymmetry
ICA

ARTERY (Extracranial portion)
1. OA ARTERY ARTERY
2. ICA-Siphon 1. MCA 1. VAs

2. ACA 2. BA
3. PCA

ANALYSIS
CBFVs Spectral Doppler Waveform / Flow direction / Flow patterns

Lindegaadr ratio Vasospasm / Hyperemia
Estimation of ICP Pulsatility Index (PI) / CrCP

CA Mx / PRx / Sx Optimize CPP
CONSIDER: Trend of the Measurements

ABCD
Level of Consciousness (GCS)
Bilateral Pupillary Reactivity.
Hemodynamic  Stability?
Oxygenation?

 

ABCD Airway-breathing-circulation-disability, GCS Glasgow coma scale, ACA Anterior Cerebral 
Artery, PCA Posterior Cerebral Artery, BA Basilar Artery, VA Vertebral Artery, OA Ophthalmic 
artery, ICPn Noninvasive intracranial pressure, CBFVs Cerebral blood flow velocities, Mx Mean 
flow index, Sx systolic flow index, PRx Pressure reactivity index, CA Cerebral autoregulation, 
CrCP Critical closing pressure, CPP Cerebral perfusión pressure
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Chapter 13
Transcranial Doppler (TCD/TCCS) 
Monitoring in the Intensive Care Unit: 
Usefulness of Two-Dimensional Ultrasound 
(2D) to Guide Neuromonitoring
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Key Points
 1. There are several applications of transcranial Doppler (TCD/TCCS) in the inten-

sive care unit (ICU).
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 2. Two-dimensional (2D) ultrasound and TCCS can facilitate placement of a con-
tinuous TCD monitoring system.

 3. 2D ultrasound and Doppler (TCCS) can also be used in order to optimize TCD 
acquisition and improve its interpretation by differentiating between an intracra-
nial and an extracranial source of an abnormal TCD signal.

 4. 2D ultrasound and Doppler (TCCS) can be used to image intra- and extracranial 
structures which can be the source of neurological disorders.

13.1  Introduction

Transcranial Doppler (TCD) ultrasound (US) is a simple, non-invasive, relatively 
inexpensive bedside tool that can provide real-time dynamic information regard-
ing cerebral blood flow velocity (CBFV) in the proximal cerebral blood vessels. 
Since its first clinical application in 1982 [1], the use of TCD has expanded rap-
idly over the past two decades. The portability and non-invasive nature of TCD 
allow both assessments during emergencies and continuous or serial monitoring 
in the intensive care unit (ICU). The clinical applications of TCD in the ICU are 
summarized in Table 13.1. TCD is commonly used in neuro-critical care units, 

Table 13.1 Applications of transcranial Doppler (TCD/TCCS) in the operating room and the 
intensive care unit

1. Neuro-critical care
   (a)  Cerebral vasospasm screening and monitoring to assess progression and treatment effect 

(angioplasty or medical treatment) after aneurysmal subarachnoid hemorrhage
   (b)  Non-invasive intracranial pressure (ICP) screening and monitoring, combined with optic 

nerve sheath diameter, in the absence of invasive ICP monitoring (fulminant hepatic 
failure, etc.)

   (c)  Assessment of the degree of hyperemia after arteriovenous malformation resection, 
carotid endarterectomy, carotid surgical or endovascular angioplasty and in patients with 
malignant hypertension

   (d) Assessment of cerebral circulatory arrest in suspected brain death
2. Stroke Unit
   (a) Diagnosis of proximal arterial occlusion in acute ischemic stroke
   (b) Assessment of arterial patency after thrombolytic treatment
   (c) Diagnosis of hyperemia after conversion of acute ischemic to hemorrhagic stroke
3. Various
   (a) Assessment of cerebral autoregulation and cerebrovascular carbon dioxide reactivity
   (b) Diagnosis of intracranial artery stenosis
   (c)  Guiding chronic red cell transfusion therapy in patients with sickle cell disease who are at 

risk of developing stroke
   (d)  Intraoperative monitoring during carotid endarterectomy and procedures at risk of 

causing systemic emboli and hypoperfusion
   (e) Detection of cardiac or pulmonary right to left shunt (e.g. patent foramen ovale)

Adapted with permission of Taylor and Francis Group, LLC, a division of Informa plc. from 
Denault et al. [21]
Abbreviations: TCD transcranial Doppler
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acute stroke units, operating rooms, ICUs, and emergency departments. It can 
even be useful in an outpatient setting to assess the hemodynamic changes associ-
ated with stenosis of major cerebral arteries or to determine the risk of stroke in 
patients with sickle cell disease. For the experienced vascular neurologist, neuro-
intensivist, and neuro- anesthesiologist, the small portable TCD device serves as a 
“stethoscope for the brain” [2]. The addition of two-dimensional (2D) US to a 
standardized TCD assessment allows optimization of TCD acquisition and 
improves its interpretation by differentiating an intracranial from an extracranial 
source of an abnormal TCD signal. Finally, 2D US and Doppler can be used to 
image intracranial as well as extracranial structures, which can be the source of 
neurological disorders.

13.2  Acoustic Windows

In order to interrogate the brain, it is essential to obtain an acoustic window through 
the skull. Normally, US waves undergo gradual loss of intensity as they move 
through different body structures. The degree of attenuation is directly proportional 
to the attenuation coefficient of the medium and to the emitted US frequency. Since 
bone has a relatively high attenuation coefficient, it is difficult to measure CBFV 
using a conventional 5–10  MHz Doppler probe. The use of a lower frequency 
(1–2 MHz) probe is required. TCD examinations are commonly performed through 
four acoustic windows where the bone is relatively thin or absent. However, in the 
ICU, for monitoring purposes, we typically concentrate on the temporal window. 
The middle cerebral artery, anterior cerebral artery, posterior cerebral artery, and 
terminal internal carotid artery can be examined (Fig.  13.1) through the trans- 
temporal window.

13.3  2D-Guided TCD Monitoring

In order to examine the brain through the temporal window, the depth has to be 
adjusted to at least twice the distance from the midline cerebral falx which is typi-
cally at 8 cm. The skull is formed by two layers of compact bone separated by a 
porous layer called diploë that allows US wave propagation by creating an acoustic 
interface [3]. However, in up to 38% of patients, Doppler signals cannot be acquired 
because of an inadequate or narrow temporal acoustic window [4]. Blind placement 
of a TCD probe in these patients can be time-consuming and may ultimately result 
in an inadequate signal. The use of 2D cranial ultrasonography can potentially facil-
itate localization of the temporal acoustic window prior to TCD probe placement. 
The most commonly used planes are the mesencephalic plane, the diencephalic 
plane, and the diencephalic-ventricular plane which includes the lateral ventricles 
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(Fig. 13.2) [5]. The probe is placed over the area just above the zygomatic arch 
along the orbitomeatal line which extends from the lateral canthus of the eye to the 
midpoint of the external auditory meatus. The acoustic window can be located in the 
anterior part of the temporal bone, close to the vertical portion of the zygomatic 
bone, or, more frequently, posterior and close to the tragus of the ear.

Any transthoracic or hand-held low-frequency transducer probe (1–2 MHz) can 
be used. In patients with prior craniectomy (Fig. 13.3b), visualization of cerebral 
anatomy and TCD signals are easily obtained (Fig. 13.3b–d). The gain and depth 
(14 to 16 cm) are adjusted to localize the bony structures (Fig. 13.4). The contralat-
eral cranial bone is first located in the far field. In the mid-field, the petrous ridge 
can be identified posteriorly and sphenoid wing anteriorly. The carotid siphon and 
foramen lacerum can be localized anteriorly. The cerebral peduncle, third ventricle, 
and the cerebral falx can be localized in the middle field with the mesencephalic 
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Fig. 13.1 Transcranial Doppler signals. Probe position in the temporal window and normal tran-
scranial Doppler (TCD) signals are shown for the (a) middle cerebral artery (MCA), (b) bifurca-
tion of the MCA and anterior cerebral artery (ACA), (c) ACA, (d) terminal internal carotid artery 
(TICA), (e) pre-communicating posterior cerebral artery (PCA) and (f) post-communicating PCA 
(PcomA). (g) Corresponding position in the circle of Willis. (Abbreviations: AcomA anterior com-
municating artery, BA basilar artery). (Reproduced and adapted by permission of Taylor and 
Francis Group, LLC, a division of Informa plc. from Denault et al. [21])
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brainstem appearing as a ¨butterfly shape¨ surrounded by the echogenic basal cis-
terns in the axial plane, parallel to the orbitomeatal line [6].

Doppler imaging (scale between 20 and 100 cm/s) allows identification of the 
major vascular structures. Depth and direction of flow are the main characteristics 
of the Doppler signal that help to differentiate the various vessels [7]. Identification 
of the vascular structures usually takes less than one minute. TCD monitoring 
probes are then positioned, adjusted, and stabilized with the other cerebral monitor-
ing modalities. The above TCD monitoring technique has been used at our institu-
tion as part of a multimodal neurologic monitoring strategy since 2015. We recently 
reported that 95 patients out of 100 had at least a unilateral adequate temporal 
acoustic window available for TCD monitoring during cardiac surgery. An adequate 
bilateral window was found in 70 patients. In five patients, neither right nor left 
temporal acoustic window was present and TCD could not be used [8]. The use of 

Mesencephalic view

Diencephalic-ventricular viewDiencephalic viewc

a b

d

Fig. 13.2 Axial trans-temporal brain computed tomography (a) and ultrasound at 3 different lev-
els. (b) Upper brainstem or mesencephalic view at the level of the zygomatic arch, (c) diencephalic 
view at the level of the third ventricle obtained by tilting the probe 10o upward and (d) diencephalic- 
ventricular view obtained by tilting the probe another 10o upward. In this view, the lateral ventricle 
can be seen. (Reproduced and adapted by permission of Taylor and Francis Group, LLC, a division 
of Informa plc. from Denault et al. [21])
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2D cranial US can rapidly facilitate TCD monitoring in most patients despite the 
high reported failure rates in TCD monitoring [4]. Table  13.2 summarizes the 
approach used for obtaining continuous TCD monitoring from the temporal acous-
tic window. Transcranial Color-Coded Duplex Sonography (TCCS) can also help 
identify the cerebral vascular anatomy and allow proper angle correction when 
assessing flow velocities [9].

13.4  Applications of TCD Monitoring in the ICU

We use TCD monitoring as part of multimodal monitoring mostly in the cardiac 
operating room but also in the cardiothoracic, general, and neuro ICU. The follow-
ing signals will be displayed:

a b

c d

Fig. 13.3 (a) Normal position of hand-held ultrasound on the temporal region. (b) Patient after 
right-sided craniectomy for cerebral edema is shown. (c) 2D cerebral ultrasound image with color 
Doppler (Nyquist 13 cm/s) that shows part of the circle of Willis. Note the butterfly aspect of the 
midbrain. (d) Transcranial Doppler investigation of the right middle cerebral artery (RMCA) 
velocity. (Reproduced by permission of Taylor and Francis Group, LLC, a division of Informa plc. 
from Denault et al. [21])

A. Y. Denault et al.
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 1. The peak systolic flow velocity (PSV)
 2. The end-diastolic flow velocity (EDV)
 3. The mean flow velocity (MFV)
 4. The pulsatility index (PI)
 5. The resistance index (RI)

US machines with automatic or manual spectral waveform tracing calculate 
MFV as the area under the traced curve.

• Mean flow velocity (MFV) = (PSV + (2 x EDV))/3 or (PSV – EDV)/3 + EDV
• Pulsatility Index (PI) = (PSV – EDV)/MFV (normal 0.8–1.2)
• Resistance Index (RI) = (PSV – EDV)/PSV (normal 0.6 ± 0.1)

Velocity signals will be significantly altered in the presence of increased intra-
cranial pressure (ICP). However, there are several other roles of cranial and 

a

c d

b

Fig. 13.4 Temporal windows. (a, b) Using 2D imaging, anatomic reference points shown with 
these cut portions of the skull are the petrous bone, foramen lacerum, sphenoid wing and the oppo-
site cranial wall (arrows). (c) Color Doppler (Nyquist 27 cm/s) showing blood flow in the petrous 
bone (arrows). The sphenoid wing is shown (triangles). (d) The display depth is initially adjusted 
in order to see the contralateral skull at the mesencephalic level. (Abbreviations: ACA anterior 
cerebral artery, MCA middle cerebral artery, PCA posterior cerebral artery). (Reproduced by per-
mission of Taylor and Francis Group, LLC, a division of Informa plc. from Denault et al. [21])
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extracranial 2D US. In the presence of signs of increased ICP, 2D US of the brain 
can be used to diagnose dilated ventricles in patients with previous craniotomy 
(Fig. 13.5), midline shift (Fig. 13.6), and regional increase in ICP (Fig. 13.7), and 
facilitate the monitoring of vasospasm versus hyperemia through direct visualiza-
tion of the circle of Willis (Fig. 13.8). In addition, examination of the optic nerve 
sheath diameter (ONSD) is another method of evaluating increased ICP. For adults, 
normal values taken at 3 mm of the optic disk are 5.4 ± 0.6 mm, and abnormal val-
ues range between 6 and 7 mm [5]. As mentioned by Harrer et al., overlaps between 
normal and pathological values are possible given the nature of the dynamic process 
[5]. The diagnosis of papilledema can be easily performed; however, the ONSD will 
change more rapidly than the appearance or disappearance of papilledema [5]. In 
patients with increased ICP, both ONSD and CBF velocities obtained by TCD will 
be abnormal. However, ONSD seems to be more sensitive and specific than CBF 
velocities obtained by TCD in detecting elevated ICP [10–15].

Furthermore, a recent study by Chelly et al. demonstrated that ONSD on the first 
day after cardiac arrest was significantly associated with in-hospital mortality (OR 
6.3; 95%CI [1.05–40] per 1 mm of ONSD above 5.5 mm; p = 0.03) and correlated 
with brain edema measured using computed tomography [16].

Table 13.2 General procedural steps in echo-guided transcranial Doppler monitoring through 
temporal window

1. Probe selection: select a low frequency probe (1–2 MHz) and the transcranial profile
2. Patient: Supine position
3.  Position the ultrasound machine so that the ultrasound images and the chosen site for vascular 

investigation will be in the same visual field
4. Position of the operator: head of the bed while stabilizing the hand using a pillow
5.  Preparation: adjust gain, depth (14–16 cm for contralateral skull bone and 5–6 cm for MCA), 

color scale, M-mode and pulsed-wave Doppler. Use a 10–15 mm sample volume initially, 
then adjust

6.  Identify with 2D US the petrous ridge posteriorly, carotid canal (C2-C3 segments), foramen 
lacerum, cerebral falx, sphenoid wing anteriorly, cerebral peduncle and the contralateral 
cranial bone (Fig. 13.1). Use color Doppler (scale 25 cm/s) to identify the vessels in the 
following order: bidirectional « butterfly » TICA signal (C7 segment) in the foramen lacerum, 
MCA, ACA, ACoA, then move back to TICA and find the PCoA then the PCA, proximal (P1 
segment) and distal (P2 segment) portion around the cerebral peduncle

7. Position the TCD: Position in the acoustic bone window into the same probe position
8. Report velocities and refer to normal values adjusted by age

Adapted with permission of Taylor and Francis Group, LLC, a division of Informa plc. from 
Denault et al. [21]
Abbreviations: 2D two-dimensional, ACA anterior cerebral artery, ACoA anterior communicating 
artery, C carotid segments (C2,petrous segment; C3, lacerum segment; C7, communicating or 
terminal (t) segment), MCA middle cerebral artery, PCA posterior cerebral artery, PCoA posterior 
communicating artery, TICA terminal internal carotid artery, US ultrasound
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Fig. 13.5 (a) Transcranial sonography (TCS) using a hand-held pocket ultrasound device (GE 
Vingmed Ultrasound AS, Horten, Norway) on a patient with craniectomy. (b) Prior to external 
ventricular drain (EVD) clamping, TCS showed a measurement of the 3rd ventricle at approxi-
mately 1.16 cm. (c) On the third day, TCS showed a dilated 3rd ventricle measuring 1.37 cm. (d) 
Computed tomography scan showed a dilated 3rd ventricle measuring 13.1 mm. (e) One day after 
reopening the EVD, the size of the 3rd ventricle decreased to 0.99 cm as measured by TCS. (f) The 
following day, it went down to 0.69 cm. (Abbreviations: IM mechanical index, IT thermal index). 
(With permission of Najjar et al. [22])

a b

c d
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e f

Fig. 13.5 (continued)

a b

Fig. 13.6 Cerebral hematoma. (a) Transcranial 2D diencephalic-ventricular image of an intrapa-
renchymal hematoma (dotted line) with a (b) persistent left midline shift (arrow). (c) Initial com-
puted tomography upon presentation with midline shift (arrow) and (d) magnetic resonance 
imaging following craniectomy taken at different axial planes are presented for comparison. 
(Reproduced by permission of Taylor and Francis Group, LLC, a division of Informa plc. from 
Denault et al. [21])
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c d

Fig. 13.6 (continued)

a b

c d

Fig. 13.7 A 47-year-old man with (a) grade V subarachnoid hemorrhage, bilateral intra-cranial 
pressure (ICP) monitoring and left-sided craniectomy shown on computed tomography. (b) 
Mesencephalic brain ultrasound view with color Doppler showing parts of the circle of Willis. 
Note the increased velocity of the left middle cerebral artery (LMCA), greater than the 123 cm/s 
Nyquist limit (normal peak velocity 90–110 cm/s). (c, d) Transcranial Doppler velocities of both 
the LMCA and right middle cerebral artery (RMCA). The latter was obtained through a normal 
right temporal window. The peak systolic velocity (PSV), end-diastolic velocity (EDV), resistance 
index (RI) and ICP were higher in the LMCA compared to the RMCA. (Abbreviations: RPCA 
right posterior cerebral artery). (Reproduced and adapted by permission of Taylor and Francis 
Group, LLC, a division of Informa plc. from Denault et al. [21])
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13.5  Pitfalls in Cranial 2D Ultrasound and TCD Monitoring

The use of cranial 2D US, ONSD, and TCD/TCCS must be carefully interpreted in 
conjunction with extracranial conditions that can be associated with neurological 
abnormalities. For instance, intravenous milrinone can induce left ventricular out-
flow tract obstruction in patients with subarachnoid hemorrhage treated for vaso-
spasm (Fig. 13.9). This condition can be associated with significant high- velocity 
signals in the cerebral arteries which are unrelated to the degree of vasospasm. We 
have observed elevated PI and increased ONSD in various conditions such as left 
heart failure, associated with Cheyne–Stokes respiration and possibly intermittent 
hypercapnia, right heart failure (Fig. 13.10), congenital heart disease with pulmo-
nary hypertension, pneumonia complicating chronic pulmonary hypertension 

a

d e

b c

Fig. 13.8 A 54-year-old woman with a (a) grade IV subarachnoid hemorrhage and left craniec-
tomy shown on computed tomography. Corresponding diencephalic view obtained using two- 
dimensional echocardiography. With rotation (b), the diencephalic view allows close monitoring 
of ventricular dimensions which were more significant on the left side. Note on both images the tip 
of the ventricular drainage system. (c, d) Color Doppler allows visual screening of flow velocities 
of arteries of the circle of Willis. Direct examination using pulsed-wave Doppler of the left middle 
cerebral artery (LMCA) allows more precise quantification. (e) Direct examination using pulsed- 
wave Doppler of the left middle cerebral artery (LMCA) allows more precise quantification. 
(Abbreviations: EDV end-diastolic velocity, ICP intracranial pressure, PSV peak systolic velocity, 
RI resistant index, RMCA right middle cerebral artery). (Reproduced and adapted by permission 
of Taylor and Francis Group, LLC, a division of Informa plc. from Denault et al. [21])
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a b

c d

e f

Fig. 13.9 Transcranial Doppler (TCD) and left ventricular outflow tract (LVOT) obstruction. A 
31-year-old man with subarachnoid hemorrhage receiving intravenous milrinone develops LVOT 
obstruction. (a, b) Apical four-chamber view showing a hyperdynamic heart and flow acceleration 
in the LVOT using color Doppler. (c) Note the significant pressure gradient (PG) of 253 mmHg and 
LVOT velocities of 7.95 m/s using the apical five-chamber view. (d) The associated TCD velocity 
of the left middle cerebral artery (MCA) was 2.57  m/s (normal peak velocity 0.9–1.1  m/s). 
Following a bolus of 500 ml of crystalloid, (e) the LVOT PG drops to 72 mmHg and (f) the left 
MCA velocity decreases to 1.72  m/s. Examples like this one demonstrates that extra-cranial 
pathology can have a profound impact on the left MCA pulsatility index measured by 
TCD. (Abbreviations: PSV peak systolic velocity). (Reproduced and adapted by permission of 
Taylor and Francis Group, LLC, a division of Informa plc. from Denault et al. [21])
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(Fig. 13.11), and severe aortic regurgitation. All these examples indicate that PI can 
significantly be affected by cardiac conditions and possibly also vascular conditions 
such as arterial stiffness [17, 18].

TCD/TCCS can be used in the ICU for continuous monitoring of high-intensity 
transient signals (HITS), which represent microemboli (gaseous or solid). HITS can 
also be present in hypoxemic patients with a patent foramen ovale. This condition 

a b

c d

Fig. 13.10 A 71-year-old comatose woman with severe right ventricular failure associated with 
(a) increased resistance index (RI = 0.77) on transcranial Doppler (TCD) of the middle cerebral 
artery (MCA), (b) pulsatile TCD cerebral venous flow (CVF) of the petrosal sinus (arrow), (c) 
pulsatile portal venous flow (PoVF) (arrow) and (d) elevated pulmonary artery pressure (Ppa) 
associated with abnormal right ventricular pressure (Prv) and right atrial pressure (Pra) waveform 
suggesting right ventricular dysfunction with significant tricuspid regurgitation resulting in cere-
bral and portal venous congestion. The patient died post-operatively of multisystem organ failure. 
(Abbreviations: EDV end-diastolic velocity, ETCO2 end-tidal carbon dioxide, HR heart rate, Pfa 
femoral artery pressure, PSV peak systolic velocity). (Reproduced and adapted by permission of 
Taylor and Francis Group, LLC, a division of Informa plc. from Denault et al. [21])
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can be present in up to 20% of the normal population [19, 20]. Intraoperatively, 
HITS can be associated with right ventricular dysfunction as microemboli can also 
migrate in the right coronary artery. In this situation, reduction in electroencephalo-
graphic activity and near-infrared spectroscopy signals can be observed.

13.6  Conclusion

In conclusion, TCD analysis and interpretation should always be performed with 
2D ultrasound of the brain, optic nerve, and also careful examination of the extra-
cranial organs that could be altered from cardiac dysfunction.

a b

c d

Fig. 13.11 A 75-year-old man admitted to the intensive care unit for pneumonia and hypercapnic 
encephalopathy with right ventricular dysfunction from pulmonary hypertension. (a) Transcranial 
Doppler (TCD) of the right middle cerebral artery (MCA) showed a (b) resistance index (RI) of 
0.68. (c) The optic nerve sheath diameter was 6.2 mm and (d) using a left subcostal view, a pleural 
effusion was diagnosed. (Abbreviations: EDV end-diastolic velocity, PSV peak systolic velocity, 
RI resistance index). (Reproduced and adapted by permission of Taylor and Francis Group, LLC, 
a division of Informa plc. from Denault et al. [21])
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

DIAGNOSIS

ACUTE NEUROLOGICAL INJURY

Multimodal Monitoring (MMM)

2D-ULTRASOUND (2D-US)
Low Frequency Probe (1-2 MHz)

Intracranial Approach Extracranial Approach

(A) Transtemporal Acoustic Bone Window Neck Insonation
2D-US Imaging

IDENTIFY (Vascular structure)
IDENTIFY (Bones) • Internal Jugular Vein

• Contralateral Skull
• Foramen Lacerum Normal Distended
• Petrous Ridge
• Sphenoidal bone Cardiac Function

(B) Transtemporal Acoustic Bone Window

IDENTIFY (Brain Parenchyma) Normal Abnormal
• Mesencephalon
• Midline Hepatic Venous Flow
• 3th Ventricle 2D-US / Doppler Imaging
• Lateral Ventricles

(C) Transtemporal Acoustic Bone Window Normal
S > D

AR < 50% of S

Abnormal
S < D

AR > 50% of S
Color Doppler Imaging (blood flow)

[ Mesencephalic Plane ⇒ MCA]
IDENTIFY (Circle of Willis) Portal Venous Flow

• Right / Left Middle Cerebral Artery (MCA) Doppler Imaging

Normal
Monomorphic

Abnormal
Pulsatile > 50%

Increase MCA Pulsatility Index (> 1.2) Consider
Intracranial

Hypertension

Consider
Cardiogenic ≠ PI

of Venous Congestion

Transcranial Doppler (TCD)
Position the TCD probe in the same 2D-US probe position

ABCD
Level of Consciousness (GCS)
Bilateral Pupillary Reactivity?
Hemodynamic Stability?
Oxygenation?

2D-US Imaging
[ Depth 14-16cm ⇒ See the opposite skull border]

2D-US Imaging
[ Mesencephalic Plane / Dincephalic Plane / Ventricular Plane]

2D-US Imaging
[ FOCUS Approach]

 

Our approach to using TCD in the presence of elevated PI is summarized in the algorithm. 
Neglecting the extracranial information in interpreting TCD may lead to inappropriate interven-
tions that would reduce the benefit of this type of monitoring.

PI Pulsatility Index, AR atrial reversal hepatic venous flow velocity, D diastolic hepatic venous 
flow velocity, S systolic hepatic venous flow velocity, ↑ Increase, MCA middle cerebral artery

A. Y. Denault et al.
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Chapter 14
Neurosonology in ICU: Transcranial 
Color-Coded Duplex Sonography (TCCS) 
Protocol

Camilo N. Rodríguez and Deborah Pugin

Key Points
 1. The transcranial color-coded duplex sonography (TCCS) is a technique that 

enables a direct visualization of the basal cerebral arteries. The visualization is 
possible through Doppler sonography and the blood flow velocities of the arter-
ies which are color-coded. On the opposite, TCD allows only to record the arte-
rial blood flow velocities without direct visualization. The identification of the 
arteries is based on the depth of recording and flow direction.

 2. A good knowledge of the anatomy of the intracranial and extracranial arteries is 
requested to evaluate them in an efficient way with TCCS.

 3. The Circle of Willis is incomplete in 40–65% of the cases.
 4. In total, 10–20% of patients do not have an accessible transtemporal acoustic 

window to insonate.
 5. The insonation angle during the transcranial color-coded duplex sonography 

(TCCS) study is very important. It is mandatory to keep it as low as possible 
(<60°), for an optimal interpretation of the flow velocity in the cerebral arteries.

 6. Transcranial color-coded duplex sonography (TCCS) is very useful to approach the 
brain perfusion, but many elements should be taken into consideration to analyze 
the results (anemia, fever, systemic blood pressure, angle of insonation, etc.) of 
cerebral hemodynamics in many clinical contexts of critical patients. But remember 
that we must contemplate that there are certain general limitations at the time of the 
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examination (acoustic windows, clinical interpretation of pulsatility index (PI), etc.) 
and certain specific aspects that we should consider when we approach the patient 
in a critical pathology determined with or without acute neurological injury.

14.1  Introduction

The insonation of intracranial blood vessels through the skull was first reported by 
Aaslid and colleagues in 1982 with transcranial Doppler (TCD). Transcranial 
Doppler (TCD) is based on the use of low-frequency ultrasound probe through vari-
ous anatomical windows (area of thin skull), allowing an exploration of the Doppler 
signal of the basal cerebral arteries [1].

The TCD records the blood flow velocities of these arteries, and they are identi-
fied by the position of the probe, the depth of recording, and the flow direction. 
Sometimes, the exact identification of the arteries may be challenging, especially in 
anatomical variations.

The major limitations of the TCD are the lack of

 1. Visualization of the insonated arteries.
 2. Evaluation of the angle between the beam of insonation and the vessel, and the 

potential misidentification of the artery.

Unlike the Transcranial Doppler (TCD), TCCS allows a direct visualization of 
the basal cerebral arteries through the temporal window of the skull, a thorough 
identification, and a potential correction of the angle is therefore possible.

TCCS is a non-invasive ultrasound that combines images of parenchymal struc-
tures (B-Mode) allowing the visualization of different brain structures through the 
temporal window and the Doppler evaluation of basal cerebral arteries. The main 
cerebral arteries of the Circle of Willis may be insonated. The blood flow velocities 
may be recorded and are color-coded according to the direction of the flow (Doppler). 
This helps to better identify the different basal cerebral arteries, and the direct visu-
alization of the arteries may show arterial stenosis or kinking.

The scope of TCCS allows an evaluation of the parenchyma, midline shift, visu-
alization of intra- or extracranial hematoma, monitoring of vasospasm, monitoring 
of indirect signs of increased intracranial pressure, and diagnosis of cerebral circu-
latory arrest.

To analyze correctly the flow velocities and B-Mode (2D) images, special atten-
tion should be paid to possible anatomical variations [2–5].

14.2  TCCS: Anatomical Aspects

The objective of the study by transcranial Doppler (TCD) is the evaluation of blood 
flow velocities in basal cerebral arteries, and transcranial color-coded duplex sonog-
raphy (TCCS) includes also the evaluation of cerebral blood flow velocities in the 
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cerebral intracranial and extracranial arteries and the evaluation of extravascular 
structures.

A basic knowledge of anatomy is mandatory to realize an effective study of these 
parameters.

The intracranial and extracranial vascular and the parenchymal structures can be 
accessed through the transcranial color-coded duplex sonography (TCCS).

Remember, 10–20% of patients do not have an accessible transtemporal acoustic 
window to insonate.

14.3  Basal Cerebral Arteries: Circle of Willis

The Circle of Willis is a vascular structure located in the brain base connecting two 
arterial systems: the anterior system constituted by both Internal Carotid Arteries 
and the posterior system, originating from the vertebro-basilar circulation [6]. From 
the Circle of Willis, intracranial arteries can be individualized: Middle Cerebral 
Artery (MCA), Anterior Cerebral Artery (ACA), Posterior communicating Artery 
(PcomA), and Posterior Cerebral Artery (PCA) (Figs. 14.1 and 14.2).

MCA(M1)

ACA(A1)

ACA(A1)

ACA(A2)

ACA(A2)

MCA(M1)

PCA(P2)

PC
A(

P1
)

PCA(P1)
PCA(P2)

G.N. Rodriguez, 2019

BAAComA

PComA

PComA

M

ICA

ICA

Fig. 14.1 Scheme: Circle of Willis and most common blood flow direction; ACA anterior cerebral 
artery, MCA middle cerebral artery, PCA posterior cerebral artery, ICA internal carotid artery, 
AComA anterior communicating Artery, PComA posterior communicating artery, M mesencepha-
lon, (Arrows): points out the most common direction of flow
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14.3.1  Anterior Circulation

14.3.1.1  Carotid System

• Internal Carotid Artery (ICA)

 (a) Carotid siphon
 (b) Ophthalmic artery
 (c) Middle Cerebral Artery (MCA)

c.1 M1 Segment
c.2 M2 Segment
c.3 M3 Segment

 (d) Anterior Cerebral Artery (ACA)

d.1 A1 Segment
d.2 A2 Segment

 (e) Posterior communicating artery (PcomA)

ba

Fig. 14.2 (a) Schema: Circle of Willis; (1) internal carotid artery (ICA), (2) middle cerebral artery 
(MCA) M1-segment and M2 segment, (3) anterior communicating artery (AcomA), (4) anterior 
communicating artery (ACA) A1-segment, (5) posterior communicating artery (PcomA), (6) pos-
terior cerebral artery (PCA) P1-segment and P2-segment, (7) vertebral arteries (VA) V4-segments, 
(8) postero-inferior cerebellar artery (PICA), and (9) basilar artery (BA). (b) TCCS: Circle of 
Willis by mesencephalic plane through transtemporal acoustic window; ACA: anterior cerebral 
artery (A1 segment), MCA middle cerebral artery (M1 segment), PCA posterior cerebral artery 
(P1 segment), MCAc contralateral middle cerebral artery and (1) mesencephalon
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14.3.2  Posterior Circulation

14.3.2.1  Vertebro-Basilar System

• Vertebral Artery (VA)

 (a) V1 segment
 (b) V2 segment
 (c) V3 segment
 (d) V4 segment

Most common insonated through transforaminal window.

• Basilar Artery (BA)

 (a) Posterior Cerebral Artery (PCA)

a.1 P1 segment
a.2 P2 segment

• Postero-inferior Cerebellar Artery (PICA)

Note that the Circle of Willis is incomplete in 40–65% of population [7–9].

14.4  TCCS: Brain Parenchyma and Non-vascular Structures

The milestones displayed regularly with identification rates of >75% are as follows 
[10, 11]:

Transcranial Ultrasonography: B-Mode (Gray Scale)

 1. Sphenoid bone/Petrosal bone
 2. Medial Cerebral Fossa
 3. Cerebellum
 4. Mesencephalon
 5. Thalamus
 6. Pineal gland
 7. Frontal horns of lateral ventricles
 8. Choroidal plexus
 9. Third ventricle
 10. Cerebral midline
 11. Intra-axial/extra-axial collections

There are intracerebral anatomical structures such as medulla oblongata, fourth 
ventricle, cerebellar structures, insula, frontal, parietal, and occipital lobes that can 
be visualized with greater difficulty except in craniectomized patients [10].

There is a good correlation between the computed tomography (CT) and the 
transcranial color-coded duplex sonography (TCCS) when studying and interpret-
ing the anatomical structures of the brain parenchyma in non-craniectomized 
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patients: third ventricle (and its displacement), midline shift, perimesencephalic cis-
tern, and Sylvian fissure [12, 13]. This correlation is better between CT and TCCS 
in craniectomized patients, where lateral ventricles, hyper- or hypodense lesions, 
and the location of the intraventricular catheter can be seen [14].

14.5  TCCS: Examiner Considerations

The ultrasonography examination in the intensive care unit or the emergency depart-
ment presents unique characteristics as the patients are less mobile, often intubated, 
sometimes hemodynamically instable. TCCS needs to be completed quickly. 
Furthermore, different parameters may influence the blood flow velocities such as 
fever, anemia, brady or tachycardia, and hypo- or hypercapnia, and must be recorded 
at the same time to allow an integrative analysis of the measures.

 1. Mobility of the Patient and Clinical Context?
Patients with suspected cervical lesions or intubated and patients with intra-

cranial hypertension cannot be mobilized freely, and the TCCS exam could be 
limited. Usually, the temporal window is accessible, even if the patient’s head 
needs to be maintained in a neutral position. It is up to the treating physicians to 
evaluate the clinical situation and define the best strategy.

 2. Time to Conduct the Study
In a trained professional, TCCS requires usually between 20 and 45 minutes 

for a complete and comprehensive evaluation of the different elements (paren-
chyma, blood flow velocities of the different arteries of interest) [22–24].

14.6  TCCS: Acoustic Windows

There are five insonation acoustic windows for TCCS approach:

 1. Transtemporal
 2. Transforaminal (suboccipital)
 3. Transorbital
 4. Submandibular
 5. Frontal

In general, the patient is examined in supine position (with the exception of the 
evaluation through the suboccipital window) with the head preferably aligned with 
the body and with the head at 30° (whenever possible). The operator is located 
behind the patient’s head (sitting or standing) or on patient’s side.

The study of TCCS in the intensive care unit requires time and dedication on the 
part of the operator to obtain reliable information, often dedicating 30 to 45 minutes 
per examination depending on the critical pathology of the patient [22–24].

C. N. Rodríguez and D. Pugin



257

Consider that TCCS and the “blind” TCD techniques are complementary exams 
that require time and dedication if a reliable and complete interpretation of them is 
required. In the TCD, the insonation angle of the vessels and the ultrasound beam is 
unknown. There is no visual orientation, so the flow and its speed can be underesti-
mated, but a small angle of insonation is presumed (0°–30°) [2]. The angle of 
insonation during the development of the TCCS study is very important when inter-
preting the results. It is necessary to be able to maintain an angle of insonation <60° 
for an optimal interpretation of the flow velocity in cerebral arterial vessels [25–27].

14.7  TCCS: Examination Protocol

The transcranial color-coded duplex sonography (TCCS) requires the use of a low- 
frequency transducer (1.75–3.5 MHz), as cardiac transducers. This probe is ade-
quate for penetration of the temporal skull and enables the visualization of the 
cerebral parenchyma (B-mode) and the evaluation of cerebral arteries through the 
Doppler signal [15, 16].

To evaluate the optic nerve sheath diameter, the vascular probe should be used 
(5–12 MHz).

As the optic nerve is subject to the same pressure changes as the intracranial com-
partment [17, 18], the optic nerve sheath diameter has an anterior enlargement in case 
of increased intracranial pressure. Several studies have found a correlation between 
optic nerve sheath diameter and increased intracranial pressure (ICP) [19–21].

The upper limit of normal value of optic nerve sheath diameter is 5  mm if 
recorded as described below. With this cut-off for intracranial hypertension, the 
specificity is 93% and negative predictive value 100% [21].

14.7.1  Transtemporal Acoustic Window Examination 
(Axial Planes)

The transtemporal window is most frequently used for insonation in an axial plane 
of the arterial vessels. At the 1998 annual meeting of the European Transcranial 
Color-Coded Duplex Study Group (TCCS study group), the following exploration 
planes were recommended:

 1. Mesencephalic plane (Figs. 14.3 and 14.4)
 2. Diencephalic plane (Fig. 14.5)
 3. Ventricular plane (Cella media) (Fig. 14.6)
 4. Upper pontine plane (Fig. 14.8b)
 5. Lower pontine plane (Fig. 14.8a)
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This is the main window of insonation when we start a study with the transcra-
nial color-coded duplex sonography (TCCS) and the gray-scale brain ultrasound 
(B-Mode). It allows a direct visualization of the anatomical references and therefore 
a correct identification of the structures (carotid arterial system and main parenchy-
mal structures).

14.7.1.1  Considerations

Recommended Depth: 140–160 mm

Which allows a direct visualization of the contralateral skull.

ba

Fig. 14.3 (a) Mesencephalic plane by TCCS through transtemporal acoustic window. M: mesen-
cephalon, CS: contralateral skull. (b) Circle of Willis. M1 M1 segment of middle cerebral artery 
(MCA), M2 M2 segment of MCA, M1c contralateral M1 segment of MCA, ACA A1 segment, 
PCA P1 segment, PCAc contralateral P1 segment, M mesencephalon, and CS:contralateral skull

ba

Fig. 14.4 (a) Mesencephalic plane by TCCS through transtemporal acoustic window; M: mesen-
cephalon (¨Butterfly¨), (Arrow) contralateral skull. (b) Brain TC-scan; M: mesencephalon, (1) 
ambiens cistern and (2) quadrigeminal cistern
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Doppler: (Convention)

• Blue color: Flow away from transducer.
• Red color: Flow forward to the transducer.

We suggest the following protocol order so as not to leave any detail unstudied:

 (a) Transducer: (Probe)

• Cardiac low-frequency probe (1.75–3.5 MHz)

 (b) Patient Positioning:

• Supine position with the head at a 30° angle, aligned with the body
• (Not always possible in critically ill patients)

ba

Fig. 14.5 (a) Diencephalic plane by TCCS through transtemporal acoustic window: (1) Thalamus. 
(2) Pineal gland, (yellow arrow) 3rd ventricle and (green arrow) contralateral skull. (b) Brain MRI: 
(1) Thalamus, (yellow arrow) 3rd ventricle, (dotted line) ultrasound beam through transtemporal 
window and (green arrow) contralateral skull

ba

Fig. 14.6 (a) Ventricular plane by TCCS through transtemporal acoustic window: (1) anterior 
horns of lateral ventricles, (arrow) contralateral skull. (b) Brain MRI: (1) anterior horns of lateral 
ventricles and ultrasound beam (dotted line)
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 (c) Depth:

• 14–16 cm

• (Allows the direct visualization of the contralateral skull)

 (d) Insonation Window: Transtemporal Acoustic Window:

• With the probe mark looking forward
• Position the probe in front of the tragus in the temporal bone above the 

zygomatic arch (Fig. 14.7)

 (e) B-Mode:

• Localize the contralateral skull
• Localize the cerebral peduncles (mesencephalon: Butterfly-shaped cerebral 

peduncles) (Figs. 14.3 and 14.4)

 (f) Color Doppler: Location of Circle of Willis: (Fig. 14.2)

• Start the color-coded Doppler (red color–blue color)
• Identify the different arteries of the circle of Willis around mesencephalic 

brainstem

 (g) Color Doppler: Location of the Ipsilateral Middle Cerebral Artery (MCA):

• Start the color-coded Doppler (red color–blue color)

Fig. 14.7 Scheme: 
Transtemporal acoustic 
window. F frontal, A 
anterior, M mean, and P 
posterior position
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• Identify the M1 segment of MCA (horizontal segment) (Fig. 14.2)

 (h) Arterial Blood Flow Velocities (PW Doppler): Doppler Spectrum Analysis:

• Place the pulsed Doppler (PW) on the M1 segment of MCA (proximal)
• The PW Doppler allows to obtain the spectral Doppler wave and the flow 

velocities (MFV /PSV/EDV) of each insonated vessel

 (i) Identify Other Intracerebral Arteries of the Circle of Willis: [28]
Anterior Circulation:

• Identification: (color Doppler) A1 segment of ipsilateral ACA

• (They can be very useful for the evaluation of collateral circulation in case 
of an occlusive disease) [29]

• Identification: (color Doppler) Contralateral M1 segment of MCA
• (sometimes is possible)
• Identification: (color Doppler) AcomA and PcomA

 (j) Identify Other Intracerebral Arteries of the Circle of Willis:
Posterior Circulation:

• It is usually not identified in the same plane of the MCA; it is therefore 
required to tilt the transducer caudally.

• Identification: (Color Doppler) P1 and P2 segments of PCA
• [Ipsilateral vessels: P1 segment (red color) and P2 (blue color)].
• Sometimes a blue non-pulsatile signal could be identified, next to the P2 

segment. It is the Basal vein of Rosenthal [30].

 (k) Tilt the Transducer 10º Cephalic from the Mesencephalic Plane: Diencephalic 
Plane (Thalamic Plane):

• B-Mode: Midline

• Visualization of the third ventricle (linear hyperechoic structure)
• B-Mode: Thalamus: Next to the third ventricle (bilateral hypoechoic 

structures)
• B-Mode: Pineal gland: A posterior calcified structure (hyperechoic structure)
• Color Doppler: M2 and M3 segments of ipsilateral MCA.  A2 seg-

ment of ACA

 (l) Tilt the Transducer 10° cephalic from thalamic plane: Ventricular plane (Cella 
Media plane): [31]

• B-Mode: Frontal horns of the lateral ventricles (Hypoechoic bilateral 
structures)

• Color Doppler: M3 segment of ipsilateral MCA

 (m) B-Mode and color Doppler: Lowering the insonation angle by 10° from the 
mesencephalic plane: Pontine plane: (Fig. 14.8b)

• B-Mode: (Anteriorly) Sphenoid bone
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• B-Mode: (Posteriorly) Petrosal bone
• Sphenoid + Petrosal bones: Forms middle temporal fossa
• Cerebellum: Hypoechoic structure
• Color Doppler: ICA-Siphon and ophthalmic artery (OA)

 (n) B-Mode and color Doppler: Lowering the insonation angle by 10° from the 
upper pontine plane: Lower Pontine plane: (Fig. 14.8a)

• B-Mode: (Anteriorly) Sphenoid bone
• B-Mode: (Posteriorly) Petrosal bone
• Color Doppler: C1 segment–ICA

14.7.2  Transtemporal Acoustic Window Examination 
(Coronal Planes)

The transtemporal window is most frequently used for insonation. The coronal 
planes may be a complementary ultrasound view to insonate vessels with diffi-
cult access.

 2.1 Anterior Coronal Plane
 2.2 Posterior Coronal Plane

We suggest the following protocol order so as not to leave any detail unstudied:

 (a) Transducer: (Probe)

• Cardiac low-frequency probe (1.75–3.5 MHz)

 (b) Patient Positioning:

• Supine position with the head at a 30° angle, aligned with the body

ba

Fig. 14.8 (a) Lower pontine plane through transtemporal window by TCCS approach: (red line) 
petrosal bone and (green line) sphenoid bone. (b) Upper pontine plane through transtemporal 
window by TCCS approach: (CS) contralateral skull, (PF) posterior fossa, (red line) petrosal bone, 
and (green line) sphenoid bone
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• (Not always possible in critically ill patients)

 (c) Depth:

• 14–16 cm
• (Allows the direct visualization of the contralateral skull)

 (d) Rotate the Transducer 90° from the Mesencephalic Plane: Anterior Coronal 
Plane: (Fig. 14.9)

• B-Mode: Frontal horns of the lateral ventricles (Hypoechoic structures)
• B-Mode: Carotid groove of the sphenoid bone
• Color Doppler: Terminal internal carotid artery (C1 segment of ICA)
• Color Doppler: Carotid siphon: Can be visualized more completely with the 

combination of two planes: a transtemporal axial and coronal approach

 (e) Rotate the transducer by 90° from the transtemporal axial plane, once visual-
ized P1–P2 (PCA): Posterior coronal plane

• Color Doppler: Top of the basilar artery (BA) [32]

14.7.3  Transoccipital (Transnuchal/Transforaminal) Acoustic 
Window Examination

This acoustic window is the same to insonate the vertebro-basilar arterial system by 
TCD or TCCS (Figs. 14.10 and 14.11).

We suggest the following protocol order so as not to leave any detail unstudied 
of vertebro-basilar system.

ba

Fig. 14.9 (a) Scheme: Anatomical coronal section; (1) C1 segment of ICA, (2) Frontal horns of 
lateral ventricles and (Yellow Dotted line) coronal ultrasound beam. (b) Anterior coronal plane 
through transtemporal window by TCCS approach: (1)(2) frontal horns of lateral ventricles, (3) 
brain parenchyma proximal to the probe, (4) contralateral skull. (A) Yellow arrows: carotid Groove 
of the sphenoid bone (C1 segment of Internal carotid artery (ICA))
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 (a) Transducer:

• Cardiac (array) low-frequency probe (1.75–3.5 MHz)

 (b) Patient positioning:

• Lateral position on the bed with the head slightly tilted forward
• (Sometimes impossible in the ICU)

ba

Fig. 14.10 (a) Transforaminal (Transnuchal) acoustic window by TCCS (B-Mode). (1) foramen 
magnum. (b) Transforaminal acoustic window by TCCS (duplex): (1) vertebral artery (blue color), 
(2) basilar artery (blue color)

ba

Fig. 14.11 (a) Scheme of the anatomy of the vertebro-basilar system by TCCS through transfo-
raminal acoustic window: (1) basilar artery; (2) right vertebral artery – V4 segment; (3) left verte-
bral artery – V4 segment; (4) foramen magnum, (Arrow) It highlights that the flow moves away 
from the transducer (Blue color). (b) Vertebro-basilar system insonation by TCCS through trans-
foraminal acoustic window: (1) V4 segment of vertebral artery (blue), (2) basilar artery (blue). 
Arterial flow moves away from the transduce
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 (c) Depth: 7–8 cm
Visualize the Foramen magnum in the center of the image (Hypoechoic 

structure)
 (d) Insonation window: Transforaminal acoustic window:

• Probe marker looking cephalad.
• The transducer is positioned suboccipitally in the midline and pointed toward 

the nasion.

 (e) B-Mode:

• Locate the echoreflective osseous border of the hypoechoic foramen mag-
num (Fig. 14.10a).

 (f) Color Doppler: Location of vertebro-basilar vessels: (Figs. 14.10 and 14.11)

• Possible to visualize the ¨Y¨ configuration of the converging vessels
• Vertebral Arteries (VA): V4 segments (blue color)
• Basilar Artery (BA) (blue color) [33–35]
• Sometimes: Possible to visualize Postero-inferior Cerebellar Artery (PICA). 

Origin in V4 segment of VA with the blood flow toward the probe (red Color)

 (g) Arterial Blood flow Velocities (PW Doppler): Doppler spectrum analysis:

• Place the pulsed Doppler (PW) on the V4 segment of VA and BA.
• The PW Doppler allows to obtain the spectral Doppler wave and the flow 

velocities (MFV / PSV / EDV) of each insonated vessel.

Occasionally, during the examination through the transforaminal window and 
the study of the vertebro-basilar arterial system, the operator can image one of the 
two V4 segments of the vertebral arteries with their flow directed toward the trans-
ducer (red color), because sometimes these segments present some tortuosity. From 
time to time, due to kinking of the vertebral arteries, a red color-coded signal can be 
identified, as the flow in the loop is moving toward the probe.

14.7.4  Submandibular Acoustic Window Examination

This window allows to insonate the extracranial carotid system: Common Carotid 
Artery (CCA), External Carotid Artery (ECA), and Internal Carotid Artery (ICA). 
In intubated patients (ICU), it also allows to visualize the vertebro-basilar system, 
because sometimes transoccipital approach (requires neck flexion) is not always 
available [36] (Fig. 14.12).

We suggest the following order for the insonation and the arterial carotid system 
(CCA-ICA-ECA) (Fig. 14.12):

 (a) Transducer:

• Cardiac (array) low-frequency transducer (1.75–3.5 MHz)
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• Linear (High frequency): Axial and longitudinal insonation to assess the 
arterial carotid system with most detail. Useful in the carotid ultrasound 
approach

 (b) Patient and examiner positioning:

• Patient: Supine position with the head aligned with the body and slightly (if 
possible) tilted toward the opposite side (Head of the bed at 30°)

• (It is difficult in prone position)
• Examiner: In comfortable position at the patient’s side or behind the head

 (c) Insonation window: Anatomical location: (Fig. 14.13)

• Location: Anterior triangle of the neck [6]
• The transducer position: Cephalic and posterior angle insonation
• The probe marker: To cephalic

 (d) B-Mode:

• Mapping: Cross-sectional insonation plane, beginning caudally in the neck. 
Follow the vessel as high as possible to the angle of mandible

• (Most common during Carotid approach than TCCS approach)

 (e) Color Doppler: Location of Carotid system vessels:

• Identification: Common Carotid Artery (CCA) (Blue color)
• Identification: Internal Carotid Artery (ICA) (Blue color)
• Identification: External Carotid Artery (ECA) (Blue color)
• Remember: The carotid blood flow away from the probe (Fig. 14.12)

 (f) Arterial blood flow velocities (PW Doppler): Doppler spectrum analysis:

• Internal Carotid Artery (ICA): Low resistance spectral waveform velocity 
profile. High diastolic component (Figs. 14.14 and 14.15)

ba

Fig. 14.12 (a) Submandibular acoustic window by TCCS: (1) external carotid artery (blue color), 
(2) internal carotid artery (blue color), and (3) common carotid artery (blue color) (primitive). (b) 
Scheme of carotid system insonation by TCCS: (3) external carotid artery (blue color), (2) internal 
carotid artery (blue color) and (1) primitive carotid artery (blue color). (Arrow): It highlights the 
flow away from transducer
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Fig. 14.13 Scheme: 
Superficial anatomy of 
neck: (1) angle of the 
mandible, (2) 
sternocleidomastoid 
muscle, (3) thyroid 
cartilage, and (4) anterior 
(carotid) triangle of neck

b

a

c

Fig. 14.14 Spectral Doppler waveform of carotid vessels: (a) common carotid artery (CCA); (b) 
external carotid artery (ECA); (c) internal carotid artery (ICA); (PSV) peak systolic velocity, 
(MFV) mean velocity, (EDV) end-diastolic velocity
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• External Carotid Artery (ECA): High resistance spectral waveform velocity 
profile. Low diastolic component (Figs. 14.14 and 14.15)

• Common Carotid Artery (CCA): Mixed spectral waveform velocity profile 
(Fig. 14.14)

It is essential to record the ICA velocities as the mean flow velocity is requested 
to calculate the Lindegaard ratio; this must be an essential part of a complete and 
comparative examination. Remember that when calculating the Lindegaard index, 
you should take the MFV (also called TAMAX) of the Internal Carotid Artery 
(ICA), in order to obtain a more reliable hemodynamic value (Table 14.1) [37, 52].

We suggest the following order for the insonation of the vertebro-basilar arterial 
system through this window:

 (a) Transducer:

• Cardiac (array) low-frequency transducer (1.75–3.5 MHz)

ba

Fig. 14.15 Doppler spectral waveform by TCCS approach through submandibular acoustic win-
dow: (a) internal carotid artery (ICA), peak systolic velocity, (PSV) and end-diastolic velocity 
(EDV) (low resistance); (b) external carotid artery (ECA), peak systolic velocity (PSV), and end- 
diastolic velocity(EDV) (high resistance)

Table 14.1 Ultrasound criteria to differentiate between ICA and ECA [38] (Fig. 14.12)

ICA ECA

No ramification Ramification
Low pulsatility High pulsatility
No changes in the pulsed Doppler waveforn 
morphology (¨Tapping¨)a

Changes in the pulsed Doppler waveform 
morphology (¨Tapping¨)a

 (Blue color) (Blue color)
Pulsed Doppler (low resistance)
High diastolic component
Low systolic component

Pulsed Doppler (high resistance)
Low diastolic component
High systolic component

aManeuver that facilitates the identification of the ICA: internal carotid artery and ECA: external 
carotid artery
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• Linear (High frequency): Axial and longitudinal insonations to assess the 
arterial carotid system with most detail. Useful in the carotid ultrasound 
approach

 (b) Depth: 8–12 cm
Locate the echoreflective osseous border of the hypoechoic foramen magnum

 (c) Patient and examiner positioning:

• Patient: Supine position with the head aligned with the body and slightly (if 
possible) tilted toward the opposite side (Head of the bed at 30°)

• Examiner: In comfortable position at the patient’s side or behind the head

 (d) Insonation window: Anatomical location: (Fig. 14.13)

• Location: Anterior triangle of the neck [6]
• The transducer position: Cephalic and posterior angle insonations
• The probe marker: To cephalic

 (e) B-Mode:

• Locate: Foramen Magnum

 (f) Color Doppler: Location of vertebro-basilar system:

• Possible to visualize the ¨Y¨ configuration of the converging vessels
• Vertebral Arteries (VA): V4 segments (blue color)
• Basilar Artery (BA) (blue color)

 (g) Arterial blood flow velocities (PW Doppler): Doppler spectrum analysis:

• Place the pulsed Doppler (PW) on the V4 segment of VA and BA.
• The PW Doppler allows to obtain the spectral Doppler wave and the flow 

velocities (MFV/PSV/EDV) of each insonated vessel.

14.7.5  Transorbital Acoustic Window Examination

We suggest the following order for insonation of the Optic Nerve (ON) as a part of 
TCCS approach:

 (a) Transducer:

• High-frequency linear transducer (5–12 MHz)
• Low-frequency sector transducer (1.6–3.5 MHz)

 (b) Patient positioning:

• Patient: Supine position with the head aligned with the body
(Head of the bed at 30°)

• Examiner: In comfortable position at the patient’s side or behind the head
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 (c) Depth: 4 cm
It is necessary to record all patients with the same settings to have similar 

measures of the optic nerve sheath diameter.
 (d) Machine: Set the safety:

• Consider: ALARA
• Safety setting: Mechanical Index: <0.23
• Safety setting: Thermal Index: <0.2

 (e) Patient: Safety procedure:

• Occlude the eyelids, before placing the ultrasound gel, preferably with a 
disposable and transparent film (Tegaderm®) to avoid any corneal and/or 
conjunctival irritation [39].

 (f) B-Mode: Insonate axial and sagittal planes:

• Transducer: Place on the eyeball (on the upper closed eyelid) that you want 
to insonate. The thenar eminence, at the time of the study, should be in con-
tact with the ipsilateral superciliary region of the patient as a point of support 
for the examining hand and thus minimize the pressure on the eyeball.

• Identification: Eyeball (Hypoechoic structure).
• Identification: Papilla.
• Identification: Optic nerve.

 (g) B-Mode: Optic nerve (ON):

• Location: Posterior pole of the eyeball (Hypoechoic structure)
• Study documentation: Optic Nerve Sheath Diameter (ONSD). Measure 

bilaterally 3  mm behind the papilla through longitudinal and sagittal 
view [41]

• ONSD(cut-off): <5 mm

 (h) Color Doppler: Location of intra-orbital vessels:

• Ophthalmic Artery (OA): (red color)
• Central Retinal Artery: (red color)

 (i) Arterial blood flow velocities (PW Doppler): Doppler spectrum analysis:

• Place the pulsed Doppler (PW) on the Ophthalmic Artery (OA).
• The PW Doppler allows to obtain the spectral Doppler wave and the flow 

velocities (MFV/PSV/EDV) of each insonated vessel.

 (j) Interpretation:
See chapter of neuro-orbital ultrasound.

A greater number of quality scientific papers is needed to achieve stronger evi-
dence for an individualized and accurate applicability with respect to the best cut- 
off value of ONSD for each population.
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14.7.6  Frontal Bone Window Examination

Sometimes, the transtemporal acoustic window (TAW) often fails to measure blood 
flow velocities in approximately 10–30% of patients. Besides, the TAW is most 
often inadequate approach to insonate the anterior cerebral artery (ACA), especially 
A2 segment where the insonate angle is unfavorable. In this scenario, frontal bone 
window may have the ability to assess ACA velocities in patients admitted to ICU 
[69–71] (Fig. 14.16).

We suggest the following order for insonation of the Optic Nerve (ON) as a part 
of TCCS approach:

 (a) Transducer:

• Low-frequency sector transducer (1.6–3.5 MHz)

 (b) Patient positioning:

• Patient: Supine position with the head aligned with the body and slightly 
(Head of the bed at 30°)

• Examiner: In comfortable position at the patient’s side

 (c) Depth: 13–16 cm
 (d) B-Mode: Insonate brain parenchyma: Paramedian zone

• Positioned transducer vertically at the paramedian zone
• (Probe mark at the top)
• Brain Parenchyma Structures:
• Contralateral skull bone

b ca

Fig. 14.16 Frontal lobe window approach by TCCS: (a) (B-Mode: brain parenchyma) The trans-
ducer is positioned vertically at the paramedian frontal zone with probe mark at the top; (b) (Color 
Doppler: A2 segment of the ACA) Rotated the probe 90° outward and shifted horizontally with 
probe mark laterally to the supraorbital zone at the top of the orbital arcade; (c) Pulsed wave 
Doppler: blood flow velocity using pulsed Doppler. From the supraorbital zone slides laterally to 
access to the laterofrontal zone. (Modified from Sentenac et al. [69])
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• Corpus callosum
• Choroid plexus of the third ventricle
• Cerebellar tentorium

 (e) Color Doppler: Rotated the probe 90° to insonate supra-orbital zone and 
latero-frontal zone

• Positioned probe mark laterally
• Identification: A1 and A2 segments of ACA (red color)
• Identification: Circle of Willis (especially in latero-frontal zone)

 (f) Arterial blood flow velocities (PW Doppler): Doppler spectrum analysis:

• Place the pulsed wave Doppler (PW) on the anterior cerebral artery (ACA).

• The PW Doppler allows to obtain the spectral Doppler wave and the flow 
velocities (MFV / PSV / EDV) of each insonated vessel.

• Place the pulsed wave Doppler (PW): Circle of Willis.

14.8  TCCS Protocol: Clinical Applications

The clinical applications of transcranial color-coded duplex sonography (TCCS) 
include evaluation of the arterial blood flow velocities and their modifications, and 
evaluation of the parenchymal structures and any abnormalities like hematoma, 
bleeding, or midline shift [42] (Table 14.2). In the following table, only pathologies 
relevant to ICU specialists are listed; there are of course other pathologies which 
can be evaluated with TCCS but non-relevant to our practice.

Table 14.2 Clinical applications of TCCS

Trauma brain injury (TBI) Non-invasive estimation of ICP
CPP estimation through index of pulsatility (IP)
Cerebral autoregulation (CA)
Cerebrovascular reactivity
Vasospasm
Middle line shift (MLS)

Subarachnoid hemorrhage (SAH) Non-invasive estimation of ICP
Estimation of CPP
Cerebral autoregulation (CAR)
Cerebrovascular reactivity
Vasospasm
Middle line shift (MLS)

Ischemic stroke Diagnosis.
Estimation of CPP
Non-invasive estimation of ICP
Monitoring of treatment
Monitoring of micro-embolism
Middle line shift (MLS)
Stenosis / occlusion diagnosis
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Table 14.2 (continued)

Brain death (BDD) Brain death diagnosis (BDD)
Intracerebral hemorrhage (ICH) Non-invasive estimation of ICP

Size measurement
Middle line shift (MLS)

Preeclampsia Cerebral autoregulation and flow velocities as a 
prognosis
Non-invasive estimation of ICP

Sickle cell disease Detection and monitoring
Liver failure Non-invasive estimation of ICP
A-V malformation Diagnosis and monitoring
Hydrocephalus Middle line shift (MLS)

Non-invasive estimation of ICP
Estimation of the size of ventricles

Cerebral autoregulation
Cerebrovascular reactivity

Cerebral tumors Non-invasive estimation of ICP
Vasospasm
Detection of Intracerebral hematoma.
Estimation the size and location of the tumor
Middle line shift (MLS)

Right-left cardiac shunt Evaluation of PFO with microbubbles
Infection of CNS Non-invasive estimation of ICP

Middle line shift (MLS)
Detection of Intra-extra-axial collection
Detection changes of the cerebral hemodynamic (blood 
flow velocity)

Carotid surgery Post-surgical evaluation after endarterectomy or stent 
placement. (risk of cerebral hypoperfusion or embolism)

ARDS Non-invasive estimation of ICP
Changes in the cerebral perfusion pressure (CPP) and 
blood flow velocities
Cerebral autoregulation

VV-ECMO / VA-ECMO Non-invasive estimation of ICP
Middle line shift (MLS)
Cerebral autoregulation
Changes in the cerebral perfusion pressure (CPP) and 
blood flow velocities
Detection of Intra-extra-axial collection.
Detection of cerebral circulatory arrest

Renal replacement therapy (RRT) Non-invasive estimation of ICP
Cerebral autoregulation
Changes in the cerebral perfusion Pressure (CPP) and 
blood flow velocities
Middle line shift (MLS)
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Table 14.2 (continued)

NCSE Non-invasive estimation of ICP
Cerebral autoregulation
Changes in the cerebral perfusion pressure (CPP) and 
blood flow velocities
Detection of intra-extra-axial space-occupying lesions

Perioperative cardiovascular and 
aortic counterpulsation balloon

Non-invasive estimation of ICP
Cerebral autoregulation
Changes in the cerebral perfusion pressure (CPP) and 
blood flow velocities
Detection of Intra-extra-axial collection

Cerebral venous thrombosis (CVT) Non-invasive estimation of ICP
Middle line shift (MLS)
Assessment of the cerebral deep venous system and dural 
sinuses
Detection of intra-axial space-occupying lesion

Sepsis Changes in the cerebral perfusion pressure (CPP) as a 
risk factor to develop sepsis-associated encephalopathy
Non-invasive estimation of ICP

BDD brain death diagnosis, NCSE non-convulsive epileptic status, VV venous-venous/VA veno- 
arterial, ARDS acute respiratory distress syndrome, CPP cerebral perfusion pressure, TCCS tran-
scranial color-coded duplex sonography [43–51]

14.9  TCCS Protocol: Hemodynamic Parameters

With the use of transcranial color-coded duplex sonography (TCCS), we can obtain 
information, in real time, about hemodynamic behavior and anatomical distribution 
of the basal cerebral arteries:

 1. Visualize: Access the anatomical landmarks to identify the different basal cere-
bral arteries to insonate

(B-Mode and color Doppler).
 2. Flow Direction: Identify intracranial anatomical distribution of the basal cere-

bral arteries and flow direction of each one (Color-coded Doppler).
 3. Flow Patterns: Identify the blood flow velocities and spectral Doppler waveform 

of each insonated basal cerebral artery (PW Doppler) (Table 14.3).

After identifying the vessel to insonate (Color Doppler), the pulsed wave Doppler 
(PW Doppler) is placed to obtain the signal corresponding to the Doppler spectrum. 
The hemodynamic parameters derived from the pulsed Doppler are as follows:

 (a) Peak Systolic Velocity (PSV)
 (b) End-Diastolic Velocity   (EDV)
 (c) Mean Flow Velocity (MFV)
 (d) Pulsatility Index (PI)
 (e) Resistance Index (RI)
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As previously stated, if the blood flows toward the probe, it is color-coded red 
and is positive. On the opposite, if the flow moves away from the probe, it is color- 
coded blue and is negative (Table 14.4). The shape of the flow curve gives an indica-
tion of the system’s resistance. If the diastolic velocities are low, the resistances are 
high, while if the diastolic velocities are high, the resistances are low.

Using the velocities recorded for each vessel, a Pulsatility Index (PI) and 
Resistance Index (RI) can be calculated (Table 14.5). Only the PI is used in the 
TCCS analysis and is an indirect indication of the increased intracranial pressure. It 
is worth noting that the flow rates of intracerebral arterial vessels decrease with the 
age of the patient. On the contrary, pulsatility increases with the age of the 
patient [61].

Remember that to obtain a more accurate measurement of the flow velocity, the 
correction of the insonation angle with the positioning of the pulsed wave spectral 
Doppler cursor as parallel as possible to the flow is mandatory (< 60°) [62].

Table 14.3 Normal velocity values in the basal cerebral arteries [14, 16, 40, 53–60]

Artery
PSV
(cm/s)

EDV
(cm/s)

MFV
(cm/s)

Middle cerebral artery (MCA) 90 ± 16 45 ± 10 62 ± 12
Anterior cerebral artery (ACA) 78 ± 18 35 ± 6 50 ± 15
Posterior cerebral artery (PCA) 53 ± 11 26 ± 7 37 ± 10
Vertebral artery (VA) 40 ± 12 20 ± 5 29 ± 15
Basilar artery (BA) 52 ± 9 31 ± 9 39 ± 9

Table 14.4 Flow direction and waveform

Artery Flow direction Spectral waveform

Middle cerebral artery (M1 – M2) Toward to the probe (red color) Low resistance
Anterior cerebral artery (A1) Away from the probe (blue color) Low resistance
Posterior cerebral artery (P1) Toward to the probe (red color) Low resistance
Posterior cerebral artery (P2) Away from the probe (blue color) Low resistance
Vertebral artery (VA) Away from the probe (blue color) Low resistance
Basilar artery (BA) Away from the probe (blue color) Low resistance
Ophthalmic artery (OA) Toward to the probe (red color) High resistance

Table 14.5 Normal values 
of the hemodynamic 
indexes [54]

Artery Pulsatility index (PI)

Middle cerebral artery (MCA) 0.9 ± 0.24
Anterior cerebral artery (ACA) 0.83 ± 0.17
Posterior cerebral artery (PCA) 0.88 ± 0.2
Vertebral artery (VA) 0.86 ± 0.08
Basilar artery (BA) 0.86 ± 0.09
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14.10  TCCS Protocol: Limitations

The TCCS is not a perfect technique. Many aspects (technical and interpretative) 
must be considered in order to obtain a reliable examination. Therefore, we should 
keep in mind operator dependency and a 10–20% of patients having inadequate 
transtemporal acoustic window.

14.10.1  Limitations

14.10.1.1  Acoustic Windows

The effectiveness of the transcranial color-coded duplex sonography (TCCS) 
depends on the good penetrance of the ultrasound through the temporal bone and/or 
through the suboccipital window:

Transtemporal Acoustic Window

There is a 10–30% of patients, in middle age, in which the study cannot be carried 
out due to the lack of an adequate acoustic window. These values are decreasing as 
the quality of the TCCS improves. Sometimes, the A2 segment of ACA is not pos-
sible insonated. Then, we should elect another acoustic window (Frontal bone 
window).

Suboccipital Acoustic Window

Sometimes, the anatomical morphology of the vertebro-basilar arterial system is 
tortuous where the insonation is difficult.

In the cervical syndromes, especially in the spinal cord injury, a neck flexion to 
access the suboccipital acoustic window to insonate the vertebro-basilar system is 
not possible. Then, the submandibular acoustic window can be selected.
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14.10.1.2  Middle-Line Shift Measurement

This technique allows to measure the midline shift changes at bedside. It is impor-
tant to keep in mind that a little tilt of the probe may alter the results [63–66]. This 
ultrasound measure is difficult in case of subdural or epidural hematomas and in 
clinical situations where the temporal window is temporarily (post-operative) 
blocked or absent [48, 67].

On the other hand, the hydrocephalus should not alter the measurement [68, 72].

14.10.1.3  Limitations in Specific Clinical Situations

Intra-/Extra-Axial Space-Occupying Lesions: Diagnosis and Monitoring

The TCCS is useful in the diagnosis and monitoring of intra- or extra-axial collec-
tions, which can be seen on the B-Mode. In case of subdural and epidural hema-
toma, a midline shift could be observed. This bedside exam may limit the use of 
brain CT scan and their repetition. The suspicion of the location of the intra-axial 
space-occupying lesions is important in determining the usefulness of brain ultra-
sound. Frontal and parietal collections may be the most difficult to detect.

14.11  Conclusion

The increase of ICU specialists with ultrasound abilities and availability of ultra-
sound machines in the ICU creates the best condition for a wider use of transcranial 
color-coded duplex sonography (TCCS). As discussed in this chapter, this technique 
provides many relevant clinical information at bedside that directly impact the ther-
apeutic strategies in the acute neurological patients. TCCS allows intensivists to 
provide an immediate evaluation next at patient’s bedside (24 hours a day, 7 days a 
week) in both acute neurological injury (TBI, SAH, etc.) and non-neurological criti-
cal pathology (Sepsis, Acute liver failure, ARDS, RRT, etc.). Therefore, it is 
expected and necessary that the use of the TCCS becomes a very valuable comple-
ment in the routine clinical investigations of the intensive care units.
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 Algorithm

ICPn
ESTIMATION

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

NEURO-ORBITAL
ULTRASOUND

Transtemporal Window Transorbital Window
Mesencephalic

Plane
SAFETY

Clinical Status of the Patient ALARA
MEASUREMENT TRENDS ABCD MI < 2.3

Pulsatility Index (PI) Level of Consciousness (GCS) TI < 2.0
Bilateral Pupillary Reactivity. MEASUREMENT TRENDS

Hemodynamic  Stability? ONSD
MCA / ACA Oxygenation? Pupillary Diameter
PCA / BA CBFV - OA

DIAGNOSIS CBFV - CRA

Neurological 
Monitoring

CRITICALLY ILL 
PATIENT

Neurological
Compromise

TRANSCRANIAL COLOR-CODED DUPLEX SONOGRAPHY (TCCS)

CEREBRAL HEMODYNAMIC BRAIN PARENCHYMA
ULTRASOUND

(B-Mode)
FRONTAL BONE

WINDOW
SUBMANDIBULAR

WINDOW
TRANSTEMPORAL

WINDOW
TRANSFORAMINAL

WINDOW TRANSTEMPORAL
WINDOW

1. Paramedian Zone Anterior Triangle
Of Neck

Mesencephalic Plane Foramen Magnum
2. Supraorbital Zone Circle of Willis Mesencephalic Plane
3. Laterofrontal Zone Diencephalic Plane Mesencephalon

1. M2-MCA 1. V4-VA Perimesencephalic Cisterns
1. CCA 2. M3-MCA 2. BA Diecenphalic Plane

1. A1-ACA 2. ECA 3. A2-ACA 3. PICA 3th Ventricle
2. A2-ACA 3. ICA Ventricular Plane Thalamus
3. Circle of Willis M3-MCA Pineal Gland

Upper Pontine Plane Midline Shift (MLS)
Siphon-ICA Ventricular Plane

OA Frontal horns of LV
Lower Pontine Plane Upper Pontine Plane

C1-ICA Sphenoid bone
Anterior Coronal Plane Petrosal bone

C1-ICA Medial Cerebral Fossa
Cerebellum

MEASUREMENTS Lower Pontine Plane
CBFVs Spectral Doppler Waveform Sphenoid bone

Lindegaard Index Pulsatility Index Petrosal bone
Cerebral Autoregulation: Mx / PRx / Sx Anterior Coronal Plane

CONSIDER: Trend of the Measurements Frontal horns of LV  

ABCD Airway-breathing-circulation-disability, GCS Glasgow coma scale, FVs Peak systolic 
velocity, FVm Mean velocity, MCA Middle cerebral artery, ACA Anterior Cerebral Artery, PCA 
Posterior Cerebral Artery, BA Basilar Artery, VA Vertebral Artery, OA Ophthalmic artery, ONSD 
optic nerve sheath diameter, CRA Central retinal artery, ICPn Non-invasive intracranial pressure, 
CBFV Cerebral blood flow velocity, LV Lateral ventricle, PICA Postero- inferior cerebellar artery, 
TI Thermal index, MI Mechanical index, Mx Mean flow index, Sx systolic flow index, PRx Pressure 
reactivity index.
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Chapter 15
Transcranial Color-Coded Duplex 
Sonography (TCCS): Importance of Angle 
Correction

Piergiorgio Lochner, Antonio Siniscalchi, and Andrea Naldi

Key Points
 1. Angle correction can be performed by TCCS, allowing a more real measurement 

of cerebral vessels’ flow velocity compared to not angle-corrected ones.
 2. TCCS angle-corrected velocity is proportional but not equal to the true velocity.
 3. Angle correction should be performed when the Doppler sample volume identi-

fies a sufficient straight vessel segment (at least 15 mm in length) in order to 
ensure a correct assessment.

 4. Angle correction should be performed when the angle between the ultrasonic 
beam and the vessel is small, in other way be likely to produce significant errors.

 5. The angle-corrected velocity with TCCS is significantly higher as compared to 
the uncorrected velocity of the same system or to conventional TCD.

15.1  Introduction

Based on the Doppler equation (Eq. 15.1)

 
∆F v F c= ( )2 • • cos /α

 
(15.1)
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where ΔF is the Doppler shift, F is the frequency of incident wave, and c is the 
propagation speed. Flow velocity (v) of a target vessel depends on the cosine of the 
angle (α) between the ultrasonic beam and blood flow (Fig. 15.1).

Thus, in ideal circumstances, if the ultrasound (US) beam is parallel to flow 
direction (angle α = 0), the cos α = 1 and flow velocity will correspond to reality. On 
contrary, when the US beam is perpendicular to flow direction (angle α = 90°), the 
cos α = 0, resulting in a weak receiving signal and false flow velocity. Therefore, 
one of the most important limiting factors for the estimation of correct blood flow 
velocity is represented by the angle of insonation. The impact of the angle insonation 
on flow velocities is relatively low in a range of 0–30°, and it is still considered 
acceptable until 60°. On contrary, angle >60° generates large variation in the cosine 
used for the correction, resulting in significant errors of measurements [1] (Fig. 15.2).

Moreover, we should keep in mind that the arteries of circle of Willis can have a 
different angle of insonation of ultrasound and angle of vessel. In 10%, the insonation 
angle of anterior cerebral artery (ACA) is more than 40° and in 33% the angle of 
posterior cerebral artery (PCA) is between 31° and 40° [2].

Two techniques are currently available for the assessment of intracranial vessel 
flow velocity: transcranial Doppler (TCD) (Fig. 15.3) and transcranial color-coded 
duplex sonography (TCCS).

In conventional TCD, the identification of cerebral arteries is based on the posi-
tion of transducer, flow direction, and insonation depth. Introduced since the 80s, 
this technique was also defined as “blind sonography,” because it does not allow a 
direct visualization of brain vessels. Even if the insonation angle is uncertain, it is 
assumed to be 0 degree, or anyway small enough (range 0–30°) to not determine 
significant errors of measurements [3, 4]. On this basis, normative values of intra-
cranial arteries blood velocity have been proposed and widely used (Table 15.1).

On the other hand, the more recent TCCS allows the combination of B-mode and 
color Doppler imaging, permitting the real-time visualization of parenchymal 

Receiving frequency

Blood flow

Ultrasonic beam
(incident frequency)

Transducer

α

Fig. 15.1 The alpha angle 
(α) of the Doppler equation 
is determined by the 
intersection between the 
incident frequency emitted 
by the ultrasound 
transducer and the 
direction of blood flow
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structures and intracranial vessels, as well as their anatomical course. The two 
modalities consent to an easier identification and allocation of blood flow in specific 
intracranial vessel segments and the possibility for image-based angle correction. 
However, angle-corrected flow velocity may be affected by the geometry of intra-
cranial vessels that may reduce the accuracy of flow measurements, particularly in 
case of vessel tortuosity or irregularities. In fact, at the level of a tortuous artery, the 
direction of blood flow may be turbulent or helical rather than laminar, indeed not 
corresponding to the arterial axis included in the sample volume in analysis [1]. 

ba

dc

Fig. 15.2 TCCS findings obtained by transtemporal insonation with axial scanning plane of mid-
dle cerebral artery. (a) Example without and (b) with angle correction of 11°. The absence of sig-
nificant velocity variations is remarkable. Conversely, if the angle correction is increased: (c) Flow 
velocity without angle correction: peak systolic velocity = 70  cm/s, end diastolic velocity = 
28.6 cm/s, mean velocity = 43 cm/s. (d) the same insonation frame like C with angle correction 
(46°): peak systolic velocity = 92.9  cm/s, end diastolic velocity = 39.8  cm/s, mean velocity = 
57.3 cm/s. Flow measurements are higher than not corrected ones. Note the regular flow pattern, 
reflecting laminar flow of blood cells

Fig. 15.3 Example of transcranial Doppler (TCD) using pulsed Doppler system operating at 
2 MHz emitting frequency showing the velocity parameters of middle cerebral artery
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Thus, a sufficient length of the insonated vessel (1–2 cm) is required in order to 
ensure a correct assessment of flow velocity, because it more likely may reproduce 
the laminar pattern. However, TCCS allows the evaluation of cerebral vessels on 
several planes (axial and coronal), reducing—at least in part—the issue of non- 
uniform vessel course.

Due to these considerations, angle-corrected velocity may be more easily applied 
to certain cerebral vessels such as middle cerebral arteries (MCA) or segments of 
other intracranial vessels if they appear well visible in their length.

Comparative studies between the two methods have shown that the insonation 
angle of intracranial vessel was often greater than expected [3–5]. As a result, flow 
velocities of cerebral arteries were different when measured with TCD or TCCS, 
being significantly higher by using TCCS angle correction. Similar results have 
been obtained comparing TCCS uncorrected and angle-corrected velocities. These 
findings suggest that different normative values should be used, based on the applied 
technique, and that TCCS should be preferred when a sufficiently long segment of 
the target vessel can be visualized, because it reduces the inaccuracy in flow mea-
surements [6]. In addition, the AC measurements are repeatable with no differences 
in intrarater or interrater reproducibility as compared to uncorrected ones [7]. 
Table 15.1 shows comparison of the two methods, with their relative values.

Table 15.1 Reports of flow values in intracranial cerebral arteries of healthy adults using TCD 
and TCCS

TCCS without angle 
correction

TCCS with angle 
correction Doppler Doppler

Author Eicke [3] Hennerici [13]

PY 1994 1987
Number 15 50
Age Range 23-37 40-60
RMCA 57.3/93.1a 66.4/107.7 60.4/95.7 MCA 50 

mm)
91.0 ± 16.9b

44.3–9.5
LMCA 50.6/82.7 60.2/97.4 53.6/86.0 ACA (70) 

mm)
86.4–20.1
4 1–7.4

RACA 48.2/80.0 55.8/92.8 48.4/77.1 PCA (60 
mm)

60.1–20.6I
28.7–7. 511

LACA 43.2/70.2 56.6/91.4 49.1/76.6 VA/BA (75 
tom)

59.5_17.0
29.2–8.4

RPCA 35.2/55.6 38.42/60.7 33.8/53.7
LPCA 34.4/54.2 40.5/63.9 33.8/52.6

Abbreviations: MCA middle cerebral artery, ACA anterior cerebral artery, lo-A posterior cerebral 
artery, VA vertebral artery, BA basilar artery, nn s .,R right, L left
atemporal averaged// peak systolic velocities in cerebral basal arteries (cm/sec)
bNormal Age-Adjusted Calculated Mean  - SD Values of TC-Doppler Flow Velocity within the 
Basal Cerebral Arteries as Recorded from Selected Reference Points (systolic and diastolic peak 
velocity cm/sec
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15.2  Clinical Applications

15.2.1  Intracranial Stenosis

Intracranial stenosis is caused from 3 up to 10% of all ischemic strokes, depending 
on races. They mostly affect the first segment of MCA, but potentially all vessels 
may be involved, representing an independent risk factor for stroke. Through TCCS 
technique, Baumgartner et al. assessed and defined ≥50% and <50% of basal cere-
bral narrowing of intracranial stenosis, compared with the gold standard digital sub-
traction angiography. Based on the above prerequisite, TCCS-AC criteria were able 
to detect all 31 of ≥50% intracranial stenosis with 1 false-positive, and 35 of 38 
<50% stenosis with 3 false-positives. The positive predictive value was 100% for 
≥50% intracranial stenosis, and the negative predictive value was 91% to 100% [8].

Due to the fact that AC velocity is greater than not-AC ones, the importance of 
AC becomes clear in order to correctly identify potential acceleration of flow due to 
intracranial stenosis [9]. Globally, it has been shown that AC allows defining diag-
nostic criteria with a higher sensitivity to detect intracranial stenosis [6]. An ade-
quate AC may precisely define a hemodynamic stenosis and can result in therapeutic 
changes for secondary prevention of symptomatic intracranial stenosis with an 
intensive medical therapy (Fig. 15.4).

Fig. 15.4 TCCS findings obtained by transtemporal insonation with axial scanning plane in a 
patient with intracranial stenosis of the middle cerebral artery (about 50%). Spectral analysis 
shows an increased angle-corrected velocity and high-intensity low frequency signals
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15.2.2  Cerebral Vasospasm

Cerebral vasospasm is a severe complication of subarachnoid hemorrhage and often 
presents from 7 to 21 days after the symptoms onset. The condition is related to a 
diffuse constriction of cerebral arteries, causing a remarkable increase of flow 
velocity usually involving multiple vessels, most often well detectable on the 
MCA. Based on the recorded velocity, a grading of severity of vasospasm using 
TCD is available [10], emphasizing the impact of a clear estimation of flow velocity, 
for both the detection of vasospasm and monitoring its evolution.

A meta-analysis by Mastantuono et al. evaluated the accuracy of TCD and TCCS 
for the diagnosis of cerebral vasospasm of the MCA. Both the techniques were able 
to detect it, but neither were useful to exclude it [11]. However, a moderate but not 
significant superiority of TCCS was detected, requiring further investigation.

In this context, AC measurements of flow velocity at MCA level are likely to be 
fundamental, also because early increases in velocity may be a predictor for delayed 
cerebral ischemia, resulting crucial for changing in the therapeutic approach.

15.2.3  Cerebral Veins

Intracranial venous system hemodynamic can be assessed with both TCD and 
TCCS. However, because of the great anatomical variability of cerebral veins and 
sinuses, the direct visualization of the vessel provided by TCCS may help for a cor-
rect identification of the target structure. Some of the systematic reports of flow 
values in intracranial veins of healthy adults using TCD and TCCS are provided in 
Table 15.2. There are no visible changes in the flow velocity of the venous circula-
tion with the angle correction, with the exception of a significant change of flow 
velocity in straight sinus and transverse sinus.

15.3  Conclusion

TCCS may be of aid in overcoming the difficulties related to the wide anatomic 
variations of cerebral vessels and reducing the inaccuracy in flow velocity measure-
ments by ensuring angle-corrected imaging-guided values. Advantages and limita-
tions of angle-corrected measurements should be considered in order to allow the 
definition of diagnostic criteria for different vascular clinical conditions.
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Chapter 16
Neurocritical Care Monitoring in ICU: 
Measurement of the Cerebral 
Autoregulation by Transcranial Doppler 
(TCD)

Leanne A. Calviello and Marek Czosnyka

Key Points
 1. Transcranial Doppler ultrasonography (TCD) is a simple tool that can be used to 

image the middle cerebral artery (MCA) after traumatic brain injury (TBI).
 2. TCD measures cerebral blood flow velocity (CBFV) through the MCA and can 

alert clinicians to both structural and dynamic irregularities of cerebral vessels 
resultant from pathology. This information is vital to assessments of cerebral 
autoregulation, a balance between blood pressure and blood flow, that can be 
compromised by TBI.

 3. TCD devices can be utilized in conjunction with pre-existing bedside monitors 
and can be connected to computerized data collection systems, such as ICM+ 
(Cambridge Enterprise, Ltd.).

 4. Analysis of TCD-based data facilitates patient outcome prediction, with some 
parameters such as the autoregulation index (ARI) and the mean flow velocity 
index (Mx) acting as established surrogate indicators of either favorable or unfa-
vorable clinical outcome.

 5. Although TCD is both inexpensive and portable, the technique suffers from a 
lack of inter-operator validity and a reliance on intermittent monitoring sessions.
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16.1  Introduction

Cerebral autoregulation (CA) is a delicate balance between cerebral arterial blood 
pressure and blood flow [1]. It is a protective mechanism for the brain that enables 
it to withstand dynamic changes; however, traumatic brain injury (TBI) often dis-
rupts this process and leaves the brain in a state of “dysautoregulation” that can 
prove fatal if left untreated. TBI is commonly attributed to events such as blunt 
force, falls, or motor vehicle accidents that result in a decrease or loss in conscious-
ness, memory deficit, or neurological and/or mental state alterations such as weak-
ness or disorientation [2]. Moderate to severe TBI cases are generally easier to 
diagnose with imaging techniques such as magnetic resonance imaging (MRI) and 
computed tomography than are mild TBI cases, but standard scoring criteria for 
both cannot be determined as absolute predictors of the damage sustained by the 
cerebral autoregulatory reserve following the initial insult [3]. Where does this leave 
clinicians, if it is impossible to quantify a patient’s cerebral autoregulation by the 
results of a radiological examination? Most importantly, what does this mean for the 
patient?

To provide the greatest and the most reliable amount of clinical information, 
neurocritical care professionals have increasingly been focusing their attention on 
non-invasive, bedside multi-modal brain monitoring in conjunction with traditional 
imaging techniques. One of, if not the most, popular methods of non-invasively 
assessing cerebral autoregulation comes in the form of transcranial Doppler ultraso-
nography (TCD). TCD evaluates irregularities or obstructions in cerebral blood 
flow after TBI; it is applied to the middle cerebral artery (MCA), which is consid-
ered the primary conduit for the cerebral circulatory system and is assumed to have 
a constant diameter [1]. Ultrasonic penetration of the MCA returns a pulse wave 
spectrum that can be immediately visually classified as either normal or abnormal 
(i.e., vasospastic [4]) and can be further analyzed to provide more in-depth prognos-
tic information about the state of cerebral autoregulation.

16.2  TCD: As a Technique

TCD is the most validated technique for non-invasively measuring the blood flow-
ing through cerebral arteries [1, 5–12]. The “traditional” TCD instrument used in 
neurocritical care centers features a headframe, supporting bilateral 2 MHz probes 
that are fixed onto the temporal window (located above the zygomatic arch) in order 
to insonate the MCA [13]. Once in place, an ultrasonic beam is transmitted that 
penetrates the skull, commonly at a depth of 50–60 mm, to return the Doppler spec-
tra from the artery on accompanying software [14] (Fig. 16.1). This waveform dem-
onstrates the systolic, mean, and diastolic values of the cerebral blood flow velocity 
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(CBFV), which can be further examined individually in detailed studies of outcome 
prediction [12]. CBFV in healthy subjects has been previously determined to per-
fuse at a rate of 62 ± 12 cm/s and was found to be nearly symmetrical between the 
left and the right branches of the MCA [14].

TCD/TCCS can be highly instrumental in the prediction of secondary insults 
and/or complications of TBI. For example, TCD-based CBFV can be indicative of 
vasospasm (the narrowing of a vessel accompanied by MCA mean flow velocity 
(MFV) > 120 cm/s) following subarachnoid hemorrhage [4]. Routine monitoring 
sessions are undertaken daily for an average duration of about 30 minutes. TCD 
devices can be connected to bedside monitors that provide invasively quantified 
clinical information, such as arterial blood pressure (ABP), intracranial pressure 
(ICP), and cerebral perfusion pressure (CPP, the calculated difference between ABP 
and ICP).

16.3  TCD: As a Clinical Informant

In addition to CBFV, TCD yields several descriptive parameters that paint a broader 
picture of prognosis. TCD-based CBFV can be compared against readily available 
clinical information from bedside monitors (i.e., ABP, ICP, CPP, etc.) to provide 
distinctive correlational assessments of surrogate markers of CA, such as the pres-
sure reactivity index (PRx) or the mean flow velocity index (Mx) within ICM+1. The 
dynamic autoregulation index (ARI) demonstrates the interactions between non- 
invasive TCD and standard invasively quantified measurements to produce a graded 
score of cerebral autoregulation. Analyses of these parameters are increasingly 
becoming a part of clinical practice and represent the patient’s autoregulatory 
reserve at any observed time point.

Fig. 16.1 Transcranial Doppler waveform showing the middle cerebral artery (MCA), identified 
by the characteristic tracing in the upward direction. (Courtesy: Marda and Prabhakar [15])
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16.3.1  Autoregulation Index (ARI)

The concept of creating a holistic TCD-based autoregulatory index was first devel-
oped by Aaslid et al. [16] to assess the dynamic changes in cerebral autoregulation 
that occur following step changes in CPP. By manipulating ABP in decrements of 
20 mmHg via thigh-cuff deflation, the rapid physiological response (or lack thereof) 
of the cerebral blood supply to these fluctuations in ABP is examined as a predictor 
of autoregulatory capacity. This experimental setup was revisited by Tiecks et al. 
[17], who collected CBFV and ABP values following the thigh-cuff release to cal-
culate a graded reference index (ARI—the index of autoregulation) that would 
describe the cerebrovascular resistance as a function of ABP.  ARI effectively 
answers the question of whether cerebral blood flow moderates itself appropriately 
when ABP varies.

The validity of ARI to mirror dynamic changes in cerebral autoregulation was 
further examined by Panerai et al. [18] via Monte Carlo simulations that mimed 
random input and output signals of both CBFV and ABP over a 5-minute interval. 
As transfer function analysis is crucial to the calculation of ARI, the strength of the 
index is tied to its spectral components [18, 19]. ARI’s utility to gauge patient out-
come is limited if the recorded signals have a low signal-to-noise ratio. For each 
harmonic, the amount of output power that can be linearly explained by the input 
power is expressed by the squared coherence function. A coherence of 1 for pure, 
univariate systems is indicative of high signal-to-noise ratio, whereas a coherence at 
or near 0 represents the latter [18, 19]. The phase shift between the Fourier compo-
nents of both the input and the output signals reflects the “interdependence” of 
CBFV and ABP, with a positive phase shift (optimally 90°) revealing the presence 
of an intact, non-passive autoregulatory reserve [19–21]. When applied to the 
Glasgow Outcome Score (GOS), a higher ARI is compatible with GOS 1 or 2 
(favorable outcome), whereas a lower ARI implies the converse, GOS 3–5 (unfavor-
able outcome) [19]. However, ARI is less sensitive when discriminating scores 
along the lower end of its 0–9 scale and is largely dependent on how accurately the 
template model [17, 22] matches the individual physiological events captured by 
TCD and ABP monitors.

16.3.2  Mean Flow Velocity Index (Mx)

The mean flow velocity index (Mx) is derived from the linear correlation coefficient 
between MFV and CPP [23, 24]; this marker of cerebral autoregulation is funda-
mentally dependent on non-invasive TCD monitoring data as opposed to invasive 
parameters (i.e., ABP and ICP). A central tenet to the success of Mx as a surrogate 
for the autoregulatory reserve is the assumption that the diameter of the MCA 
remains constant, which has yet to be either proven or disproven [24]. As the first 
48 hours of admission are crucial to the recovery of autoregulation after TBI [1], 

L. A. Calviello and M. Czosnyka



295

TCD and subsequently Mx can assess this rather easily; values of Mx less than or 
equal to 0 are representative of an intact autoregulatory reserve in which CBFV 
actively responds to changes in CPP, whereas positive Mx trends state the opposite 
[23], which provides an example of a patient with disturbed autoregulation, as 
assessed with Mx.

However, the time-domain calculation of Mx itself does not rely entirely on non- 
invasive data collection to express autoregulatory reserve; once again, CPP is the 
difference between ABP and ICP, making Mx somewhat dependent on ICP fluctua-
tions as a result. Lang et al. [11] attempted to attain Mx with two separate input 
signals: CPP and ABP, the latter rendering the parameter to be quantifiable with 
non-invasive measures. Although possible to use, Mx determined from ABP is not 
as sensitive as Mx determined from CPP [19]. Continuing the search for an entirely 
non-invasive Mx function, Budohoski et al. [12] cited correlations between the sys-
tolic (Sx), diastolic (Dx), and mean (Mx) components of the CBFV waveform when 
using the input signals of either ABP or CPP. Separate analyses yielded the same 
result: Mx calculated with CPP is the superior predictor of functional patient out-
come [1, 12].

16.4  TCD: Benefits and Limitations

TCD/TCCS is an important tool to have in neurocritical care units. It is inexpensive, 
portable, and relatively simple to use once trained in how to do so. TCD examina-
tions are as accurate as MRI when assessing vascular pathology [9] and do not 
require patients to be moved to imaging suites. Additionally, TCD devices can be 
paired with clinical monitoring software such as ICM+ (Cambridge Enterprise, 
Ltd.) to return pertinent information about a TBI patient’s state of cerebral auto-
regulation that cannot be gleaned from bedside monitors. Without TCD and dedi-
cated analytical platforms such as ICM+, mortality and functional outcome could 
not be determined on the basis of one or two functions (ARI is a more robust predic-
tor of mortality than Mx is more sensitive to functional outcome [19, 23, 25]). The 
benefit of both ARI and Mx is that they assign scalar value to cerebral autoregula-
tion to the “weighted spatial averages as seen from the aspect of the MCA” [26] 
when employing the TCD monitoring technique.

Although there is a shortage of “autoregulation markers” [5], the above surro-
gates (ARI, Mx) can technically be monitored continuously, as their respective val-
ues can be repeatedly calculated over any specified time period during the patient’s 
neuro-intensive care stay. Therefore, ARI and Mx can be reported in the same fash-
ion as ABP and ICP. Despite this important point, TCD and thus its derived param-
eters are only intermittently affixed to the patients (<1  hour) due to the relative 
“clumsiness” and potential disruptiveness of the instrument to routine nursing inter-
ventions (i.e., turning the patient, preparing the patient for an X-ray or scan, etc.). 
TCD is primarily viewed as a research tool and is treated as an accessory to the 
patient; for example, it is nearly impossible to retain a stable probe position if a 
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patient is being re-positioned or examined, as nurses are not obligated to be vigilant 
over the TCD recording session itself. TCD’s time dependence only permits clini-
cians to receive “snapshots” of cerebral hemodynamic activity [1]. Another draw-
back of TCD is its reliance on operator validity [10]; even experienced technicians 
may not agree on the probe placement, depth of the MCA, etc. If the diameter of the 
MCA were ever to be proven variant, the core of TCD monitoring technology and 
thus its credibility would be undermined.

16.5  Conclusion

TCD monitoring is entirely non-invasive and allows unique insight into cerebral 
hemodynamics, particularly through the MCA. The activity within the MCA is cen-
tral to the brain’s ability to balance pressure and flow load demands that can be 
altered by TBI. Although limited by time and technicalities related to its operation, 
TCD remains a popular tool in neurocritical care centers due to its ability to provide 
surrogate markers of cerebral autoregulation.
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Chapter 17
Neuro-ICU: Cerebral Hemodynamics 
and Transcranial Doppler (TCD/TCCS) 
Waveform Interpretation in the Most 
Common Neurocritical Pathologies

L. Luciano Ponce Mejia, Bahattin B. Ergin, and Lucía Rivera Lara

Key Points
 1. Adequate brain function requires sufficient, uninterrupted blood flow. Thus, fast- 

acting mechanisms are needed to restore blood flow when it drops acutely. 
Cerebrovascular reactivity is the ability of vascular smooth muscle to change 
basal tone in response to variations in physiologic parameters, such as arterial 
blood pressure (ABP), and metabolic factors, such as cerebral carbon dioxide 
and oxygen levels.

 2. The flow velocity decreases as it reaches small vessel branches. Local dimin-
ished vessel diameter (i.e., vasoconstriction) results in a dramatic acceleration in 
blood flow velocity and a decrease in the pressure. This phenomenon is governed 
by Bernoulli’s principle, described by Daniel Bernoulli in 1738.

 3. Only around 50% of the population has a classic configuration of the circle of 
Willis [1]. Stenotic segments are found in more than 25% of people [2]. When 
the degree of proximal vessel stenosis in the ICA is severe, the blood flow is 
largely dependent on the collateral vessels. Such collateral circulation tends to 
be more effective within the circle of Willis because ECA-ICA anastomotic ves-
sels are very small and narrow and therefore generate significant resistance.
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 4. The spectral waveform of blood flow velocity can be used to evaluate resistance 
to the flow. High-resistance vascular beds are characterized by a waveform with 
a sharp upstroke accompanied by a relatively abrupt waning in velocity immedi-
ately after peak systole with low end-diastolic velocity. Low-resistance wave-
forms are characterized by a steadier upstroke, a more gradual decline, and a 
higher end-diastolic velocity. The cerebral vascular bed is a low-resistance bed. 
Changes in the resistance, as detected by spectral waveform analysis, can be 
secondary to local stenosis or to the effects of proximal or distal disease within 
the insonated vascular bed.

 5. The Lindegaard ratio (LR) tends to increase in relation to the degree of vaso-
spasm. Normal reference range is from 1.1 to 2.3 and in the absence of vaso-
spasm is <3.

17.1  Introduction

Transcranial Doppler (TCD) has gained popularity among physicians because it is 
a quick, inexpensive, and noninvasive way to evaluate blood flow in the basal cere-
bral arteries. The applications of TCD in the neurologically or neurosurgically criti-
cally ill patient include vasospasm screening in those with aneurysmal subarachnoid 
hemorrhage (aSAH) or traumatic brain injury (TBI), detection of embolism after 
transient ischemic attack or cerebrovascular accident, and evaluation of total cere-
bral circulatory arrest in those with brain death. TCD has also been used for estimat-
ing cerebral autoregulation and cerebrovascular reactivity and for detecting 
abnormally high intracranial pressure (ICP).

Interpreting the findings of TCD requires an understanding of cerebral hemody-
namic principles. Cerebral hemodynamics is influenced by a complicated interac-
tion among various factors in critically ill patients, namely, (1) mean arterial blood 
pressure (MAP), (2) ICP, (3) blood viscosity, (4) degree of proximal vessel stenosis, 
(5) vessel caliber, (6) degree of collateral circulation, and (7) integrity of cerebral 
autoregulation. In this chapter, we will review the physiology of cerebral hemody-
namics and focus on TCD waveform interpretation.

17.2  Cerebral Blood Flow (CBF) and Cerebral Perfusion 
Pressure (CPP)

The CPP is equivalent to MAP minus the ICP. The drive to generate blood flow 
through the cerebral arteries, branches, and capillaries is produced in the left ven-
tricle and maintained by the elastic properties of the aorta and extracranial arteries 
(common carotid artery [CCA] and internal carotid artery [ICA]), resulting in a 
pulsatile forward pressure. Although the venous blood pressure cannot be 
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discounted, its hemodynamics are far more complex. Often the intracranial venous 
pressure does not equal the central venous pressure, especially under pathological 
conditions when an increase in the ICP leads to collapse of the vein wall and a 
resulting change in flow resistance. Some authors have proposed to use instead of 
the venous sinus blood pressure (vSBP) because the venous sinuses do not collapse 
when the ICP rises above that of the vSBP [3]. Nevertheless, the veins that drain 
into the cerebral sinuses (bridging veins) do collapse when ICP increases, isolating 
the cerebral venous sinus pressure, an indication that vSBP matches ICP.

17.2.1  Cerebrovascular Resistance (CVR)

CVR is maintained mainly by small arteries, resistance vessels, capillaries, and 
venules. It has been defined as in Eq. 17.1. This special pressure–flow relationship 
is known as Starling resistance, which was first described in 1912 [4]. The flow in 
collapsible systems that allows us to define vSBP as equal to ICP has also been 
described in detail [5–7]. Microinvasive methods show a significant descent in pres-
sure from distributing arteries (about 90 mmHg) to the arterioles (<30 mmHg) [8].

 CVR CPP CBF= /  (17.1)

In 1838, using tubes of fine bore in a series of experiments, Jean Leonard Marie 
Poiseuille (1797–1869) established that flow is inversely proportional to the length 
of the tube and directly proportional to the pressure gradient and to the fourth power 
of the tube diameter, the now famed Law of Poiseuille (Eq. 17.2):

 DP m L Q p R= 8 4. . . / .  (17.2)

where ΔP is the pressure difference between the two ends, L is the length of tube 
(vessel), μ is the dynamic viscosity (hematocrit), Q is the volumetric flow rate (flow 
velocity), and R is the radius of the vessel. Notably, the radius of the cerebral vessels 
decreases distally and changes according to physiologic and pathophysiologic 
states. Consequently, the quantitative use of the Law of Poiseuille is limited. Also, 
the blood viscosity is non-Newtonian because it is proportional to the velocity of 
flow. One useful lesson deduced from the Law of Poiseuille is that a modest change 
in vessel diameter induces a dramatic increase in flow resistance.

17.2.2  Cerebral Autoregulation

Adequate brain function requires sufficient, uninterrupted blood flow. Thus, fast- 
acting mechanisms are needed to restore blood flow when it drops acutely. 
Cerebrovascular reactivity is the ability of vascular smooth muscle to change basal 
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tone in response to variations in physiologic parameters, such as arterial blood pres-
sure, and metabolic factors, such as cerebral carbon dioxide and oxygen levels [9]. 
Cerebral autoregulation is one aspect of cerebrovascular reactivity that involves vas-
cular tone changes in response to fluctuations in arterial blood pressure [10]. The 
first studies of cerebral autoregulation showed that in a normal physiologic state, 
CBF remains constant when MAP fluctuates within 50–150 mmHg margin [11]. 
Modern multimodal monitoring techniques of cerebral autoregulation and cerebro-
vascular reactivity have shown that the cerebral autoregulation plateau may be much 
narrower. In a study of adults with acute subarachnoid hemorrhage, the cerebral 
autoregulatory plateau was found to be 80–120 mmHg [12]. Adjustments of CVR 
are responsible for maintaining a constant CBF. Thus, CBF is not disturbed by mod-
est degrees of stenosis or spasm of proximal vessels. The resistance vessels dilate 
yielding a lower CVR, which in turn restores CBF [13]. Conversely, a sudden 
increase in CPP (i.e., MAP) that threatens the integrity of the fragile cerebral capil-
laries results in rapid vasoconstriction of the proximal resistance vessels to avoid 
high transmural pressures. Evidently, more complex and slow metabolic adapta-
tions occur in response to abrupt changes in CPP in addition to the fast-myogenic 
response [14–18].

17.2.3  Determination of Cerebrovascular Reactivity Via TCD

In a study of dogs, a 20–25 mmHg change in systemic blood pressure produced only 
a 2.5% change in diameter of the coronary arteries, thanks to their relative stiffness 
[19]. Cerebral arteries have similar properties. A mean change in blood pressure of 
30 ± 16 mmHg and a change in end-tidal CO2 (EtCO2) of 14 ± 6 mmHg resulted in 
a mean diameter change in the large cerebral arteries (carotid, middle cerebral artery 
[MCA], vertebral artery) of less than 4%, but the smaller arteries (anterior cerebral 
artery, M2 segment of MCA) showed diameter changes as large as 29% to ETCO2 
changes and 21% to blood pressure changes [20, 21]. Hence, as the diameter of the 
large vessels is relatively stable to changes in blood pressure and CO2, one can 
assume that the CBF is proportional to the CBF velocity (CBFV). Such changes in 
CBFV can be measured using TCD technology. Under this premise, CBFV approxi-
mates CBF [22]. Cerebrovascular reactivity can be calculated clinically, with the 
most common methods being (1) dose-controlled CO2 inhalation, (2) acetazolamide 
injection, and (3) breath-holding index [23–25].

17.2.4  Carbon Dioxide Reactivity

Changes in the partial pressure of CO2 (PCO2) cause changes in CVR because CO2 
affects the degree of vasodilation of the smaller vessels responsible for regulating 
CVR. However, the effect of PCO2 on basal cerebral artery diameter is insignificant. 
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By measuring EtCO2 in normal subjects, Markwalder et  al. [26] established that 
flow velocity in the MCA changes 3.4 ± 0.5% per each mmHg change in EtCO2. 
According to the Poiseuille equation, a change in flow resistance of 3–4% is attained 
by approximately 1% change in vessel caliber in the resistance vessels. 
Cerebrovascular reactivity in the neurocritical intensive care unit will be reviewed 
extensively in a different chapter.

17.3  Physiology of Blood Vessel Stenosis

The flow velocity decreases as it reaches small vessel branches. Local diminished 
vessel diameter (i.e., vasoconstriction) results in a dramatic acceleration in blood 
flow and a decrease in the pressure. This phenomenon is governed by Bernoulli’s 
principle, described by Daniel Bernoulli in 1738. It states that pressure and velocity 
in a moving fluid have an inverse proportional relationship [27]. Energy is involved 
in accelerating the fluid. Energy is transformed from static energy, namely, pressure, 
into kinetic energy during acceleration. Such transformation of energy is derived 
from Bernoulli’s equation (Eq. 17.3):

 
P P r V V2 1 2

2
1
2– ½ –= ( )DP

 
(17.3)

where ΔP is the pressure difference between the two points with velocities V1 and 
V2, respectively, and ρ is the density of blood.

The energy is lost, or rather transformed, in turbulence distal to the stenosis. 
Note that Bernoulli’s principle takes into consideration the density (viscosity) of the 
blood. A higher viscosity (hematocrit) results in a higher ΔP. In the brain, there are 
basically three pathological conditions that can affect blood flow acceleration: (1) 
large- and mid-size stenosis due to atherosclerotic disease of the extra- and intracra-
nial arteries, (2) vasospasm (i.e., subarachnoid hemorrhage), and (3) narrowed con-
genital communicating vessels in the circle of Willis (anterior and posterior 
communicating arteries).

17.3.1  Evaluation of Intracranial Stenosis by TCD

Using Doppler ultrasound technology to evaluate atherosclerotic disease resulting 
in stenosis of the CCA bifurcation predates TCD [28]. The development of TCD 
technology with a transorbital approach of the carotid siphon made possible the 
evaluation of intracranial stenotic disease with an overall accuracy of 88%, a 95% 
specificity, and a 73% sensitivity when compared to angiography [29]. The trans-
temporal and suboccipital approaches were later described with a correlation coef-
ficient of 0.89 (p = 0.0001) [30, 31]. A proposed model of unilateral carotid artery 
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stenosis suggests that for a severe unilateral stenosis of the right carotid artery, the 
partial pressure of oxygen in the brain area at risk can be restored only if the corre-
sponding cerebral resistance is significantly decreased and if the circle of Willis is 
complete [32]. Another report showed no preoperative difference in number of 
intracerebral arteries with reverse flow between symptomatic and asymptomatic 
patients with severe unilateral carotid stenosis. In contrast, pulsatility index, cere-
brovascular reactivity, and flow acceleration on the side of stenosis were signifi-
cantly lower in symptomatic patients. After surgery, all TCD parameters improved 
significantly in both symptomatic and asymptomatic patients [33]. The Doppler 
findings showed increased flow velocity at the site of stenosis, a decrease in velocity 
with a dampened waveform distally, and at least a 20–30 mmHg pressure loss. This 
phenomenon has a parabolic relationship. Stenotic atherosclerotic lesions have 
obvious hemodynamic effects. The inverse correlation of low velocity obtained by 
TCD as a function of lumen dimension has been reported in patients with intracra-
nial artery disease when the measurements of diameter were corrected by angiogra-
phy [34]. Such inverse correlation findings appear to deviate less in atherosclerotic 
disease than in vasospasm.

17.3.2  Collateral Flow

Only around 50% of the population has a classic configuration of the circle of 
Willis [1]. Stenotic segments are found in more than 25% of people [2]. When the 
degree of proximal vessel stenosis in the ICA is severe, the blood flow is largely 
dependent on the collateral vessels. Such collateral circulation tends to be more 
effective within the circle of Willis, because ECA-ICA anastomotic vessels are 
very small and narrow and therefore generate significant resistance. Variability in 
the pressure of the various collateral connecting vessels (stumps) in the circle of 
Willis has been reported to be high, ranging from as low as 10 mmHg to almost 
equating the systemic blood pressure [35]. The resistance to flow in a given collat-
eral connection is determined by vessel diameter, length, and viscosity. The effect 
of the circle of Willis configuration on cerebrovascular hemodynamics and the dis-
tribution of flow appears to be highly variable from individual to individual [36, 
37]. Consequently, studying its influence is very difficult [38–40]. One of the most 
common noninvasive TCD techniques used to assess collateral flow within circle 
segments uses carotid compression [41]. Because blood volume is directly propor-
tional to flow velocity, common carotid compression measures its effect on blood 
flow velocity in the ipsilateral posterior cerebral artery and contralateral anterior 
cerebral artery. Thus, this test shows that the communicating arteries are open and 
to what degree. The presence of chronic atherosclerotic lesion and its effect on flow 
velocity in the circle of Willis has also been studied. Researchers have shown 
increased, reversed, and crossover flow in the different compensating vessels ipsi-
lateral and contralateral to the atherosclerotic lesion, sometimes greater than 1.5 
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times the velocity in the ipsilateral MCA when the extracranial ICA occlusion 
reached about 90% [30, 34].

17.3.3  Elastic Reservoir (“Windkessel Effect”)

It is important to remember that the properties described so far (resistance, turbu-
lence, etc.) and their effects on flow apply only to a model with a static pressure–
flow relationship. However, the pulsatile nature of the pressure in extra- and 
intracranial vessels results in a dynamic pressure–flow relationship because these 
vessels are elastic. The most important dynamic relationship is known as the 
“Windkessel” effect. The Windkessel model described by Otto Frank [42, 43] 
defines the hemodynamics of the arterial system in terms of resistance and compli-
ance. It describes the aortic pressure decline during diastole but not entirely so dur-
ing systole. Impedance was proposed as a third component of the Windkessel model. 
The heart ejects blood intermittently; however, the flow is more continuous as the 
blood pressure pulsates because the elasticity of the arterial system acts as a reser-
voir of the energy supplied during systole, thus making the system more efficient. 
This model can then predict the classic shape of the flow waveform seen in a pulsa-
tile system [42, 43]. Windkessel is roughly translated from German to English as 
“air chamber,” drawing the analogy with the air chamber used in fire engines in the 
eighteenth century [44]. CBF waveforms obtained by TCD are consistent with low- 
resistance flow, which changes in pathological states. The Windkessel model is a 
lumped model and therefore not appropriate for the evaluation of wave travel, but it 
is a fair approximation of ventricular afterload.

Compliance (C) is the ability of a vessel to distend and increase volume with 
increasing transmural pressure or the tendency to resist recoil toward its original 
dimensions on application of a distending or compressing force. It is defined as 
(Eq. 17.4)

 C V P= ∆ ∆/  (17.4)

The following are scenarios in which the effect of compliance markedly affects 
the flow velocity waveform. (1) Proximal stenosis resulting in a dampened velocity 
waveform [34, 45]. The Windkessel effect produces a more smoothed waveform 
because of the increased inflow resistance. (2) Size and amount of arteriovenous 
malformation feeders. Because arteriovenous malformations have high volume 
stiffness and very low flow resistance, they result in a dampened waveform. (3) 
Hypocapnia results in increased flow velocity pulsatility [26]. Low PCO2 leads to 
vasoconstriction that increases resistance, revealing the Windkessel effect. (4) 
Pathological ICP elevation also results in a very pulsatile waveform [46]. Two fac-
tors have been proposed to explain this phenomenon. First, the pulsatility of the 
CPP increases with increasing ICP, and second, the total volume compliance 
increases so that more blood is required in systole to fill the “Windkessel.”
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The interaction between the profile of the waveform and the total parallel resis-
tance of stenotic and/or collateral vessel is rather intricate [34, 45]. The waveform 
changes when the pulsatile wave travels through an arterial narrowing with signifi-
cant flow resistance. This reduces the sensitivity of the pulsatility index (PI) 
(Eq. 17.5). Its sensitivity is again augmented when PI is normalized by dividing the 
observed PI by a reference PI (PIref). The pulsatility transmission index can be cal-
culated as PI/PIref.

 
PI PSV EDV MFV= [ ]– /

 
(17.5)

17.4  TCD: Waveform Interpretation

The feasibility of using TCD technology to measure CBFV in the basal arteries of 
the brain’s anterior circulation was first demonstrated in the early 1980s in 50 
healthy subjects [41, 47]. It was then proposed that TCD could be used to monitor 
vasospasm in aSAH and cerebrovascular disease, when using a Doppler operating 
at a lower range (1–2  MHz). Instruments operating at higher ranges (typically 
5–10 MHz) were used to evaluate extracranial vessels, and they do not penetrate the 
skull. Before this, ultrasound technology had been used to examine CBF, but only 
intraoperatively during craniotomies.

TCD technology has been used in the clinical evaluation of cerebral autoregula-
tory reserve, and different indices have been proposed to study cerebral hemody-
namics. The indices include those that are “static,” which require artificially 
increasing or decreasing blood pressure using intravenous vasopressors or vasodila-
tors in steady-state conditions (static cerebral autoregulation), and those that are 
“dynamic,” which measure the cerebrovascular hemodynamic response to interven-
tions such as changes in arterial CO2/pH, rapid pneumatic thigh cuff deflation, or 
transient carotid occlusion (e.g., autoregulatory index, transient hyperemic response 
ratio). The third category has been created to describe more advanced methods, 
wherein CBFV calculated from TCD is used to derive a third variable (e.g., nonin-
vasive ICP, critical closing pressure).

Current practices in the neurocritical care unit do not routinely include maneu-
vers to challenge the injured brain to measure its autoregulatory response, mainly 
because that type of testing may require the patient to be cooperative (e.g., squat-
ting) or because the safety remains debatable (e.g., carotid compression). It has 
been proposed that cerebral autoregulation be estimated by measuring it from 
spontaneous variations of MAP [48]. Transform function analysis is a mathemati-
cal representation in frequency domain of a system between input and output data 
and has emerged as a technology suiting this purpose. The effect of oscillations in 
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MAP over CBFV can be studied by recording a series of times as input and output 
of the system. This has been done in a range of frequencies, and it is attained by 
employing a Fast Fourier Transformation (FFT) [49]. Typically, oscillation fre-
quencies are separated into three bands: low (<0.07  Hz), intermediate 
(0.07–0.3 Hz), and high (>0.3 Hz), although the limits vary among authors [47]. 
The behavior of the system interprets cerebral autoregulation as a high-pass filter 
based on three parameters: coherence, gain, and phase shift [48]. At high frequen-
cies, (1) the oscillations of CBFV follow those of ABP, so coherence (which is 
simply a correlation coefficient within defined frequency range) is high; (2) these 
parameters oscillate almost synchronously, so the phase lag between them is near 
zero degrees (low phase shift); and (3) the ABP oscillations are transmitted 
undampened to the output (CBFV), so gain (amplitude) is usually >1. The oppo-
site occurs toward the low-frequency band, with low coherence and gain and 
higher phase shift values. That is the way cerebral autoregulation is believed to 
exert its effect in the lower band of frequencies. This type of response is expected 
from a physiologic point of view, as vascular tone takes a few seconds to adjust to 
changes in ABP. To apply transform function analysis, researchers have proposed 
using CBFV and ABP time series monitoring for at least 10 minutes. Module of 
coherence varies between 0 and 1, from good to impaired cerebral autoregulation. 
Phase shift varies between 0 and 90 degrees, from nonexistent to effective cere-
bral autoregulation. Lower gain means adequate cerebral autoregulation and 
higher gain means poor cerebral autoregulation.

Currently available software uses proprietary algorithms to obtain different indi-
ces. Such numbers can be altered from physiologic changes (e.g., vessel caliber) but 
also by FFT size (number of points used), FFT length (time), FFT transformation 
overlap (%), transmitted ultrasound frequency (MHz), high-pass filter settings (Hz), 
and recording time (minutes). Standard settings have not been universally agreed 
upon. Nonetheless, cerebral autoregulation studies with TCD always rely on the 
assumption that MCA diameter does not change during the monitoring time. 
Another consideration to keep in mind is that CBF is measured in units of ml/
min/100 g, whereas TCD technology provides CBF velocity (CBFV) in units of 
cm/s. There is a positive correlation between the absolute increase in CBF obtained 
by regional CBF with single-photon emission computed tomography and the 
increase in CBF velocity by TCD after acetazolamide administration (modest cor-
relation r = 0.63, p < 0.01) [50, 51]. These results suggest that TCD combined with 
acetazolamide test may be used in clinical situations to assess cerebral 
vasoreactivity.

The major advantages of TCD are that it is noninvasive, has remarkable temporal 
resolution (~5 ms), and is highly reproducible (~5% variability). Some have called 
TCD “a stethoscope for the brain.” Disadvantages include the lack of temporal win-
dow in up to 10% of patients and the fact that continuous monitoring of TCD is very 
sensitive to movement.
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17.4.1  TCD Waveforms

The spectral waveform of blood flow velocity can be used to evaluate resistance to 
the flow. High-resistance vascular beds are characterized by a waveform with a 
sharp upstroke accompanied by a relatively abrupt waning in velocity immediately 
after peak systole with low end-diastolic velocity. Low-resistance waveforms are 
characterized by a steadier upstroke, a more gradual decline, and a higher end- 
diastolic velocity. The cerebral vascular bed is a low-resistance bed. Changes in the 
resistance, as detected by spectral waveform analysis, can be secondary to local 
stenosis or to the effects of proximal or distal disease within the insonated vascular 
bed [52].

The TCD waveform of flow is represented by blood flow velocity over time dur-
ing the cardiac cycle. The sonographer must recognize a waveform pattern visually 
by its appearance on the screen as well as by the sound of the flow signal. 
Sonographers must annotate the machine settings, including (1) transducer and 
sample volume (gate) positioning, (2) flow direction, (3) angle of insonation, (4) 
scale settings, and (5) sweep speed. Then, the different components of the cardiac 
cycle are identified, namely, (1) beginning of systole, (2) peak velocity during sys-
tole, (3) dicrotic notch (signifying the closure of the aortic valve), (4) end-diastolic 
velocity, and (5) shape and magnitude of flow deceleration during the cardiac cycle.

The crucial aspects to waveform presentation are the identification of the follow-
ing components: (1) early systolic upstroke (slow, sharp, or delayed); (2) late sys-
tolic and diastolic deceleration (uninterrupted, stepwise, or smoothed); (3) waveform 
shape (flat, sharpened, or dampened); (4) systolic—diastolic velocity difference 
(flow pulsatility); and (5) other components of the Doppler spectra (embolism, 
bruit, narrowing, etc.). Normal waveforms exhibit sharp systolic flow acceleration 
and stepwise deceleration with positive end-diastolic flow. Additionally, end- 
diastolic flow velocity falls between 20% and 50% of the peak systolic velocity 
values (low resistance). Finally, at the level of the ICA bifurcation, a bidirectional 
signal with simultaneous sharp systolic upstrokes and similar stepwise deceleration 
in both flow directions denotes low-resistance flow patterns.

The flow velocity in a blood vessel is roughly parabolic in shape, with the fastest 
velocity in the center of the vessel. Consequently, the Doppler spectrum represents 
a distribution of velocities that requires mathematical calculations to derive useful 
velocity values. Normally, a power spectrum distribution is produced from seg-
ments of about 2–5 seconds using an FFT, and maximum or mean velocity is calcu-
lated from the maximum or intensity-weighted mean, respectively [53] (Fig. 17.1).

Modern TCD ultrasonographic instruments that are currently available use 
computer- based statistical pattern recognition systems developed for the analysis of 
the spectral waveforms. The various indices obtained from such wave analysis are 
as follows:
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If the gain settings are correct, the envelope outlines the waveform shape after 
the peak systolic rise, the flow deceleration, and the proportion of the end-diastolic 
flow component. These computer-based pattern recognition approaches have been 
developed to analyze TCD signals by detecting the boundary edge (envelope or fol-
lower) of spectral waveform using the Sobel edge detection algorithm [54].

Gosling’s pulsatility index (PI) and the Pourcelot resistivity index (RI) give an 
estimation of cerebral perfusion pressure, pulsatility of arterial blood pressure, 
downstream resistance in cerebral circulation, and compliance of cerebral vessels. 
The PI reference range is between 0.5 and 1.19 [55]. In the presence of proximal 
stenosis or occlusion, the PI may be <0.5 due to arteriolar vasodilation distally; 
conversely, a distal occlusion or constriction increases the PI to >1.19 secondary to 
increased resistance distally [56]. A PI >1.17 correlates with the presence of silent 
brain damage on magnetic resonance imaging (MRI) (e.g., microvascular disease) 
in patients with chronic systemic hypertension [57]. Conversely, despite an elevated 
PI in young people free of chronic systemic hypertension (PI = 1.2), a high pulsatil-
ity waveform in the MCA indicates normal patency of its proximal segment.

PI is regarded by many as an often misleading or imprecise reflection of the true 
resistance, as it has limitations. Critical closing pressure is the internal pressure at 
which the blood vessel collapses and closes completely. Cerebral perfusion pressure 
(CCP) is the principal determinant of PI. Consequently, some experts argue that PI 
has no distinctive physiologic meaning by itself [58]. Michel and Zernikow [58] 
concluded that the use of PI as a measure of resistance in autoregulated circuits 
should be abandoned because the autoregulation models that use PI do not uni-
formly match experimentally induced changes in vascular resistance.

A Pourcelot RI  >  0.8 suggests increased distal resistance [59] or abnormally 
decreased cerebral perfusion pressure. Elevated RI in different intracranial patholo-
gies that result in increased ICP is comparable to that of an abnormal PI. Nonetheless, 
the RI is less sensitive to ICP variations than is PI [60].

The Lindegaard ratio (LR) tends to increase in relation to the degree of vaso-
spasm. Normal reference range is from 1.1 to 2.3 and in the absence of vasospasm 
is <3 [61].

In patients with irregular heart rhythm (extrasystole, atrial fibrillation, etc.), the 
end-diastolic velocities may fall below 30% of peak systole. This decrease also 
affects estimation of flow resistance (increased values of PI calculated with enve-
lope tracings) from the averaged values of 2–5 cycles. A single cycle may be selected 
for manual measurements. Prolonged pauses between cardiac cycles may lead to 
lower end-diastolic velocities that excessively underestimate the velocity and over-
estimate the PI. In those cases, a manual measurement of the highest velocity cycle 
is recommended instead, a practical but inaccurate solution.

Various efforts to examine the use of TCD ultrasound for the assessment of intra-
cranial arterial flow velocity have been published [29, 30, 34, 62–64]. The common 
techniques used are simply to measure the values of the peak systolic, peak dia-
stolic, and mean flow velocity from FFT Doppler spectra at selected depths. 
Nonetheless, the standard deviation of normal values is wide. Physiologic variabil-
ity in parameters such as blood pressure, cardiac output, peripheral resistance, and 
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arterial compliance lead to high intra-individual variation in peak systolic flow in 
the MCA (91.0 ± 16.9 cm/s), peak diastolic flow (44.3 ± 9.5 cm/s), and average 
mean velocity (57.7 ± 11.5 cm/s) [63] and can result in diagnostic errors. It is dif-
ficult with this approach to objectively classify in quantitative terms those spectral 
features that are associated with varying degrees of stenosis in the intracranial arter-
ies. The use of a more quantitative and objective approach to analyzing Doppler 
spectral waveforms and classifying the varying degree of stenosis in the intracranial 
arteries is thus highly desirable.

17.5  Transcranial Flow Velocity Monitoring 
in Neurocritical Care

In this section, we are limiting our discussion to those conditions in which TCD has 
been applied: (1) daily monitoring of CBFV during aSAH-induced vasospasm, (2) 
imminent brain death, and (3) MCA blood flow during increased ICP. In the follow-
ing chapters, each of these applications will be described in detail. In this section, 
we focus on the physiology of the waveform interpretation.

17.5.1  Aneurysmal Subarachnoid Hemorrhage

Delayed cerebral ischemia after aSAH is a major cause of morbidity and mortality. 
Frequently, the presenting sign is a neurologic deficit, which may be detected too 
late to reverse. TCD ultrasonography is used to guide clinical decision-making in 
regard to additional diagnostic evaluation and therapeutic interventions. When per-
formed in isolation, the contribution of TCD to improving patient outcome has not 
been established. Nevertheless, TCD has become a regularly used tool in neurocriti-
cal care and perioperative settings. A specific condition called hyperemia will pro-
duce a unique pattern of high-velocity–low-resistance waveforms in one or several 
arteries, whereas the remainder of the vessels will have normal velocities and PIs. 
This phenomenon can be seen in hyperdynamic states after aSAH and must not be 
confused with vasospasm [61]. When the CBFV is elevated but the LR is lower than 
3, the elevation is considered to be caused by hyperemia. An LR > 6 indicates severe 
vasospasm [61, 65–67], and LR > 3 denotes mild to moderate vasospasm. A modi-
fied LR (mLR; basilar artery mean CBFV divided by left or right extracranial verte-
bral artery mean CBFV) has also been proposed for evaluation of posterior 
circulation vasospasm. mLR = 2–2.49 indicates possible vasospasm; mLR = 2.5–2.99 
suggests moderate vasospasm; and mLR >3 signifies severe vasospasm. A CBFV 
variation of more than 14% with TCD side-to-side is considered abnormal; most 
individuals (95%) will not have day-to-day variation of mean CBFV of more than 
10 cm/s [68, 69].

In patients with severe vasospasm, the use of a large sample volume (gate) may 
produce a simultaneous display of waveforms detected at different arterial segments 
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(i.e., terminal ICA, proximal M1, or adjacent segments with different patency). The 
highest velocities in waveform are often considered to be the site of maximum vaso-
spasm (Fig. 17.2). However, a mirror artifact and/or hyperemia must be excluded by 
using the LR. The signal-to-noise ratio appears to be optimized (i.e., no noise in the 
background).

17.5.2  Increased ICP

A flow signal above baseline that shows sharp systolic upstrokes followed by sharp 
deceleration represents an increased flow resistance. Elevated PI and RI have been 
observed in patients with increased ICP (Fig. 17.3). The Doppler signal shows a 
sharpened waveform secondary to a fast flow deceleration. Also, a waveform above 
baseline that exhibits a significant diastolic flow likely suggests that some flow is 

b

a

Fig. 17.2 Vasospasm. Panel A. Transcranial Doppler waveform from the left middle cerebral 
artery in a patient on day 3 after aneurysmal subarachnoid hemorrhage shows a mean velocity of 
90 cm/s. Panel B. Transcranial Doppler waveform from the left middle cerebral artery in the same 
patient from Panel A on day 11 shows a mean velocity of 240 cm/s (diastolic notch is still present)
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directed to a vascular bed with a lower resistance. This can happen in patients with 
TBI because different brain areas may sustain various degrees of disturbed auto-
regulation or unequal distribution of ICP and mass effect.

No irrefutable, close relationship between ICP and mean MCA flow velocity or the 
shape of the flow waveform has been demonstrated. Nevertheless, some general state-
ments can be made regarding the MCA flow signal alterations after ICP elevation. For 
instance, in TBI, flow velocity increases immediately after the injury onset and lasts for 
several days or even weeks. However, ICP is not markedly elevated during this period. 
When ICP increases sharply, a hyperperfusion profile (i.e., high velocities, decrease of 
pulsatility) appears initially but rapidly evolves to an increasingly pulsatile, high-resis-
tance flow profile, and finally to a reversed flow of the blood volume. PI is intrinsically 
related to ICP. A PI variation of 2.4% is reflected by a 1 mmHg change in ICP in the 
same direction [70]. Indeed, several studies have proposed a strong correlation between 
PI and ICP, independent of the type of intracranial pathology [59, 60, 71].

Unfortunately, correlation-based approaches are not able to measure absolute 
ICP accurately enough for TCD ultrasonography to be used in clinical treatment 
planning. Yet, one study found that the noninvasive ICP measurement technique 
based on two-depth TCD ultrasound had a better diagnostic reliability in neurologi-
cal patients than the optic nerve sheath diameter ultrasonography when expressed 
by the sensitivity and specificity for detecting elevated ICP >14.7 mmHg. Another 
study showed that changes of ICP in time domain during plateau waves are repli-
cated by noninvasive ICP methods with strong correlations. In addition, the meth-
ods offered high performance for detecting intracranial hypertension [72].

17.5.3  Impending Brain Death: Progression to Brain Death

An oscillating or reverberating flow spectrum represents two waveforms (above and 
below the baseline) with an extremely high resistance to flow. Flow signals above 
baseline appear as sharp spikes, and a rushed flow deceleration to zero corresponds 

ba

Fig. 17.3 Increased intracranial pressure. Panel A. Transcranial Doppler waveform from a low- 
resistance vessel exhibiting continuous forward flow throughout both systole and diastole. Panel 
B. Transcranial Doppler waveform from a vessel with high resistance caused by elevated intracra-
nial pressure shows a sharp systolic upstroke, a narrow peak in systole, and less flow in diastole
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with the time of the aortic valve closure and absence of positive end-diastolic flow. 
The same blood volume bounces back its direction during the entire diastole, gen-
erating the sign of flow reverberation or oscillation. An exceptionally high resis-
tance to flow impedes brain perfusion. This waveform typically is observed in 
patients who have developed substantial cerebral edema with progression to cere-
bral circulatory arrest. When reverberating flow is found in all intracranial basal 
arteries, it accurately predicts the absence of brain perfusion in nuclear CBF studies. 
Hemodynamically, this waveform indicates that all blood that registered through the 
sample volume toward the brain in systole was pushed out of the distal vasculature 
in diastole as a result of no flow traveling to brain parenchyma (Fig. 17.4).

b

a

Fig. 17.4 Impending brain death. Panel A. Transcranial Doppler waveform of oscillating flow. A 
sharp forward flow is present in systole with reversal of flow in diastole. Panel B. Transcranial 
Doppler waveform of a systolic spike. There is brief forward flow during systole and no flow dur-
ing diastole. Both waveforms are consistent with brain death
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17.6  Conclusion

TCD is an imperfect technique. As such, several technical and interpretative aspects 
must be considered to obtain a dependable TCD exam. Nevertheless, TCD ultra-
sound is capable of following dynamic cerebrovascular processes noninvasively. 
Daily or continuous monitoring of flow velocities and profiles can help clinicians to 
recognize trends or pattern changes that alert them to deterioration and the need for 
a therapeutic response in the care of neurocritically ill patients.
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Chapter 18
Non-invasive Multimodal Neuromonitoring 
in the ICU: The Role of Transcranial 
Doppler (TCD/TCCS)

Demetrios J. Kutsogiannis

Key Points
 1. Multimodality neuromonitoring (MMM) is both static and dynamic, evaluating 

cerebral structure, vasculature, and electrochemical function.
 2. The various technologies included in MMM provide complementary informa-

tion with various degrees of inter-modality correlation.
 3. The use of MMM permits earlier therapeutic interventions that may prevent 

cerebral tissue hypoxia, metabolic stress, and irreversible cerebral damage.
 4. The best method of monitoring, optimal physiological cutoffs, and threshold for 

treatments must be individualized for every acutely brain-injured patient.
 5. Multimodality neuromonitoring technologies offer predictive value in prognos-

ticating neurological outcomes.

18.1  Introduction

The term multimodal monitoring (MMM) encompasses the various clinical and 
technological modalities available to the contemporary physician caring for criti-
cally ill neurological patients. Injured patients include those with trauma, infec-
tions, and hemorrhagic or ischemic stroke. For many years, scoring systems 
(Glasgow Coma Score, FOUR Score) utilizing the neurological examination were 
used as the only stochastic method of following changes in neurological function. 
However, it is well recognized that the neurological examination is limited in coma-
tose patients and those under sedation and analgesia, and neurological changes may 
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not manifest or may lag important changes in cerebral vascular perfusion, electro-
physiology, and metabolism. Two major acute brain injury diagnoses have been the 
most informative in motivating the development of MMM techniques and research. 
The first being that of delayed neurological deterioration after subarachnoid hemor-
rhage (SAH), specifically delayed cerebral ischemia (DCI). The second being the 
identification of mechanisms for secondary brain injury after traumatic brain injury 
(TBI) and the importance of abnormal cerebral autoregulation in worsening out-
comes in TBI.  Research utilizing transcranial Doppler and Transcranial Color- 
Coded duplex Sonography (TCCS) and other forms of MMM have DCI after SAH 
is not specifically related to catheter angiographically defined areas of proximal 
vasospasm. Multidimensional and complex processes such as arteriolar constriction 
and thrombosis, hypoxemic and non-hypoxemic mitochondrial metabolic failure, 
and cortical spreading depolarization-related hypoperfusion are important etiologi-
cal factors [1, 2]. In TBI, intracranial hypertension is an important secondary insult 
after TBI, and its identification, prevention, and treatment are important in optimiz-
ing clinical outcomes [3]. The ability of the brain to regulate its blood flow despite 
the level of cerebral perfusion pressure (CPP) is important in the prevention of sec-
ondary brain injury through its effect on intracranial hypertension, hypoxia, isch-
emia, and hyperemia. The loss of this cerebral autoregulation is detrimental to 
patient outcomes. However, utilizing MMM techniques for the measurement of 
dynamic cerebrovascular autoregulation assists in determining patient-specific opti-
mal targets for CPP in order to mitigate the detrimental effects of poor intracranial 
compliance. Such methods require the ability to calculate real-time moving correla-
tion coefficients between intracranial pressure (ICP), or cerebral blood flow by 
TCD/TCCS, and arterial blood pressure [4, 5].

18.2  TCD/TCCS: Role and Importance in the Non-invasive 
Multimodal Neuromonitoring in the ICU

In the Consensus Summary Statement of the International Multidisciplinary 
Consensus Conference on Multimodality Monitoring in Neurocritical Care [6], the 
quality of the evidence was reviewed and recommendations were developed using 
the GRADE system. Recommendations are classified as strong or weak based on a 
consensus balance among benefits, risks, burden, and costs according to the quality 
of the evidence [7–9]. These recommendations are as follows.

 1. High: Further research is very unlikely to change our confidence in the estimate 
of effect.

 2. Moderate: Further research is likely to have an important impact on our confi-
dence in the estimate of effect and may change the estimate.

 3. Low: Further research is very likely to have an important impact on our confi-
dence in the estimate of effect and is likely to change the estimate.

 4. Very low: Any estimate of effect is very uncertain.
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18.3  TCD/TCCS: Frequent Pathologies. What Do 
We Monitor?

18.3.1  Subarachnoid Hemorrhage (SAH)

18.3.1.1  Cerebral Autoregulation (CA)

Dysfunctional cerebral autoregulation is a component of risk for delayed cerebral 
ischemia (DCI) in SAH. Otite assessed the relationship between cerebral autoregu-
lation measured using dynamic transfer analysis (phase and gain) of the spontane-
ous blood pressure and blood flow velocities on days 2 to 4 after SAH. Multivariate 
analysis indicated that a higher transfer function gain and a lower transfer function 
phase were independently associated with angiographically confirmed vasospasm, 
and computed tomography (CT) confirmed delayed cerebral ischemia (DCI) [10]. 
Disturbed autoregulation within the first 5  days after SAH, as measured by Sx 
(TCD-derived autoregulatory index) and Tox (Near-infrared spectroscopy, NIRS-
derived autoregulatory index) significantly increases the risk of DCI [11]. In another 
study, neither cerebral autoregulation impairment as measured by TCD (Sx) nor 
large artery vasospasm alone was associated with DCI. However, the combination 
of large artery vasospasm with increasing loss of cerebral autoregulation within the 
first 7 days from a SAH was significantly associated with DCI [12].

18.3.1.2  Intraparenchymal Cerebral Oxygen Monitoring

A study of 46 patients representing 5424 hours of PbtO2 monitoring the number of 
episodes of compromised PtbO2 (15–25  mmHg) and the number of episodes of 
cerebral hypoxia (PtbO2 < 15 mmHg) was independently associated with mortality 
[13]. An important limitation of PbtO2 placement in SAH is that placement of the 
probe must be congruent with the most probable site of cerebral vasospasm or 
infarction. In one study, congruence was achieved in >88% of the insertions for 
internal carotid artery and middle cerebral artery aneurysms but as low as 23% of 
the insertions for vertebrobasilar arteries [14].

18.3.1.3  Cerebral Blood Flow

Using bedside xenon-enhanced computed tomography (XeCT), patients with poor- 
grade SAH and initial low CBF at day 0–3 post SAH who received hypertension, 
hypervolemia, and hemodilution (HHH) therapy had a significant increase in their 
CBF at day 4–7 as compared to those not receiving HHH [15]. In a study performed 
in 17 patients within 12 hr. after SAH using XeCT, CBF was significantly reduced in 
all patients with SAH (mean 34 ml/100 g × min) as compared to controls (mean 
67 ml/100 g × min) with significantly worse CBF in patients with more severe SAH 
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(Hunt Hess 4–5) versus Hunt Hess 1–3. This was attributable to acute peripheral 
vasospasm of the microvasculature which is not detectable by conventional angiog-
raphy or TCD/TCCS [16]. The coupling between cerebral blood flow (CBF) and 
neuronal activity as measured by electroencephalogram (EEG) occurs within sec-
onds [17]. As CBF falls below 30 ml/100 g/min, faster frequencies are lost, and a 
progressive slowing of EEG activity occurs, and at CBF <10 ml/100 g/min all EEG 
frequencies are suppressed [18]. EEG may complement neuroimaging as a continu-
ous monitor of ongoing ischemia. Historically, middle cerebral artery (MCA) mean 
flow velocities of <120 cm/sec and >200 cm/sec reliably predict the absence or pres-
ence of clinically significant angiographic vasospasm with a high negative predictive 
and positive predictive value, respectively [19]. More recently, a meta-analysis has 
assisted in reconciling the complementary MMM information obtained from cere-
bral catheter angiography and TCD in predicting DCI in SAH.  Synthesizing the 
results from 15 studies, Kumar compiled the sensitivity, specificity, positive predic-
tive value, and negative predictive value of cerebral catheter angiography for predic-
tion of DCI as 57%, 68%, 32%, and 90%. For TCD, the respective measures were 
better than those using cerebral catheter angiography, being 90%, 71%, 57%, and 
92%, respectively [20].

18.3.1.4  Electrophysiology

Seizure Detection

In a systematic review of 18 studies which used continuous EEG (cEEG) to monitor 
481 patients with SAH, the incidence of non-convulsive seizures (NCSz) was 
7–18% and that of non-convulsive status epilepticus was 3–13%. The presence of 
non-convulsive status epilepticus (NCSE) was associated with increasing age and 
mortality [21]. In SAH patients undergoing continuous EEG (cEEG) monitoring in 
the intensive care unit (ICU), up to 19% have non-convulsive seizures (NCSz) and 
13% have NCSE. Using the GRADE system, the Neurointensive Care Section of 
the European Society of Intensive Care Medicine (ESICM) recommends EEG mon-
itoring to rule out NCSz in all SAH patients with unexplained and persistent altered 
consciousness [22].

Ischemia Detection
The Neurointensive Care Section of the ESICM suggests EEG to detect DCI in 
comatose patients in whom neurological physical examination is unreliable [22]. 
Automated quantitative EEG (QEEG) algorithms using predetermined thresholds 
for the decrease in alpha band power and increase in theta band power have also 
been demonstrated to precede the angiographic detection of vasospasm or DCI by 
2.3 days [23]. In a systematic review of cEEG in SAH, Kondziella concluded that a 
QEEG pattern of a decreased alpha/delta ratio, decrease in relative alpha variability, 
and total power had a weak association with the development of DCI. However, all 
the included studies were subject to a high risk of methodological bias [21].
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A poor prognosis, defined as modified Rankin score of 4–6 (dead or moderately 
to severely disabled), was independently associated with cEEG evidence of the 
absence of sleep architecture, the presence of periodic or generalized periodic later-
alized epileptiform discharges, the absence of EEG reactivity, and the presence of 
NCSE [24, 25].

18.3.1.5  Cerebral Metabolism

Cerebral microdialysis (CMD) abnormalities are defined as increases in lactate/glu-
cose (L/G) and lactate/pyruvate (L/P) levels of greater than 20% followed by a 20% 
increase in glycerol concentration defined ischemia of the cerebral territory of the 
microdialysis probe. Delayed cerebral ischemia was identified in 17 of 18 patients 
with this degree of elevation, 14 of whom had cerebral CT evidence of infarction 
[26]. Using CMD in comatose SAH patients, Oddo characterized elevated CMD 
lactate (>4 mmol/L) as either hypoxic, defined as PbtO2 < 20 mmHg, or as hyper-
glycolytic, defined as having a CMD pyruvate of >119 μmol/L. A pattern of hypoxic 
lactate elevations was associated with a high mortality versus a pattern of increased 
cerebral hyperglycolytic lactate which was associated with good long-term recov-
ery [27]. Cerebral microdialysis probes should be placed in the vascular territories 
with the highest infarct risk in relation to the aneurysm location. These territories 
being the anterior cerebral arteries for anterior communicating artery aneurysms 
and the ipsilateral middle cerebral artery territory for internal carotid artery, middle 
cerebral artery, and posterior communicating artery aneurysms [28]. The Consensus 
Statement from the 2014 International Microdialysis Forum recommends the use of 
CMD in mechanically ventilated poor-grade SAH patients and those with second-
ary neurological deterioration. As a primary monitoring device, the probe location 
recommended is in the frontal lobe in the watershed anterior cerebral–middle cere-
bral artery territory. In SAH patients with secondary deterioration, the recom-
mended probe location should be in brain regions at risk for ischemia guided by 
TCD/TCCS or CT perfusion scanning [29].

18.3.2  Intracerebral Hemorrhage (ICH)

18.3.2.1  Intraparenchymal Cerebral Oxygen Monitoring

There is little experience with the use of intraparenchymal oxygen monitoring in 
ICH.  Hemphill described the use of the LICOX® catheter in swine and seven 
patients with ICH. Tissue hypoxia, defined as the area under the curve with tissue 
PbtO2 < 15 mmHg, was common with increasing FiO2, mean arterial pressure, and 
CPP predicting increasing PbtO2 [30]. Invasively monitoring perihematomal brain 
tissue oxygenation has also demonstrated a significant increase in the risk of brain 
tissue hypoxia (PbtO2 < 15 mmHg) in those patients with a CPP < 80 mmHg [31]. 
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Targeting CPP in these patients to their optimal CPP (CPPopt) guided by their pres-
sure reactivity index (PRx) has the potential to improve clinical outcomes in 
ICH.  However, larger studies utilizing this MMM interventional approach are 
required to more firmly determine this [32].

18.3.2.2  Intracerebral Volume, Midline Shift, and Pulsatility Index 
Measurements by TCCS

ICH is a dynamic process with the advantage provided by TCCS being its availabil-
ity to provide rapid repeated assessments at the bedside. In a cohort of patients suf-
fering from spontaneous ICH, TCCS measurements of hematoma volume (HV) and 
midline shift demonstrated a strong correlation with brain CT measurements. The 
optimal threshold to predict mortality at 1 month was an HV of 47.62 mL measured 
by CT (85.7% sensitivity, 85.7% specificity) and an HV of 30.36 mL measured by 
TCCS (85.7% sensitivity, 82.2% specificity). TCCS tended to overestimate the vol-
ume of smaller ICHs and to underestimate the volumes of larger ICHs. In previous 
univariate analysis, an increased pulsatility index (PI) from the ipsilateral MCA was 
associated with higher mortality. In separate multivariable analysis, both CT and 
TCCS measurements of HV size were the only independent predictors of 1-month 
mortality with an equal magnitude of effect [33]. For real-time bedside monitoring, 
the use of serial TCD/TCCS monitoring has been proven to be reliable in determin-
ing the extent of early hematoma expansion. Prior studies have demonstrated that 
the initial size of the ICH, percentage of hematoma growth, Glasgow Coma Score, 
hypertension, the presence of intraventricular hemorrhage (IVH), and age are pre-
dictive of mortality and poor functional outcome [34, 35]. Serial TCD examinations 
every 30 minutes for 6 hours have demonstrated good volume estimation compared 
to cerebral CT, and this early hematoma expansion appears to be exclusive to spot 
sign positive patients [36–38]. This information may be used at the bedside to pre-
dict early hematoma expansion and clinical worsening so as to allocate these 
patients to higher levels of neurocritical care monitoring.

18.3.2.3  Electrophysiology

Electrographic seizures found on cEEG and periodic epileptiform discharges are 
common in ICH, occurring in up to one-third of patients [39, 40]. The Consensus 
Statement from the Neurointensivist Section of the ESICM recommends EEG to 
rule out NCSz in all ICH patients with altered levels of consciousness [22].
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18.3.3  Traumatic Brain Injury (TBI)

18.3.3.1  Intracranial Pressure and Cerebral Perfusion Pressure

When intracranial pressure increases, cerebral vascular autoregulation is gradually 
lost, and cerebral arterioles and veins are compressed reducing blood return and 
increasing vascular resistance. The consequence is a reduced MFV and a reduced or 
reversed (negative) end-diastolic velocity. Collectively, this increases the numerator 
and lowers the denominator of the equation for the pulsatility index, PI = (Peak- 
systolic velocity – End-diastolic velocity)/ Mean flow velocity (MFV). The MCA PI 
has been demonstrated to have a strong positive correlation with ICP measurements 
in various etiologies of cerebral brain injury with one study indicating an estimated 
ICP = 10.93 × PI – 1.28 [41]. Other investigators have determined that a resistive 
index and PI cutoff value of 0.705 and 1.335, respectively, predicted ICP > 15 mmHg 
with a sensitivity of 0.885 and a specificity of 0.970 [42]. Likewise, in a cohort of 
365 TBI patients with mild TBI, an abnormal TCD examination defined as a PI 
>1.25 and an end-diastolic flow velocity <25 had an 80% sensitivity and a 79% 
specificity in predicting neurological worsening [43]. These findings may enable 
clinicians to risk stratify patients into higher risk groups requiring an increased level 
of monitoring. At present, the current edition of the Guidelines for the Management 
of Severe Traumatic Brain injury does not offer any guidance for the use of TCD/
TCCS in the management of severe TBI. The guidelines do, however, recommend, 
treating ICP > 22 mm Hg and maintaining a CPP between 60 and 70 mm Hg with 
the ideal CCP target depending on the autoregulatory status of the patient [3].

18.3.3.2  Cerebral Autoregulation

Static and dynamic autoregulation measure the amount and rapidity with which 
cerebrovascular resistance changes when CPP varies. Failure of autoregulation is 
associated with poor outcomes in TBI and other neurological injuries. Measurements 
from TCD (Mx), ICP (PRx) brain tissue oxygenation PbtO2 (ORx), and near- 
infrared spectroscopy (THx) have been utilized dynamically and correlated with 
CPP in order to determine the range within which CPP is optimal (CPPopt). Patients 
with TBI whose CPP is targeted in the CPPopt range have been demonstrated to 
have improved outcomes. The most validated approach uses a correlation coeffi-
cient method between ICP and CPP to determine a pressure reactivity index (PRx) 
for which a recent systematic review has offered a weak recommendation using the 
GRADE system [4]. In retrospective studies, optimizing cerebral autoregulation 
(CPPopt) to maximize cerebrovascular reactivity reduces neurological disability 
and mortality [44, 45]. Current MCA TCD-based methods of determining cerebral 
autoregulation appear to have a good correlation with the more commonly used 
pressure reactivity index (PRx) [46]. However, more research is required to define 
the role of TCD/TCCS-based measures of cerebral autoregulation in the manage-
ment of TBI.
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18.3.3.3  Intraparenchymal Cerebral Oxygen Monitoring

Although the fourth edition of the Guidelines for the Management of Severe 
Traumatic Brain Injury does not provide guidance for the use of PbtO2 to monitor 
patients with TBI, the International Multidisciplinary Consensus Conference on 
Multimodality Monitoring in Neurocritical Care strongly recommends monitoring 
brain oxygen in patients with or at risk of cerebral ischemia or hypoxia using PbtO2. 
This recommendation was made with a low quality of evidence [6]. However, sub-
sequent to these recommendations, the phase II randomized trial (BOOST II) com-
paring monitoring TBI patients with ICP plus PbtO2 versus ICP alone has 
demonstrated that monitoring with both ICP and PbtO2 reduced the proportion of 
time with brain tissue hypoxia after severe TBI by more than 50% to only 16% of 
the time, and with a trend to lower mortality and more favorable neurological out-
comes [47].

18.3.3.4  Cerebral Blood Flow

A recent systematic review has collectively identified SAH, IVH, a low admission 
glasgow coma scale (GCS), and age less than 30 years as independent predictors of 
developing TBI- induced vasospasm [48]. Separate TCD indexes describing cerebral 
hypoperfusion or vasospasm both predicted poor outcomes in severe TBI [49]. The 
use of TCD/TCCS has also emerged as an important technique to monitor patients 
with blunt cerebrovascular trauma or dissection. Transcranial ultrasound microem-
boli detection has demonstrated a strong association between the number of micro-
emboli per hour and daily persistence of microemboli with the development of 
stroke in patients with blunt cerebrovascular injuries [50].

18.3.3.5  Electrophysiology

The current recommendations from the neurointensive care section of the ESICM 
for the use of EEG in TBI include (1) a strong recommendation for its use in all TBI 
patients with unexplained and persistent altered consciousness and (2) a suggestion 
for the use of EEG to exclude NCSz in patients with TBI and GCS < 8, especially 
in those with large cortical contusions/hematoma, depressed skull fracture, or pen-
etrating injury [22]. As well the prospect for the future use of cortical depth elec-
trodes to monitor for spreading depolarizations as a surrogate for metabolic failure 
and excitotoxic injury has recently led to a consensus statement outlining standards 
for their recording, analysis, and interpretation [2].
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18.3.3.6  Cerebral Metabolism

The recommended location for microdialysis placement in TBI patients is the non- 
dominant frontal lobe in patients with diffuse TBI and within radiographically nor-
mal brain ipsilateral to a focal lesion in focal TBI. The measurement of glucose, 
lactate, and lactate–pyruvate (LP) ratio is recommended [29]. Periods of low brain 
glucose (<0.8 mmol/L) are associated with poor outcomes. An elevated LP ratio in 
the presence of low pyruvate and low PbtO2 indicates ischemia, whereas an increase 
in the LP ratio with a high pyruvate and normal PbtO2 indicates mitochondrial dys-
function. A rise in LP ratio concomitant with a fall in CPP and a loss of cerebrovas-
cular reactivity (PRx) corresponds to ischemia as the likely etiology. Cerebral 
perfusion pressure augmentation, increasing PaCO2, increasing inspired oxygen, or 
treating anemia should be considered [5, 29]. Nonischemic metabolic crises appear 
to be responsible for most of the incidents of LP elevation and are thought to be 
related to mitochondrial dysfunction and reduced oxidative metabolism [51]. The 
Consensus Statement from the 2014 International Microdialysis Forum described 
cerebral microdialysis to be a reliable and safe technique for the clinical manage-
ment of TBI or SAH patients [29]. It includes reference values for commonly mea-
sured substrates and ranks them based on quantity and usefulness of clinical data, 
with glucose and lactate/pyruvate ratio (LPR) being at the top, followed by gluta-
mate and then glycerol. Moreover, when using cerebral microdialysis, one must be 
aware of the location of the catheter (peri-contusional versus normal brain) as 
results vary widely [52].

18.3.4  Acute Ischemic Stroke (AIS)

18.3.4.1  Cerebral Blood Flow

Flow velocity reduction or occlusion of the MCA in acute ischemic stroke is better 
discerned using transcranial color-coded duplex sonography than with standard 
TCD methods and the absence of flow reduction/occlusion on TCCS predicted early 
clinical improvement [53]. Greater than 30% of patients with successful angio-
graphic recanalization post mechanical thrombectomy for large vessel occlusion 
stroke were demonstrated to have abnormally low MCA flow velocities by postint-
ervention TCD. This was defined as thrombosis in brain ischemic grade 0–4. Such 
a mismatch between angiographic post-thrombectomy recanalization and poor 
TCD flow velocities predicted poor 90-day outcomes [54]. Although TCCS is not 
primarily used to direct the decision for angiographic recanalization, consensus rec-
ommendations on how to examine intracranial arteries by TCCS in acute ischemic 
stroke and its use in monitoring recanalization have been published [55].

More recently, CT perfusion, diffusion-weighted magnetic resonance imaging 
(MRI), or MR diffusion/perfusion studies have been recommended in selected patients 
with large vessel acute ischemic stroke within 6 to 24  hours of last known normal 
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function to aid in patient selection for mechanical thrombectomy based on the DAWN 
and DEFUSE 3 trial [56–58]. These imaging methods define an initial infarct volume 
(ischemic core) and volume of potentially reversible ischemia (penumbra) for the selec-
tion of patients for which thrombolytics and thrombectomy are useful. The requirement 
for these measurements currently limits the use of TCD/TCCS in this setting.

18.3.4.2  Electrophysiology

Quantitative EEG (QEEG) specifically using the delta/alpha power ratio (DAR) has 
demonstrated good accuracy in classifying patients with acute ischemic stroke [59]. 
The DAR, relative alpha power, and national institute of health stroke scale (NIHSS) 
score were independent predictors of worsening 30-day NIHSS score in ischemic 
cortical stroke patients.

18.3.5  Meningitis and Encephalitis

18.3.5.1  Cerebral Blood Flow

Although there has been a limited description of significant cerebral blood flow 
abnormalities in cases of encephalitis, significant cerebrovascular abnormalities 
have been more notable in meningitis [60]. By varying mean arterial pressure 
(MAP) and measuring MCA MFV and jugular oxygen saturation, autoregulation 
was found to be impaired but temporarily recovered with hyperventilation in a 
series of patients with acute bacterial meningitis. Outcomes were good for those 
patients who recovered cerebral autoregulation; however, those who did not, either 
died or had a protracted hospital course [61, 62]. Three phases of tuberculous men-
ingitis have been described with progressively worsening outcomes. The first phase 
includes patients with focal reversible neurological deficits and a GCS of 15 who 
have increased MCA flow velocities (MFV) and normal or slightly decreased 
PI. The second phase characterizes patients with focal neurological deficits, a GCS 
12–14, and decreased MCA MFV and PI. The third phase characterizes patients 
with GCS less than 12, severely reduced or absent MCA MFV, and severely reduced 
PI. Phase II and III patients have cerebral CT evidence of inflammatory meningitis 
and infarction with clinical findings of permanent neurological dysfunction or death 
[63]. Disturbed cerebral hemodynamics including MCA stenosis and an increased 
PI has been shown using TCCS in a small series of patients with non-HIV crypto-
coccal meningitis. Good concordance between the TCCS findings and those seen on 
MR angiography was not evident; however, the small number of study patients lim-
its conclusions [64]. The same investigators have demonstrated in a small series of 
patients with tuberculous or cryptococcal meningitis that the presence of unilateral 
or bilateral MCA stenosis seen on TCCS was associated with 5.3 odds of a poor 
outcome (Barthel Index <12) at 6 months [65].
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18.4  Conclusion

All current and evolving MMM technologies provide complementary information 
for caring for patients in the neurointensive care unit with acute cerebral injuries of 
various etiologies. Given the resources required to have these technologies available 
within neurointensive care units and to maintain the necessary skills required to 
interpret information from these technologies, appropriately designed cohort stud-
ies and clinical trials should inform a high level of evidence for their use in clinical 
practice. Other current limitations with the use of MMM are that of real-time data 
integration, presentation, and analysis. Several sophisticated methods of data analy-
sis such as hierarchical cluster analysis are utilizing physiological data from criti-
cally ill patients to formulate patterns predictive of various outcomes. It is hoped 
that implementing these intelligent systems in the future will aid in effecting treat-
ment decisions within the neurocritical care unit [66].

References

 1. Macdonald RL. Delayed neurological deterioration after subarachnoid haemorrhage. Nat Rev 
Neurol. 2014;10(1):44–58.

 2. Dreier JP, Fabricius M, Ayata C, Sakowitz OW, Shuttleworth CW, Dohmen C, et  al. 
Recording, analysis, and interpretation of spreading depolarizations in neurointensive care: 
review and recommendations of the COSBID research group. J Cereb Blood Flow Metab. 
2017;37(5):1595–625.

 3. O'Reilly C, Totten AM, Carney N, Tasker RC, Wilberger J, Wright DW, et al. Guidelines for the 
management of severe traumatic brain injury, Fourth Edition. Neurosurgery. 2016;80(1):6–15.

 4. Czosnyka M, Miller C.  Monitoring of cerebral autoregulation. Neurocrit Care. 
2014;21(2):95–102.

 5. Lazaridis C, Andrews CM. Brain tissue oxygenation, lactate-pyruvate ratio, and cerebrovas-
cular pressure reactivity monitoring in severe traumatic brain injury: systematic review and 
viewpoint. Neurocrit Care. 2014;2:345.

 6. Le Roux P, Menon DK, Citerio G, Vespa P, Bader MK, Brophy G, et al. The international 
multidisciplinary consensus conference on multimodality monitoring in Neurocritical care: 
evidentiary tables: a statement for healthcare professionals from the Neurocritical care soci-
ety and the European Society of Intensive Care Medicine. Neurocrit Care. 2014;21(Suppl 
2):S297–361.

 7. Holger SJ, Guyatt G, Oxman A. Handbook for grading the quality of evidence and the strength 
of recommendations using the GRADE approach. GRADE Handbook Updated. GRADE 
working group, October 2013. (gradeworkinggroup.org).

 8. Rochwerg B, Alhazzani W, Jaeschke R. Clinical meaning of the GRADE rules. Intensive Care 
Med. 2014;40(6):877–9.

 9. Jaeschke R, Guyatt GH, Dellinger P, Schünemann H, Levy MM, Kunz R, et  al. Use of 
GRADE grid to reach decisions on clinical practice guidelines when consensus is elusive. 
BMJ. 2008;337:a744.

 10. Otite F, Mink S, Tan CO, Puri A, Zamani AA, Mehregan A, et al. Impaired cerebral autoregula-
tion is associated with vasospasm and delayed cerebral ischemia in subarachnoid hemorrhage. 
Stroke. 2014;45(3):677–82.

18 Non-invasive Multimodal Neuromonitoring in the ICU: The Role of Transcranial…

https://gradeworkinggroup.org


330

 11. Budohoski KP, Czosnyka M, Smielewski P, Kasprowicz M, Helmy A, Bulters D, et  al. 
Impairment of cerebral autoregulation predicts delayed cerebral ischemia after subarachnoid 
hemorrhage: a prospective observational study. Stroke. 2012;43(12):3230–7.

 12. Calviere L, Nasr N, Arnaud C, Czosnyka M, Viguier A, Tissot B, et al. Prediction of delayed 
cerebral ischemia after subarachnoid hemorrhage using cerebral blood flow velocities and 
cerebral autoregulation assessment. Neurocrit Care. 2015;23(2):253–8.

 13. Ramakrishna R, Stiefel M, Udoteuk J, Spiotta A, Levine JM, Kofke WA, et al. Brain oxy-
gen tension and outcome in patients with aneurysmal subarachnoid hemorrhage. J Neurosurg. 
2008;109(6):1075.

 14. Ulrich CT, Fung C, Vatter H, Setzer M, Gueresir E, Seifert V, et al. Occurrence of vasospasm 
and infarction in relation to a focal monitoring sensor in patients after SAH: placing a bet when 
placing a probe? PLoS One. 2013;8(5):e62754.

 15. Engquist H, Rostami E, Enblad P. Temporal dynamics of cerebral blood flow during the acute 
course of severe subarachnoid hemorrhage studied by bedside xenon-enhanced CT. Neurocrit 
Care. 2019;30(2):280–90.

 16. Schubert GA, Seiz M, Hegewald AA, Manville J, Thomé C. Acute Hypoperfusion immedi-
ately after subarachnoid hemorrhage: a xenon contrast-enhanced CT study. J Neurotrauma. 
2009;26(12):2225–31.

 17. Sundt TM Jr, Sharbrough FW, Piepgras DG, Kearns TP, Messick JM Jr, O’Fallon 
WM. Correlation of cerebral blood flow and electroencephalographic changes during carotid 
endarterectomy: with results of surgery and hemodynamics of cerebral ischemia. Mayo Clin 
Proc. 1981;56(9):533–43.

 18. Jordan KG. Emergency EEG and continuous EEG monitoring in acute ischemic stroke. J Clin 
Neurophysiol. 2004;21(5):341–52.

 19. Vora YY, Suarez-Almazor M, Steinke DE, Martin ML, Findlay JM.  Role of transcranial 
Doppler monitoring in the diagnosis of cerebral vasospasm after subarachnoid hemorrhage. 
Neurosurgery. 1999;44(6):1237–47. discussion 47–8

 20. Kumar G, Dumitrascu OM, Chiang C-C, O’Carroll CB, Alexandrov AV.  Prediction of 
delayed cerebral ischemia with cerebral angiography: a Meta-analysis. Neurocrit Care. 
2019;30(1):62–71.

 21. Kondziella D, Friberg CK, Wellwood I, Reiffurth C, Fabricius M, Dreier JP. Continuous EEG 
monitoring in aneurysmal subarachnoid hemorrhage: a systematic review. Neurocrit Care. 
2015;3:450.

 22. Claassen J, Taccone FS, Horn P, Holtkamp M, Stocchetti N, Oddo M. Recommendations on 
the use of EEG monitoring in critically ill patients: consensus statement from the neurointen-
sive care section of the ESICM. Intensive Care Med. 2013;39(8):1337–51.

 23. Gollwitzer S, Groemer T, Rampp S, Hagge M, Olmes D, Huttner HB, et al. Early prediction of 
delayed cerebral ischemia in subarachnoid hemorrhage based on quantitative EEG: a prospec-
tive study in adults. Clin Neurophysiol. 2015;126(8):1514–23.

 24. Claassen J, Hirsch LJ, Frontera JA, Fernandez A, Schmidt M, Kapinos G, et al. Prognostic 
significance of continuous EEG monitoring in patients with poor-grade subarachnoid hemor-
rhage. Neurocrit Care. 2006;4(2):103–12.

 25. Bosco E, Marton E, Feletti A, Scarpa B, Longatti P, Zanatta P, et al. Dynamic monitors of brain 
function: a new target in neurointensive care unit. Crit Care. 2011;15(4):R170.

 26. Skjøth-Rasmussen J, Schulz M, Kristensen SR, Bjerre P.  Delayed neurological deficits 
detected by an ischemic pattern in the extracellular cerebral metabolites in patients with aneu-
rysmal subarachnoid hemorrhage. J Neurosurg. 2004;100(1):8.

 27. Oddo M, Levine JM, Frangos S, Maloney-Wilensky E, Carrera E, Daniel RT, et al. Brain lac-
tate metabolism in humans with subarachnoid hemorrhage. Stroke. 2012;43(5):1418–21.

 28. Tholance Y, Barcelos GK, Perret-Liaudet A, Omar E, Carrillon R, Grousson S, et al. Placing 
intracerebral probes to optimise detection of delayed cerebral ischemia and allow for the pre-
diction of patient outcome in aneurysmal subarachnoid haemorrhage. J Cereb Blood Flow 
Metab. 2017;37(8):2820–32.

 29. Hutchinson PJ, Jalloh I, Helmy A, Carpenter KLH, Rostami E, Bellander B-M, et al. Consensus 
statement from the 2014 international microdialysis forum. Intensive Care Med. 2015(9):1517.

D. J. Kutsogiannis



331

 30. Hemphill JC, Morabito D, Farrant M, Manley GT. Brain tissue oxygen monitoring in intrace-
rebral hemorrhage. Neurocrit Care. 2005;3(3):260–70.

 31. Ko SB, Choi HA, Parikh G, Helbok R, Schmidt JM, Lee K, et al. Multimodality monitoring for 
cerebral perfusion pressure optimization in comatose patients with intracerebral hemorrhage. 
Stroke. 2011;42(11):3087–92.

 32. Diedler J, Santos E, Poli S, Sykora M. Optimal cerebral perfusion pressure in patients with 
intracerebral hemorrhage: an observational case series. Crit Care. 2014;18(2):R51.

 33. Camps-Renom P, Méndez J, Granell E, Casoni F, Prats-Sánchez L, Martínez-Domeño A, et al. 
Transcranial duplex sonography predicts outcome following an intracerebral hemorrhage. Am 
J Neuroradiol. 2017;38(8):1543–9.

 34. Davis SM, Broderick J, Hennerici M, Brun NC, Diringer MN, Mayer SA, et al. Hematoma 
growth is a determinant of mortality and poor outcome after intracerebral hemorrhage. 
Neurology. 2006;66(8):1175–81.

 35. Leira R, Dávalos A, Silva Y, Gil-Peralta A, Tejada J, Garcia M, et  al. Early neurologic 
deterioration in intracerebral hemorrhage. Predictors and associated factors. Neurology. 
2004;63(3):461–7.

 36. Pérez ES, Delgado-Mederos R, Rubiera M, Delgado P, Ribó M, Maisterra O, et  al. 
Transcranial duplex sonography for monitoring Hyperacute intracerebral hemorrhage. Stroke. 
2009;40(3):987–90.

 37. Ovesen C, Christensen AF, Krieger DW, Rosenbaum S, Havsteen I, Christensen H.  Time 
course of early postadmission hematoma expansion in spontaneous intracerebral hemorrhage. 
Stroke. 2014;45(4):994–9.

 38. Al-Shahi Salman R, Frantzias J, Lee RJ, Lyden PD, Battey TWK, Ayres AM, et al. Absolute 
risk and predictors of the growth of acute spontaneous intracerebral haemorrhage: a systematic 
review and meta-analysis of individual patient data. Lancet Neurol. 2018;17(10):885–94.

 39. Claassen J, Jetté N, Chum F, Green R, Schmidt M, Choi H, et al. Electrographic seizures and 
periodic discharges after intracerebral hemorrhage. Neurology. 2007;69(13):1356–65.

 40. Vespa PM, O’Phelan K, Shah M, Mirabelli J, Starkman S, Kidwell C, et al. Acute seizures 
after intracerebral hemorrhage. A factor in progressive midline shift and outcome. Neurology. 
2003;60(9):1441–6.

 41. Bellner J, Romner B, Reinstrup P, Kristiansson K-A, Ryding E, Brandt L.  Transcranial 
Doppler sonography pulsatility index (PI) reflects intracranial pressure (ICP). Surg Neurol. 
2004;62(1):45–51.

 42. Wang Y, Duan YY, Zhou HY, Yuan LJ, Zhang L, Wang W, et al. Middle cerebral arterial flow 
changes on transcranial color and spectral Doppler sonography in patients with increased 
intracranial pressure. J Ultrasound Med. 2014;33(12):2131–6.

 43. Bouzat P, Almeras L, Manhes P, Sanders L, Levrat A, David J-S, et al. Transcranial Doppler 
to predict neurologic outcome after mild to moderate traumatic brain injury. Anesthesiology. 
2016;125(2):346–54.

 44. Steiner LA, Czosnyka M, Piechnik SK, Smielewski P, Chatfield D, Menon DK, et al. Continuous 
monitoring of cerebrovascular pressure reactivity allows determination of optimal cerebral 
perfusion pressure in patients with traumatic brain injury. Crit Care Med. 2002;30(4):733–8.

 45. Aries MJ, Czosnyka M, Budohoski KP, Steiner LA, Lavinio A, Kolias AG, et al. Continuous 
determination of optimal cerebral perfusion pressure in traumatic brain injury. Crit Care Med. 
2012;40(8):2456–63.

 46. Zeiler FA, Donnelly J, Calviello L, Smielewski P, Menon DK, Czosnyka M. Pressure auto-
regulation measurement techniques in adult traumatic brain injury, part II: a scoping review of 
continuous methods. J Neurotrauma. 2017;34(23):3224–37.

 47. Okonkwo DO, Shutter LA, Moore C, Temkin NR, Puccio AM, Madden CJ, et al. Brain oxygen 
optimization in severe traumatic brain injury phase-II: a phase II randomized trial. Crit Care 
Med. 2017;45(11):1907–14.

 48. Al-Mufti F, Amuluru K, Changa A, Lander M, Patel N, Wajswol E, et al. Traumatic brain injury 
and intracranial hemorrhage–induced cerebral vasospasm: a systematic review. Neurosurg 
Focus. 2017;43(5):E14.

18 Non-invasive Multimodal Neuromonitoring in the ICU: The Role of Transcranial…



332

 49. Ziegler D, Cravens G, Poche G, Gandhi R, Tellez M. Use of transcranial Doppler in patients 
with severe traumatic brain injuries. J Neurotrauma. 2017;34(1):121–7.

 50. Bonow RH, Witt CE, Mosher BP, Mossa-Basha M, Vavilala MS, Rivara FP, et al. Transcranial 
Doppler microemboli monitoring for stroke risk stratification in blunt cerebrovascular injury. 
Crit Care Med. 2017;45(10):e1011–e7.

 51. Vespa P, Bergsneider M, Hattori N, Wu HM, Huang SC, Martin NA, et al. Metabolic crisis 
without brain ischemia is common after traumatic brain injury: a combined microdialysis and 
positron emission tomography study. J Cereb Blood Flow Metab. 2005;25(6):763–74.

 52. Engstrom M, Polito A, Reinstrup P, Romner B, Ryding E, Ungerstedt U, et al. Intracerebral 
microdialysis in severe brain trauma: the importance of catheter location. J Neurosurg. 
2005;102(3):460–9.

 53. Goertler M, Kross R, Baeumer M, Jost S, Grote R, Weber S, et  al. Diagnostic impact and 
prognostic relevance of early contrast-enhanced transcranial color-coded duplex sonography 
in acute stroke. Stroke. 1998;29(5):955–62.

 54. Kneihsl M, Niederkorn K, Deutschmann H, Enzinger C, Poltrum B, Horner S, et  al. 
Abnormal blood flow on transcranial duplex sonography predicts poor outcome after stroke 
Thrombectomy. Stroke. 2018;49(11):2780–2.

 55. Nedelmann M, Stolz E, Gerriets T, Baumgartner Ralf W, Malferrari G, Seidel G, et  al. 
Consensus recommendations for transcranial color-coded duplex sonography for the assess-
ment of intracranial arteries in clinical trials on acute stroke. Stroke. 2009;40(10):3238–44.

 56. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K, et al. 2018 
guidelines for the early management of patients with acute Ischemic stroke: a guideline for 
healthcare professionals from the American Heart Association/American Stroke Association. 
Stroke. 2018;49(3):e46–e110.

 57. Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik RF, Bhuva P, et al. Thrombectomy 
6 to 24 hours after stroke with a mismatch between deficit and infarct. N Engl J Med. 
2018;378(1):11–21.

 58. Albers GW, Marks MP, Kemp S, Christensen S, Tsai JP, Ortega-Gutierrez S, et  al. 
Thrombectomy for stroke at 6 to 16 hours with selection by perfusion imaging. N Engl J Med. 
2018;378(8):708–18.

 59. Finnigan S, Wong A, Read S. Defining abnormal slow EEG activity in acute ischaemic stroke: 
Delta/alpha ratio as an optimal QEEG index. Clin Neurophysiol. 2016;127(2):1452–9.

 60. Kargiotis O, Safouris A, Magoufis G, Stamboulis E, Tsivgoulis G.  Transcranial color- 
coded duplex in acute encephalitis: current status and future prospects. J Neuroimaging. 
2016;26(4):377–82.

 61. Moller K, Larsen FS, Qvist J, Wandall JH, Knudsen GM, Gjorup IE, et al. Dependency of 
cerebral blood flow on mean arterial pressure in patients with acute bacterial meningitis. Crit 
Care Med. 2000;28(4):1027–32.

 62. Moller K, Skinhoj P, Knudsen GM, Larsen FS.  Effect of short-term hyperventilation on 
cerebral blood flow autoregulation in patients with acute bacterial meningitis. Stroke. 
2000;31(5):1116–22.

 63. Kiliç T, Elmaci I, Özek MM, Pamir NM. Utility of transcranial Doppler ultrasonography in 
the diagnosis and follow-up of tuberculous meningitis-related vasculopathy. Childs Nerv Syst. 
2002;18(3):142–6.

 64. Chang W-N, Lu C-H, Chang H-W, Lui C-C, Tsai N-W, Huang C-R, et  al. Time course of 
cerebral hemodynamics in cryptococcal meningitis in HIV-negative adults. Eur J Neurol. 
2007;14(7):770–6.

 65. Lu C-H, Chang W-N, Chang H-W, Chung K-J, Tsai N-W, Lui C-C, et al. Clinical relevance 
of intracranial arterial Stenoses in tuberculous and Cryptococcal meningitis. Infection. 
2007;35(5):359–63.

 66. Cohen MJ, Grossman AD, Morabito D, Knudson MM, Butte AJ, Manley GT. Identification of 
complex metabolic states in critically injured patients using bioinformatic cluster analysis. Crit 
Care. 2010;14(1):R10.

D. J. Kutsogiannis



333© Springer Nature Switzerland AG 2022
C. N. Rodríguez et al. (eds.), Neurosonology in Critical Care, 
https://doi.org/10.1007/978-3-030-81419-9_19

Chapter 19
Acute Neurologic Injury in ICU: 
Vasomotor Reactivity Testing 
by Transcranial Doppler (TCD/TCCS)

Pedro Castro and Elsa Azevedo

Key Points
 1. Breath-hold test, carbogen inhalation and acetazolamide are the most commonly 

used stimulus.
 2. Worse vasoreactivity has been linked to prognosis in critical care patients.
 3. Decreased cerebral vasoreactivity increases the risk of cerebral ischemic lesions.

19.1  Introduction

Cerebral vasoreactivity or vasomotor reactivity (VMR) is an index of cerebral blood 
flow (CBF) or velocity (CBFV) in response after administration of a vasomodula-
tory stimulus, whether it is a drug (e.g. acetazolamide intravenous), gases (e.g. car-
bogen), or a manoeuvre that causes changes in PaCO2 (e.g. apnoea or hyperventilation) 
[1]. Important note is that such a definition leaves reactivity to change in cerebral 
perfusion pressure (PP) in a chapter related to autoregulation. Vasodilation is most 
commonly studied. The aim of VMR or vasomotor evaluation is to measure the 
capacity and amplitude of variation of resistance vessel calibre, which for some 
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authors can be understood as “cerebrovascular reserve” [2–4]. Generally, both mid-
dle cerebral arteries (MCA) are monitored because they represent a larger brain area 
and have reference values in the literature [2]. The VMR to CO2 test is mostly used 
in research, while the simpler apnoea test [5] may be more practical in the clinical 
setting. Literature is confusing about VMR testing since the term vasomotor is 
sometimes used to refer to cerebral autoregulation, which is a different physiologi-
cal property of cerebral vessels than concerns blood pressure influences and is mea-
sured with different techniques.

19.2  Cerebral Blood Haemodynamic Measurements

VMR testing requires measurement of CBF or equivalent. The first can be assessed 
by measuring regional CBF by single-photon emission computed tomography or 
positron emission tomography. CBFV is measured by transcranial Doppler (TCD). 
The imaging methods have the advantage of spatial discrimination when compared 
to TCD but lack time resolution and involve cumbersome, expensive protocols and 
irradiation. New methods are being tested with arterial spin labelling magnetic reso-
nance imaging, which can be difficult to put in practice in ICU patients [2]. TCD has 
the advantage of being more practical, with bedside testing and monitoring of the 
patient through the time course of its condition.

19.3  Cerebral Blood Flow (CBF): Physiology Principles

Blood flow does not follow the simple laws of Newtonian fluids and is best studied 
by rheological principles [6]. However, in a more simplistic perspective, we can 
describe the blood flow by Ohm’s law according to the formula Q   = ΔP / R, where 
Q   represents the flow in ml.min-1, ΔP is the blood pressure gradient, and R is the 
vascular resistance. In the case of the brain [7], ΔP is the cerebral PP, the difference 
between the mean BP (MAP) and the transmural pressure opposing the flow. In the 
systemic circulation, the only contributory and relevant factor for this is the venous 
pressure (2–5  mm Hg) [6]. Considering the normal values of peripheral MAP 
(≈80 mm Hg), we can approximate the formula such that Q   ≅ MAP / R for the gen-
eral peripheral circulation.

The determinants of R are explained by the Hagen–Poiseuille law (Eq. 19.1), 
where L is the length of the vessel and η is the blood viscosity of the cross-sectional 
radius of the vessel [8]. From this, we can see the central importance of resistance 
vessels, in which small variations in their diameter exponentially modify the blood 
flow in the organ they nourish.

 
R = ×( ) ×( )8 4L rη / ^Π

 
(19.1)
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Despite what has already been said, some precautions are necessary for the CBF 
study because intracranial circulation has a special character, in which the perfused 
organ is inside a rigid skull bathed in cerebrospinal fluid (CSF). Thus, CSF pressure, 
that is, intracranial pressure (ICP), which is usually between 0 and 15 mm Hg, may 
dominate and replace venous pressure in ΔP. In non-invasive conditions, we do not 
have access to the value of ICP and it is ignored. However, in certain ICU patients 
ICP may reach values higher than 30–40 mm Hg and significantly alter the param-
eters to be taken into account in the formula. In conclusion, both MAP and ICP 
should be kept constant during CO2 challenge since these are factors that altered 
per se CBF.

19.4  Vasoreactivity Determining: Methods

There are three main methods for determining VMR:

 1. Breath-Hold Test [5]: After a period of rest and a normal inspiration, the indi-
vidual is instructed to remain in apnoea for about 30  seconds (minimum of 
24 seconds) with consequent increase of PaCO2. A breath-hold index (BHI) is 
calculated by using mean CBFV (MFV) values by formula BHI = (MFVmax – 
MFVbaseline)/MFVbaseline/apnoea time (in seconds) × 100, where MFVmax 
corresponds to the average MFV in the last 4 seconds of apnoea and MFVbaseline 
to the average values of MFV in the minute preceding apnoea, which requires a 
cooperative conscious patients but no capnography. Some authors couple this 
manoeuvre with hyperventilation to access global VMR capacity as described 
below [1]. Disadvantage is that change in CBFV cannot be compared with 
change of PaCO2.

 2. CO2 VMR Test [9]: Here, MFV changes are monitored continuously with those 
of the EtCO2 by capnography [Figs. 19.1, 19.2, and 19.3]. In non-intubated 
patients, we can use a mask with non-recirculating circuit coupled to a reservoir 

CO2 (mmHg) expiratório

40

0

Fig. 19.1 Capnography nasal line for non-invasive end-tidal CO2 measurement. Normal subject. 
After the inspiratory phase (white bar), during which there is no flow in the cannula, the device 
detects a sudden increase in carbon dioxide (CO2) during expiration, leading to a plateau stage 
believed to be in equilibrium with alveolar CO2 partial pressure. Therefore, the end-tidal CO2 level 
approaches the real value of arterial PaCO2. In intubated patients, capnography produces similar 
waveform from sample line in the orotracheal apparatus
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Fig. 19.2 Representative changes in cerebral blow flow velocity and cerebral vasculature calibre 
during CO2 vasoreactivity testing. During CO2 vasoreactivity testing, after a resting period, the 
patient is first summited to hypercapnia, e.g. achieved by carbogen inhalation (CO2 at 5%) or 
through manipulation of ventilator parameters and after recovery of physiological parameters, it 
follows a hypocapnia challenge (hyperventilation less than 7–10 mm Hg from baseline). In the 
upper part of the figure, we see that cerebral resistance vessels (mainly small arterioles) vasodilate 
in response to hypercapnia and vasoconstrict to hypocapnia. It should be noticed that despite tran-
scranial Doppler insonates the M1 segment of middle cerebral artery, the changes in cerebral blood 
flow velocity (CBFV) depicted in lower part of the figure, are caused by the calibre changes in the 
small distal parenchymal microvessels and not M1, which remains with constant diameter through-
out the challenge. The lower part of the figure represents an actual record from a patient. When 
compared to normocapnia, hypercapnia induces CBFV increase and a subtle hypocapnia causes a 
visible CBFV decrease. End-tidal CO2 (EtCO2) concomitant changes were derived by a nasal cap-
nograhy. By plotting the averaged mean CBFV and EtCO2 at each of the three stages we can cal-
culate the vasoreactivity by deriving the inclination of that line (bottom left)

Fig. 19.3 Apparatus for measuring CO2 reactivity in a non-intubated patient. Transcranial Doppler 
probes and bilaterally hold in place by a proper steady probe-holder. Nasal cannula is also in place. 
A T-tube with a safety expansion bag is adapted for a supply gas (carbogen) for inhalation during 
hypercapnia

P. Castro and E. Azevedo



337

or a non-return valve. Hypercapnia is achieved by inhaling a 2–8% CO2 (carbo-
gen) mixture, causing an increase in EtCO2 of at least 7–10 mm Hg. In addition, 
we can test response to hypocapnia through hyperventilation to reduce EtCO2 by 
about 7–10 mm Hg. In order to obtain the overall VMR (% or cm.s−1 per mm Hg 
of CO2), we calculated the slope of the linear regression line between the mean 
values of EtCO2 in the abscissa axis and the respective mean values of mean flow 
velocity (MFV) in the phases of hyperventilation, resting and carbogen. We can 
also calculate VMR values separately for the phases of hypercapnia and hypo-
capnia [9]. Another parameter that can be calculated, although less frequently, is 
the total vasodilator capacity given by the following formula (Eq. 19.2):

 
MFV MFV MFVhypercapnia hypocapnia resting−( ) ×/ %100

 
(19.2)

In intubated patients, EtCO2 can be measured directly from the capnography 
linked to ventilatory apparatus. To achieve higher and lower CO2 levels of around 
10 mm Hg from baseline, we can manipulate the ventilator parameters.

 3. Pharmacological Challenge [13]: Vasodilator substances such as L-arginine 
(500 mg/kg for 30 minutes) or acetazolamide (15 mg/kg for 5 minutes,  maximum 
effect in 10–12 minutes) are perfused, which promote cerebral vasodilation by 
increasing the production of NO [10] or of cerebral tissue pH [11], respectively. 
Diamox® (acetazolamide), a potent, reversible inhibitor of carbonic anhydrase, 
is widely more frequently used. It is most probable that these effects are stimu-
lated by metabolic acidosis but this is debatable in literature [1].

19.5  Vasoreactivity (VMR): Interpretation of the Results

• The following criteria can be used to evaluate the breath-holding index results 
[3, 5, 12]:

 – >0.6 is normal.
 – 0.21 to 0.60 is impaired.
 – ≤0.20 is significantly impaired VMR.

• The following criteria are used to evaluate the CO2 challenge results as vasomo-
tor reserve [4, 13, 14]:

 – Normal vasomotor reserve 86% ± 16%.
 – Mild to moderately reduced 69% to 39%.
 – Severely reduced 38% to 16%.
 – Exhausted <=15%.

• The following criteria are used to evaluate the CO2 challenge as expressed by % 
MFV per mm Hg (linear regression method) [15]:

 – VMR to CO2 5.26 ± 1.61 [%/mmHg].

19 Acute Neurologic Injury in ICU: Vasomotor Reactivity Testing by Transcranial…



338

 – Relative reduction of VMR: side difference more than 3%/mmHg or 2%/
mmHg < VMR < 5%/mmHg.

 – Restricted VMR: VMR < 2%/mmHg.
 – Exhausted VMR: VMR < 1%/mmHg.

• The following criteria are used to evaluate acetazolamide test [13]:

 – VMR to acetazolamide: normal is ~40 ± 15% increase in MFV.
 – Pathological <10% increase in MFV.

19.6  Technical Tips

• There are standard normality values derived from larger cohorts, and the values 
reported in this chapter are only for reference purposes.

• Use a TCD probe holder to minimize the errors in CBFV measurement.
• Use MCA M1 (45–60 mm in depth) segment bilaterally since these are the val-

ues most frequently encountered in the literature.
• The times for hypercapnia or hypocapnia, as well as resting phases between 

them are only references. It is possible that they can be shortened or increased 
depending on the individual differences in reaching steady-state values of EtCO2 
or CBFV. For this purpose, it is important to visually control capnography, and 
CBFV time trends monitor to ensure that these plateau levels are reached.

• Before proceeding with the VMR tests, a complete extracranial and intracranial 
examination is advisable to exclude the presence of haemodynamic stenosis that 
may influence the test results.

19.7  Vasoreactivity: Clinical Importance

The grade of cerebral vasoreactivity has been linked to prognosis in critical care 
patients.

In a small cohort of patients with subarachnoid haemorrhage, impaired VMR to 
CO2 challenge was more frequent in patients with a poor clinical grade on admis-
sion and at the time of examination [16]. A persistently decreased VMR to CO2 also 
predicted those that developed delayed cerebral ischemia. In patients with carotid 
occlusion, patients with exhausted, reduced and normal VMR to CO2 showed 50%, 
28% and 18% suffering from ischemic stroke [17]. In intensive care unit patients, 
was found clinical correlation between VMR and ICP variations [18], where pro-
gressive decrease in VMR (worse cerebral hemodynamic state) was associated with 
worse clinical outcomes in long term [18].
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19.8  Conclusion

Cerebral vasoreactivity or vasomotor reactivity is an index of cerebral blood flow or 
velocity in response after administration of a vasomodulatory stimulus. It is a sim-
ple and non-invasive test that can inform you about the vasodilatory vasomotor 
reserve of the cerebral microvascular bed. A transcranial Doppler with probe holder 
and a capnographic line is all the necessary equipment. A persistently decreased 
vasoreactivity predicted those that developed delayed cerebral ischemia in sub-
arachnoid haemorrhage patients and those with increased risk of stroke in carotid 
occlusion.
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Chapter 20
Critical Closing Pressure in Acute Brain 
Injury: Usefulness of Transcranial Doppler 
as Neuromonitoring

Corina Puppo, Leandro Moraes, and Bernardo Yelicich

Key Points
 1. CrCP is a blood pressure value, expressed in mmHg, greater than or equal to 

ICP. It is the ABP at which small vessels collapse and circulation stops.
 2. Negative values do not have a physiological explanation, being probably a meth-

odologic limitation.
 3. The difference between ICP and CrCP represents the tone of cerebral arteriolar 

vessels and has been called wall tension.
 4. The difference between ABP and CrCP represents the effective cerebral perfu-

sion pressure or closing margin.
 5. Vasospasm in the patient with SAH temporarily and spatially decreases CrCP.

20.1  Introduction

Before defining the critical closing pressure of cerebral circulation (CrCP) and in 
order to better understand its concept, we must refer to another concept closely 
related to CrCP: cerebral perfusion pressure (CPP). The perfusion pressure of an 
organ is the pressure that propels blood through its vascular circuit, calculated as the 
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difference between the pressure in the arterial vessel arriving at the specific organ 
and the pressure in the veins which drain it. In the case of the brain it should be the 
arterial blood pressure minus the cerebral venous pressure (CVP) (Eq. 20.1):

 CPP ABP CVP= –  (20.1)

The veins that leave the brain and lead the blood to the dura sinuses are called 
bridge veins. The pressure in these veins is the outlet pressure of the cerebral vascu-
lar circuit. These veins have thin, predominantly adventitious walls; the pressure 
around them is transferred to them. On certain occasions, when there is an increase 
in intracranial pressure (ICP), these veins are compressed. Cerebral bridge veins’ 
pressure is not measurable in clinical practice. The formula used for cerebral perfu-
sion pressure is the difference between the arterial blood pressure that reaches the 
brain and intracranial pressure. If ICP is normal, both pressures are similar, so the 
formula is useful in both situations, during normal and high ICP:

 CPP ABP ICP= -  (20.2)

From this formula, broadly used, it can be erroneously inferred that, if CPP 
approaches zero, either because ABP decreases or ICP increases, cerebral circula-
tion traverses the brain with decreasing driving force, and when it reaches zero, 
circulation stops.

That is, if ABP = PIC, CPP = 0 (Eq. 20.2).
However, circulation stops before these pressures are equal. This is because the 

small resistance vessels have a tone which exerts an inward force, facilitating the 
closure of the vessels, before ABP and ICP are equal. This force is not included in 
CPP formula.

Burton coined the term “critical closing pressure” for systemic circulation in 
1951. He described, through a theoretical model, that brain vessels can collapse 
when their pressure drops to a critical value, for which he coined the name “critical 
closing pressure” (CrCP) [1].

Based on Burton’s model, critical closing pressure of the cerebral circulation is 
defined as the arterial blood pressure (ABP) at which small cerebral arteries close and 
cerebral blood flow (CBF) ceases [2–4]. That is, the force generated by the heart is 
insufficient to propel circulation through the cerebral vascular bed. It is greater than ICP.

20.2  CrCP Therefore Represents a Critical Lower Threshold 
of Cerebral Circulation

20.2.1  What Is the Importance of CrCP Concept?

When measuring CPP with the conventional formula presented above, there may be 
an acceptable CPP value of 70 mmHg, with an ABP of 90 mmHg and an ICP of 
20 mmHg, for example, pressures that do not worry the intensivist. But if the tone 
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of the cerebral arterioles is high, it may happen that the cerebral circulation of this 
patient is at risk of stopping, which is not evidenced by CPP with its classical mea-
surement. Therefore, some researchers have proposed the terms “effective CPP” [5, 
6] or “collapsing” or “closing margin” (CM) [7, 8], to get a closer idea of the real 
hemodynamic situation and the risk of arteriolar collapse. This closing margin is 
calculated as the difference between the patient’s ABP and CrCP (Eq. 20.3):

 CM ABP CrCP= -  (20.3)

The difference between ICP and CrCP corresponds to the tone of cerebral arte-
riolar vessels and has been called “wall tension“(WT) (Fig. 20.1).

20.3  Methods to Study Cerebral Critical Closing Pressure

The advent of TCD has been extremely useful to non-invasively measure different 
parameters of cerebral hemodynamics, based on the possibility of visualizing cere-
bral blood flow velocity (CBFV) at patient’s bedside, in real time, with excellent 
temporal resolution. One of the calculated parameters based on CBFV has 
been CrCP.

When using TCD, CBFV is measured in conductance brain basal large vessels. 
When continuous monitoring is performed, the middle cerebral artery is the vessel 
studied in more than 90% of the cases. This artery delivers approximately one-third 
of the total CBF. This allows CBFV and ABP changes to be simultaneously fol-
lowed. Since in most clinical situations ABP does not decrease to extreme values    
leading to circulatory arrest, CrCP cannot be measured directly in clinical grounds. 

MAP MAP

CPP

ICP ICP

WT

CPP

CrCP

CM or
Effective

CPP

Fig. 20.1 Scheme of the different pressures to which the text refers. On the left it is shown how 
the cerebral perfusion pressure is conventionally measured (CPP). CPP is the difference between 
the inlet pressure to the circuit (ABP) and the output pressure (ICP). On the right, vascular wall 
tension (WT) added to ICP constitutes the critical closing pressure. Observe how “classical” CPP 
calculation (left panel) can overestimate the effective CPP value (CM in the right panel). 
[Abbreviations: MAP: mean arterial pressure; ICP: intracranial pressure; CPP: cerebral perfusion 
pressure; CM: closing margin; WT: wall tension; CrCP: critical closing pressure]
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Aaslid studied CrCP during transient cardiac arrest—generated at the evaluation of 
patients with implantable defibrillators—thus being able to directly visualize the 
pressure at which cerebral blood flow stopped.

Methods initially used assumed that the relationship between ABP and cerebral 
blood flow was linear in the dynamic situation of each arterial pulse, that is, if ABP 
continued to decline, CBFV would continue to decrease at the same rate, propor-
tionally to ABP descent. The relationship between rapid changes in CBF (studied 
through CBFV recorded continuously with TCD) and the rapid changes in ABP 
began to be studied graphically. The decrease in cerebral blood flow was virtually 
continued (linearly extrapolated), projecting it to its zero value, recording the ABP 
corresponding to zero flow as the CrCP. These methods can be displayed graphi-
cally for better understanding.

20.4  Parameters to Monitor

The methods which estimate CrCP use two parameters to measure CrCP: ABP and 
CBF. Continuous recordings of both variables have to be obtained in order to calcu-
late the ABP value at which flow stops. Changes in CBF, as explained above, are 
estimated by a surrogate method: CBFV measured with TCD. This allows continu-
ous monitoring of CBF changes occurring over time in one or both middle cerebral 
arteries. Although TCD does not measure CBF in absolute values, CBFV changes 
are proportional to CBF changes.

There are two types of methods to estimate CrCP:

 1. What we will call “graphic” methods, based on comparing how the simultaneous 
waves of ABP and CBFV behave graphically and calculate CrCP based on this 
comparison.

 2. Multiparameter or impedance methods, which add other high-frequency param-
eters of cerebral circulation, can be derived from CBFV and ABP, such as arte-
rial compliance and cerebrovascular resistance, heart rate, and angular frequency.

Impedance concept is similar to resistance, but it varies with the cyclic variation 
of the waves. Therefore, the multiparametric models use the value π (“pi”) and the 
heart rate. These impedance methods have been initially described using ICP in 
their formula, but eventually they were also calculated without this parameter if ICP 
value was considered to be normal.

Details for its measurement or estimation can be seen in the appendix.

20.5  Clinical Importance of Critical Closing Pressure

We will review here the most important experimental and clinical publications on 
this subject.
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20.5.1  Critical Closure Pressure During Vasospasm in Patients 
with Subarachnoid Hemorrhage

Two papers were published by Czosnyka and coworkers [9, 10] (2004 and 2014).

 (a) The first one prospectively evaluated 32 patients with SAH. Patients were fol-
lowed with daily TCD studies, diagnosing vasospasm when mean blood flow 
velocity (MFV) was greater than 120 cm/s, and Lindegaard ratio was greater 
than 3. CrCP was studied with two graphic-based methods [appendix]. Vasospasm 
was identified in 18 patients. Three patients were excluded because vasospasm 
was bilateral. In the 15 patients that were eventually included in the study, two 
comparisons were performed: (1) the level of baseline, pre- vasospasm CrCP was 
compared with the intra-vasospasm level and (2) CrCP ipsilateral to vasospasm 
was compared with contralateral (no vasospasm side) CrCP (Fig. 20.2).

 (b) In the second study, also carried out by members of the same group 10 years 
later, CBFV and ABP records of 52 patients with SAH in whom cerebral vaso-
spasm of the cerebral arteries had been diagnosed with TCD were retrospec-
tively studied. The diagnosis of vasospasm was made with the measurement of 
CBFV and Lindegaard ratio with TCD, using the same criteria as in the previ-
ous (2004) study. They used the impedance model described by Varsos (using 
CPP in the formula in patients who had ICP monitoring, and ABP in those 
without ICP). Since CrCP expresses the sum of intracranial pressure (ICP) and 
vascular wall tension, the researchers used the estimation of CrCP to indirectly 
evaluate the changes in vascular tone that occur in small vessels distal to vaso-
spasm. From the pathophysiological point of view, when vasospasm develops, 
the caliber of the spastic cerebral conductance arteries decreases, thereby 
increasing the resistance to flow in that proximal sector.

This leads to a perfusion pressure decrease at the zone distal to vasospasm. 
If autoregulation is maintained, the small arteriolar vessels of the hypoperfused 
area, responsible for the so-called cerebrovascular resistance, will dilate, 
decreasing resistance so that perfusion is maintained. This response decreases 
these vessels’ wall tension.

The development of cerebral arteries vasospasm caused significant decreases 
in CrCP, without any significant change observed in ICP. Vasospasm, as in the 
previous study, induced asymmetry; CrCP ipsilateral to vasospasm of cerebral 
arteries was significantly lower than contralateral. Patients with poor clinical 
outcomes (at discharge and at 3 months) had a significantly lower CrCP after 
the onset of cerebral vasospasm. In other words, they also verified that CrCP is 
reduced in the presence of cerebral vasospasm in both temporal and spatial 
evaluations. Since ICP remained unchanged during vasospasm of the cerebral 
arteries, all the change in CrCP was attributed to a decrease in cerebrovascular 
resistance (CrCP = ICP + WT). This agrees with the interpretation that CrCP 
evaluates the change in wall tension of small resistance vessels distal to vaso-
spasm. They dilate during vasospasm as an autoregulatory response to a 
decrease in regional perfusion pressure of the area irrigated by spastic arteries.
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Fig. 20.2 Critical closing pressure values in two different patients [modified from [7]] Critical 
closing pressure (CrCP) in a patient who developed vasospasm in the middle cerebral artery 
(FVMCA) is shown in panel “a”. CrCP value during vasospasm was lower than 10 mmHg, while the 
baseline value, prior to the onset of vasospasm, was 40 mmHg. In panel “b” the difference in CrCP 
between the vasospasm side and the contralateral (no vasospasm), is shown, with values close to 
15 and 30 mmHg respectively. In this way, a temporary and regional evaluation of the changes of 
the CrCP was obtained. A CrCP decrease was demonstrated in cerebral vasospasm. The hypothesis 
of the researchers was the opposite, since they had assumed that the increase in resistance caused 
by middle cerebral artery vasospasm would increase CrCP. The importance of distal vasodilation 
of small arteriolar vessels, as the origin of this decrease in CrCP is underlined. Since TCD insonates 
the spastic segment, the increased FV at this level is the result of a decrease in the diameter of the 
artery; on the other hand, the decrease in cerebrovascular resistance is due to arteriolar reactive 
vasodilation. [ABP: arterial blood pressure]

C. Puppo et al.



347

20.5.2  Critical Closing Pressure 
and Intracranial Hypertension

With controlled increase in ICP in patients with normotensive hydrocephalus, we 
will refer to two research papers on ICP-controlled increase in patients with normo-
tensive hydrocephalus.

 (a) Monitoring data obtained in a clinical study in patients with suspected normo-
tensive hydrocephalus were retrospectively used to study CrCP and its changes 
during a controlled rise in ICP [11]. The lumbar infusion test evaluates how 
cerebral hemodynamics reacts to an increase in volume; in patients with normo-
tensive hydrocephalus, it helps to predict the need for placement of a peritoneal 
ventricular shunt or to change a dysfunctional shunt. Thirty-seven patients were 
studied. ICP was recorded by means of a lumbar catheter, continuous non- 
invasive ABP with Finapres and CBFV with TCD, during a slow lumbar infu-
sion of normal saline. CrCP was calculated using three methods: A method 
described by Aaslid using the first harmonics of ABP and CBFV pulsatile wave-
forms and two methods based on Varsos cerebrovascular impedance model, 
using CPP or ABP [appendix]. They found good agreement among the three 
CrCP calculation methods, with correlation coefficients greater than 0.8. During 
the controlled increase in ICP, CrCP values increased significantly with all 
three methods. The strongest correlation between ICP and CrCP was found for 
the impedance method that used CPP in its formula. This study evaluates and 
compares the three methods. With the Aaslid method [appendix], negative 
results of CrCP frequently appear; they were not observed with the impedance 
multiparameter methods. These researchers conclude that invasive CrCP 
(Varsos method including CPP instead of ABP) is more sensitive to variations 
in ICP and can be used as an indicator of the reserve of the cerebrovascular 
system during infusion tests. The authors do not discuss the origin of the 
increase in the CrCP in this work. As CrCP is the sum of two components, ICP 
and parietal tension, the interpretation of this CrCP increase has to be searched 
in the behavior of these two parameters. ICP increased (it was the objective of 
the test). Wall tension may have decreased or increased, since the change in the 
vasoconstriction or vasodilation state of the resistance arterioles depends on the 
CPP that reaches the arteriolar sector and the state of autoregulation. In the 
event of an increase in ICP without compensation, CPP would go down, but a 
reflex increase in ABP may turn up to maintain (or even raise) CPP. In case of a 
not compensated decrease in CPP, this should cause an autoregulatory response 
with vasodilation of small resistance vessels, with a decrease in wall tension. If 
CPP were maintained, there would be no changes in wall tension, and if it 
increased, the normal autoregulatory response would generate an increase in 
resistance. We can conclude that compensatory vasodilation, if it existed, was 
of a lesser degree than the rise of ICP.
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 (b) Another work by Varsos et al. [12] studied the possible correlations between 
cerebral hemodynamic indices based on CrCP and the compensatory dynamics 
of cerebrospinal fluid, also evaluated during lumbar infusion tests. They evalu-
ated data from 34 patients with normotensive hydrocephalus undergoing infu-
sion tests, with simultaneous monitoring of CBFV by TCD. CrCP was calculated 
from the monitored signals: ICP, ABP, and CBFV, while the vascular wall ten-
sion was estimated as WT = CrCP - ICP. The closing margin was calculated as 
the difference between ABP and CrCP. ICP increased during the infusion from 
7 ± 5 to 25 ± 11 mmHg (mean ± SD), which caused an increase of CrCP of 
23%, with WT decreasing by 11% due to vasodilation. CM showed a tendency 
to decrease, although not significantly, due to a 9% increase in ABP. In general, 
CrCP increases and WT decreases during infusion tests, while the initial CM 
may act as an indicator that characterizes the compensatory reserve of the cere-
brospinal sector.

20.5.3  Spontaneous Increase in ICP in Patients 
with Neurotrauma

This second study aimed to describe the behavior of CrCP and WT during spontane-
ous increases in ICP, with the characteristics of plateau waves. The objective of this 
work was to quantify the ischemic risk during these waves. These researchers used 
Varsos’s multiparametric method, which is based on the cerebrovascular impedance 
module. Arteriolar WT was estimated as CrCP–ICP. Clinical data included records 
of ABP, ICP, and CBFV of 38 plateau wave events, recorded in 20 patients with 
TBI. CrCP increased significantly from 52 ± 9 mmHg at the beginning of the study 
to 63 ± 11 mmHg at the top of the plateau waves (mean ± SD; p < 0.001). WT 
decreased significantly during plateau waves by 34.3% (p  <  0.001), which is in 
favor of their vasodilator origin. No non-physiological negative values of CrCP 
were observed that have been described with the traditional methods for its calcula-
tion; therefore, the method used resulted in a more plausible estimate of the CrCP 
than the “graphic” methods. The researchers conclude that increased CrCP during 
plateau waves increases the likelihood of cerebral vascular collapse and zero flow 
when the difference: ABP–CrCP (“the collapsing margin”) becomes zero or 
negative.

20.5.4  Critical Closing Pressure in Septic Patients

20.5.4.1  Experimental Endotoxemia

A prospective study in critical care studied CrCP in 40 volunteers and 10 septic 
patients [13]. An experimental endotoxemia was generated in volunteers by the 
administration of bacterial lipopolysaccharides (LPS). The registered changes were 
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compared with those of 10 septic patients with or without septic shock. CrCP was 
estimated using the cerebrovascular impedance model, recording CBFV and inva-
sive ABP (no ICP). Volunteers who received LPS were randomized to receive an 
infusion of one of the following vasopressor drugs: norepinephrine (NE), phenyl-
ephrine (PhE), or vasopressin (VP). The corresponding vasopressor drug was started 
1 hour before the administration of LPS, and the infusion was administered for 
5 hours. In the third group, placebo was administered. In septic patients, the deci-
sion to use vasopressors and fluids, as well as which fluid to use, was freely taken 
by the treating medical team. The objective was to achieve normovolemia and an 
average blood pressure > 65 mmHg, using NE.

The LPS bolus was followed by a decrease in CrCP, without differences 
between groups.

In septic patients, CrCP was 35.7 mmHg, lower than that presented by volunteers 
after receiving LPS. After the administration of LPS, CBFV decreased, most likely 
as a result of the decrease in Circle of Willis outflow to the middle and anterior 
cerebral arteries, not compensated for by distal vasodilation. This decrease in flow 
shows that autoregulation is not functioning at the pressures studied. However, the 
decrease in CrCP maintains for a longer time an adequate effective cerebral perfu-
sion pressure constituting a protective mechanism against ischemia. The authors 
conclude that human experimental endotoxemia results in a decrease in CrCP due 
to the decrease in resistance of the cerebral arterial bed (arteriolar dilation), which 
is not prevented by vasopressors. The alterations presented in septic patients are 
similar to those of volunteers who are administered LPS.

20.5.5  Critical Closing Pressure in Survivors of Cardiac Arrest

A study estimated CrCP during post-cardiac arrest syndrome (post-CA) and deter-
mined whether it differs between survivors and non-survivors [14]. It also compared 
post-CA patients with normal controls. This prospective observational study was 
conducted in the ICU of a tertiary university hospital in Nijmegen, the Netherlands. 
Eleven patients in coma resuscitated from CA, treated with mild therapeutic hypo-
thermia, and 10 normal controls were studied. CBFV was recorded in the middle 
cerebral artery at several time points after admission to the ICU. CrCP was deter-
mined by Varsos model using ABP instead of CPP. CBFV at ICU admission was 
similar in patients who survived and in those who died, but throughout the observa-
tion period it increased in patients who evolved to death compared to survivors. 
Immediate post-CA CBFV was significantly lower in survivors compared to normal 
controls, with a gradual restoration to normal values. CrCP decreased significantly 
from 61 mmHg to 42 mmHg in the first 48 hours and remained stable. CrCP was 
significantly higher in survivors compared to non-survivors. CrCP immediately 
post-CA was also significantly higher compared to the control group. The research-
ers concluded that CrCP rises post-CA with high cerebrovascular resistance and low 
CBFV. This means that the effective CPP or closing margin is lower, suggesting that 
cerebral perfusion pressure should be maintained at a sufficiently high level in 
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patients in post-CA, to avoid further ischemic brain damage. On the other hand, the 
lack of normalization of the cerebrovascular profile can be a predictor of poor 
results.

20.6  Conclusion

Intracranial hypertension, during controlled (infusion tests) or spontaneous (plateau 
waves) ICP increases, causes an increase in CrCP, and simultaneously a lower clos-
ing margin with higher risk of ischemia if we are guided by CPP calculated as 
ABP–ICP. CrCP decreases in sepsis, which helps to maintain longer adequate effec-
tive cerebral perfusion pressure constituting a protective mechanism against 
ischemia.

 Appendix

 Methods

Methods used to measure CrCP can be divided into two groups. All are based on 
data acquired with ABP and TCD, at a frequency that allows to reproduce arterial 
pulse and CBFV waves, for example, at 50 Hz (50 measurements in 1 second).

 Group 1: Graphic Methods

The first group is based on “graphic” concepts. The data used are non-invasive. It 
assumes that the relationship between flow and pressure is linear; therefore, when 
pressure falls below the minimum value recorded in the patient, the flow pressure 
relationship would be unchanged.

Changes in cerebral blood flow (through changes in CBFV) and arterial blood 
pressure are graphically evaluated; the line of best fit between recorded values is 
found and its equation is calculated. This line is extrapolated to cross the pressure 
axis at a point (CrCP) where flow would be theoretically zero. There are three dif-
ferent models using this approach.

Method Using the Values of Several Pulse Waves (“Systo-Diastolic Method”)

Several simultaneous ABP and CBFV waves are selected, and only the maximum 
(systolic) and minimum (diastolic) values   of each one are plotted, ABP in the x-axis 
and CBFV in the y-axis. Thus, a cloud of systolic points and another of diastolic 
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points are obtained. These clouds are joined with the corresponding best fit line, and 
this line is extrapolated to zero flow. The cut-off point of this line on the ABP axis 
(zero flow) corresponds to CrCP (Fig. 20.3).

“Beat-by-Beat Method”

Instead of using several beats, one value per pulse is calculated. The descending 
values of a CBFV wave (in most models all points—ascending and descending—
are used) are plotted against the simultaneous descending values of ABP (each point 
in the ABP pulse curve has its corresponding point in the descending part of the 
CBFV pulse curve). CBFV does not reach zero in diastole, but the line with the best 
fit is extrapolated to the zero-flow point. The point in the abscissa (ABP) where this 
line reaches zero corresponds to the CrCP value (Figs. 20.4 and 20.5).

Method Described by Aaslid

This method is similar to the previous ones, but instead of taking the recorded ABP 
and CBFV values, the values of the first harmonic of both variables are taken. It has 
the advantage of eliminating the upper harmonics that distort the arterial wave. It 
uses Fourier analysis to determine the amplitude of the first harmonic in the ABP 
and in the CBFV register. With this approach, it is possible to perform the regression 
analysis with almost perfect linear data. Using the value of the first harmonic 
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Fig. 20.3 Systole and diastole method. All waves of a certain time period are studied. In this case 
about 100 seconds. Two values are obtained from each BFV pulse wave: maximum systolic and 
final diastolic. The same process is repeated with the maximum and minimum values of each ABP 
wave (left panel). These values are shown on a scatterplot (right panel) displaying BFV in the 
abscissa (cm/s) and ABP in the ordinates (mmHg). Two point clouds are thus obtained: one with 
the systolic values of the selected BFV and ABP pulsatile waves (red line around the blue wave) 
and another with their diastolic values (blue wave). A line of best fit is inserted between these 
points. The ABP point corresponding to the BFV zero value is the CrCP. In this example, the value 
of CrCP is 27 mm Hg
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eliminates, the distortions generated by the fact that the measurements are recorded 
at different sites and with artifact values   due to the Windkessel effect. The Windkessel 
effect is the cushioning effect that ensures that the blood flow that is generated inter-
mittently in the heart reaches the arteries, arterioles, and capillaries continuously. 
The ideal way of measuring these parameters (but for now impossible in clinical 
practice) would be to take both measures at the brain level. Actually, ABP is mea-
sured far away from cerebral arteries, such as the radial artery. In this location, the 
wave is distorted with respect to what would be recorded directly in the cerebral 
vessels. This is due to the transmission of the pulse and the existence of reflections 
or reverberations of the waves. The high-frequency components of the wave are 
more distorted than the fundamental component (first harmonic). Therefore, elimi-
nating the error caused by higher frequency harmonics before processing the data 
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results in a more accurate estimate of the CrCP. For this reason, the waves are ana-
lyzed with a Fourier transform, which finds the amplitude of the first harmonic of 
both the ABP and the BFV, and its relative intensity. With this model, the formula 
that calculates the intersection of the descent of the flow with the axis of the abscissa, 
corresponding to zero flow, is the following:

 
CrCP ABP CBFV ABP CBFVf = -( )´( )0 0 1 1/

 

where CrCPf is the critical “filtered” closing pressure (calculated with the variables 
devoid of the mentioned distortion); ABP0 and CBFV0 refer to the average values of 
ABP and CBFV of each beat; and ABP1 and CBFV1 refer to the amplitude of the 
first harmonic of ABP and CBFV (after the higher frequency components have been 
removed).

The above-analyzed methods, or “graphic methods,” are based on the shape of 
the recorded waves. They have the main drawback that negative, non-physiological 
CrCP values may result. If we rethink the concept of critical closure pressure, such 
as the blood pressure at which the circulation stops, we cannot find a plausible 
physiological or pathophysiological explanation. Anyhow, these approaches can be 
used to see the trends of CrCP over time, evaluating the effects of drugs, pathologi-
cal situations, etc., on the state of vasodilation or vasoconstriction of the arteriolar 
bed, and not as an absolute value. These values   away from the physiological values   
are probably due to the fact that in the “graphic” models it is assumed that there is a 
linear relationship between the variables, a circumstance that is probably more 
complex.
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Fig. 20.5 Linear 
correlation between data 
shown in (Fig. 20.3), right 
panel. Each point in this 
graphic corresponds to a 
ABP and CBFV (FV) 
simultaneous value. The 
best fit line is calculated 
and its linear extrapolation 
to zero flow crosses ABP 
axis at a value which is the 
CrCP of this pulse wave. In 
this case the value is higher 
than 40 mm Hg
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 Group 2: Multiparameter or Impedance Methods [14]

To overcome the negative value problem, researchers at the University of Cambridge 
have generated a more complex model, multiparameter model, or “impedance” 
model [14].

It is called multiparameter because, in addition to the values   recorded directly 
from the ABP and the CBFV, it uses other parameters derived from the cerebral 
circulation for CrCP calculation. Several of them originate in turn from ABP and 
CBFV, such as arterial complacency and cerebrovascular resistance. The formula 
also uses heart rate, which can be inferred from any of the registers, from ABP or 
CBFV. Impedance is a similar concept to cerebrovascular resistance, but variable 
throughout the cycle (remember that the circulation is pulsatile). The formula used is

 

CrCP ABP
CPP

CVR Ca HR
= -

´ ´ ´( ) +2 1
2p

 

As we can see, CPC value is included in this formula (CPP  =  ABP  – ICP). 
However, in patients in whom there is no suspicion of an increase in ICP, this same 
formula has been used with ABP instead of ICP.
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Chapter 21
Transcranial Doppler Ultrasound 
Pulsatility Index: Utility and Clinical 
Interpretation

Oscar M. Pinillos, Camilo N. Rodríguez, and Ryan Hakimi

Key Points
 1. Physical examination of a critically ill patient with acute primary or secondary 

neurological injury is often insufficient for medical decision making. Transcranial 
Doppler/transcranial color coded sonography (TCD/TCCS) is a useful physio-
logic tool allowing one to individualize the management of each patient to opti-
mize cerebral hemodynamics.

 2. Pulsatility index (PI) is calculated by subtracting the peak systolic velocity 
(PSV) from the end diastolic flow velocity (EDV) and dividing the difference by 
the mean flow velocity (MVF); [PI = (PSV − EDV)/MVF].

 3. Pulsatility Index is dependent on multiple variables including cerebrovascular 
resistance (CVR).

 4. Despite the correlative value of PI obtained from TCD/TCCS, the external ven-
tricular drain remains the gold standard in the measurement of intracranial pres-
sure (ICP).

O. M. Pinillos 
Intensive Care Medicine, Clinica de Occidente, Cali, Colombia 

Neurointensive Care section - AMCI, Bogotá, Colombia 

C. N. Rodríguez (*) 
Intensive Care Medicine, Hospital Nacional Prof. Dr. A. Posadas, University of Buenos Aires 
(UBA), Neurointensive Care Section - ESICM, Neurointensive Care Section - AMCI, 
Neurointensive Care Committee - FEPIMCTI, Member of ESNCH, Buenos Aires, Argentina
e-mail: camilo.rodriguez@nesccco.com 

R. Hakimi 
Department of Medicine (Neurology), USC School of Medicine-Greenville,  
Greenville, SC, USA 

Neuro ICU, TCD Services, Prisma Health-Upstate, Greenville, SC, USA 

American Society of Neuroimaging (ASN), Minneapolis, MN, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81419-9_21&domain=pdf
https://doi.org/10.1007/978-3-030-81419-9_21#DOI
mailto:camilo.rodriguez@nesccco.com


358

 5. The absolute numerical value of the PI is less valuable than the PI trend in a 
given patient when assessing ICP.

 6. The PI numerically reflects changes in the morphology of the TCD/TCCS wave-
form, which is dependent on cerebral perfusion pressure and changes in CVR.

21.1  Introduction

Obtaining a comprehensive medical history and performing a thorough neurologi-
cal examination is always the first step in assessing patients with acute neurological 
injury. However, critically ill neurological patients often require sedation or analge-
sia limiting their clinical examination.

During the course of a neurocritical care patient’s ICU stay, there are frequent 
fluctuations in a given patient’s ICP and cerebral hemodynamics (PSV, MFV, EDV, 
etc.) which represent the evolution of the acute neurological injury. These factors 
are important in assessing and mitigating the extent of secondary brain injury and 
its severity and duration and clinically correlate with the patient’s ultimate outcome.

Transcranial Doppler ultrasonography (TCD) and transcranial color-coded Duplex 
sonography (TCCS) are non-invasive, bedside, portable tools for the assessment of 
cerebral hemodynamics (Table 21.1) and detection of focal stenosis, arterial occlu-
sion, monitoring the treatment effect of intravenous tissue plasminogen activator and 
assessment of vasomotor reactivity. These instruments display spectral waveforms 
that represent the depth, direction, and intensity of the blood flow through the intracra-
nial vasculature. Although these instruments do not measure blood flow directly, the 
parameters they do calculate do correlate with cerebral blood flow (CBF) [1].

In the past, TCD machines were only able to display a spectral waveform. The 
operator was left to deduce which vessel was being insonated by attempting to 
obtain the same waveform or an inverted version of the same waveform using a 
variety of different approaches, termed windows, at different depths. With the addi-
tion of power motion–mode Doppler (PMD), sonographers are able to obtain the 
spectral waveform as well as knowing the depth of the insonated vessel, the direc-
tion of flow relative to the probe and the intensity of the signal.

TCD and TCCS are bedside, non-invasive monitoring tool which provide “real 
time” clinical information about changes in cerebral perfusion based on cerebral 
hemodynamics derived from the spectral Doppler waveform. The Pulsatility index 

PSV (peak systolic velocity)
EDV (end diastolic velocity)
MFV (mean flow velocity) = 1/3 PSV + 2/3 EDV
Pulsatility index = (PSV − EDV)/MFV
Resistivity index = (PSV − EDV)/PSV
Lindegaard ratio = (MFV of middle cerebral artery)/MFV 
of ipsilateral extracranial internal carotid artery

Courtesy Hakimi et al. [1]

Table 21.1 Transcranial 
Doppler ultrasonography 
parameters [1]
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(PI) [Gosling’s Index] is the most commonly used measure of the pulsatility of 
TCD/TCCS waveforms.

21.2  TCD/TCCS: Interpretation of Pulsatility Index (PI)

Conventional TCD is a “blind” technique wherein the location of the intracranial 
vessels is ascertained based on depth, direction, and waveform morphology. In con-
trast, TCCS offers a non-invasive means of evaluating cerebral blood flow (CBF) 
hemodynamics (flow velocities and indices) in the intracranial arterial and venous 
vasculature with color and spectral Doppler as well as structural imaging of the 
brain [2, 3].

Optimization of CBF and oxygen delivery are the key goals of neurologic man-
agement of patients with traumatic brain injury. Historically, this has been moni-
tored by measuring ICP and monitoring cerebral perfusion pressure (CPP). However, 
this model is inadequate because some patients have poor neurologic outcomes 
despite appropriate management of these two parameters. Among non-invasive 
modalities, TCD is the most accurate tool for measuring brain perfusion at the bed-
side [33].

The brain’s cerebral perfusion is maintained in both systole and diastole, as 
shown by the systolic and diastolic component of the TCD waveform. In contrast, 
the hand is perfused only in systole, as shown by a radial arterial line waveform. 
This difference is caused by the marked difference in resistance, with the brain 
being a low-resistance system and the hand being a high-resistance system, as well 
as the higher energy requirements of the brain compared with the hand. Therefore, 
the adequacy of CBF can be assessed by evaluating the diastolic component of the 
TCD waveform and ensuring that its amplitude is approximately half of the peak 
systolic amplitude. If it is less, the clinician can:

 (a) Increase the patient’s blood pressure using IV fluids, vasopressors, or by giving 
a blood transfusion

 (b) Decrease the PaCO2 by increasing the respiratory rate on the ventilator (with 
intubated patients) or increasing the patient’s sedation

 (c) Reducing the patient’s ICP by cerebrospinal fluid diversion, increasing seda-
tion, or treating the patient’s fever, among other means (Fig. 21.1)

TCD can non-invasively monitor cerebral perfusion by the diastolic component 
of the spectral waveform (EDV). Left panel shows high-resistance waveforms with 
EDV (CBF) is not static. The cardiac cycle, through systolic blood pressure increase, 
causes regular variations in blood flow into the brain that are synchronous with the 
heart. The brain is contained in a rigid vault. Therefore, these pulsations in flow and 
pressure are transferred into brain tissue, intracranial blood volume, and cerebrospi-
nal fluid (CSF) [4].

In the brain, these variations are due to the variation in arterial blood pressure 
(ABP) over the cardiac cycle (beat by beat), known as cardiac pulsatility. However, 
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there are other pulsatile variations, such as respiratory and vasomotor induced oscil-
lations, which affect pressure and flow over time but have less of an effect than 
cardiac cycle-induced variations.

Variations in cardiac output (through preload, contractility, and afterload) have 
two distinct effects on intracranial hemodynamics (brain pulsatility):

 1. Variations in brain arterial blood pressure
[Pressure pulsation]

 2. Variations in brain blood flow.
[Flow Pulsation]

When we approach the interpretation and measurement of brain pulsatility via 
PI, we should consider: (Figs. 21.2, 21.3, and 21.4) [4].

 1. The intracranial pressure (ICP) monitoring is used to measure pressure pulsatil-
ity and requires placement of a pressure sensor within the brain. Pressure-based 
measure of brain pulsatility.

[Measure of Pressure Pulsatility]
 2. TCD/TCCS measures the velocity of CBF and displays it as a spectral wave-

form, where the net flow can be determined by the area under the curve.
[Measure of Flow Pulsatility]

It is important to consider that PI obtained with TCD/TCCS is derived from 
blood flow velocity pulsatility (arterial/venous flow), which correlates with the 
pressure pulsatility (ICP) obtained with invasive intracranial pressure monitoring, 
but is not necessarily a linear correlation.

Fig. 21.1 TCD can non-invasively monitor cerebral perfusion by assessing the diastolic compo-
nent of the spectral waveform (EDV). Left panel shows high resistance waveforms with EDV less 
than 50% of the PSV. The patient then had an external ventricular drain placed (right panel) and 
the pulsatility indices normalized resulting in an increase in the diastolic component of the wave-
form such that the EDV is greater than 50% of the PSV. (Courtesy Hakimi et al. [1])
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Envelope

Spectra

PSV (Peak systolic velocity)

MFV
(Mean flow velocity)

EDV

(End-distolic velocity)

Fig. 21.2 ICP and TCD/TCCS normal waveforms: TCD/TCCS spectral Doppler waveform with 
its pulsatile component (PSV, EDV, and MFV) to calculate the transcranial Pulsatility Index (PI) 
which represents the flow pulsatility. (Blue line): Envelope wave

P1

C.N.Rodriguez 2019

P3

P2

Normal Compliance
Pattern

P1a

Low Resistance
Pattern

b

PSV

EDV

Fig. 21.3 Relationship between ICP waveform and spectral Doppler waveform. (a) Pressure pul-
satility: ICP waveform obtained via invasive monitoring with normal compliance pattern (P1 > P2). 
(b) Flow pulsatility: spectral Doppler waveform with a low resistance pattern (High EDV and low 
PSV). When these two sets of waveforms are obtained, one would expect a low or normal PI (pul-
satility index)

a

P1

P1

PSV

MFV
EDV

High Resistance
Pattern

C.N.Rodriguez 2019

P2 Low
Compliance

Pattern

b

Fig. 21.4 Relationship between ICP waveform and Spectral Doppler waveform. (a) Pressure pul-
satility: ICP waveform from invasive monitoring with low compliance pattern (P2 > P1). (b) Flow 
pulsatility: Spectral Doppler waveform with a high resistance pattern (low EDV, low MFV and 
high PSV). When these two sets of waveforms are obtained, one would expect a high PI (pulsatil-
ity index)
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TCD/TCCS are valuable tools when integrated with other clinical information in 
the proper clinical context (Figs. 21.3 and 21.4).

21.2.1  Brain Compliance

Compliance is the relationship between intracranial volumes and pressure. It is the 
property of the brain to maintain a stable ICP, despite variations in intracranial vol-
umes (Eq. (21.1))

 
C compliance( ) = ∆ ∆V P/

 
(21.1)

• Δ V: Variations in volume
• Δ P: Variations in pressure

This compliance is comprised of four main components:

 1. Brain tissue compliance
 2. Arterial compliance
 3. Venous compliance
 4. CSF compliance

Intracranial compliance is assumed to decrease primarily with increased 
ICP.  Decreased compliance with elevated ICP (initially, before compliance is 
exhausted and brain impedance overcomes pulsatile blood flow) leads to increased 
pressure pulsatility.

Transfer of pulsations through either the venous system or CSF is another way in 
which intracranial pulsatility can also be affected manifesting as a change in either 
pressure (brain compression) or flow pulsatility (hypoperfusion). Such is the case 
with venous congestion from sino-venoocclusive disease, extracranial cervical 
venous stenosis or thrombosis, elevated right atrial pressure, or blockage of CSF 
outflow pathways (obstructive hydrocephalus) [5].

Pressure pulsatility serves as a sensitive indicator of intracranial compliance. The 
increase in intracranial pulsatility in obstructive hydrocephalus is most commonly 
due to raised ICP from ventriculomegaly leading to brain compression (increase 
brain impedance). However, intracranial compliance also depends on changes in 
pulse pressure, which depends on changes in cerebral blood volume (CBV) which 
in turn depends on the presence or absence of preserved cerebral autoregulation.

We can consider two clinical scenarios:

 1. A high compliance system:
A large increase in volume will only result in small increase in pressure.

 2. A low compliance system:
A small increase in volume can lead to a significant pressure rise.

O. M. Pinillos et al.
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21.2.2  TCD/TCCS: Cerebral Hemodynamics

TCD/TCCS provides two clinically important measures:

 1. Mean blood flow velocity (MFV): a measure of the integrity of cerebral perfusion
 2. Pulsatility index (PI): an estimate of cerebrovascular resistance and intracranial 

compliance [6]

Prevention and treatment of secondary injury are the goals of bedside multi-
modal monitoring. TCD/TCCS measures systolic, mean, and diastolic CBF veloci-
ties and calculates the pulsatility index (PI) from basal intracranial arteries (circle of 
Willis) allowing for the interpretation of the cerebral hemodynamic behavior in real 
time. However, the clinical interpretation of the waveform morphology with careful 
attention to the changes in PSV and EDV is most important as it allows for precision 
medicine (Fig. 21.4).

Pulsatility index describes quantitative and qualitative changes in the morphol-
ogy of the TCD/TCCS waveform resulting from cerebral perfusion pressure and 
cerebrovascular impedance changes [9, 10].

The normal value of pulsatility index, in the most of the arterial territories, is 
<1.2.(0.6–1.2). However, in the Ophthalmic artery, the PI is higher as it is an “exter-
nalized” intracranial vessel demonstrating a high-resistance spectral pattern [8, 11] 
(Table 21.2).

Some features to remember when interpreting PI:

 (a) Consider that the PI is not affected by the angle of insonation [16].
 (b) Consider that PI should be interpreted by taking into account variations by sex, 

age, and ethnicity [15, 17, 18].
 (c) PI is dependent on both pulsatility and mean flow velocity (cerebral perfusion). 

Therefore, an increase in PI may not be strictly related to an increase in pulsatil-
ity (decrease intracranial compliance). Rather, it may be related to a decrease in 
MFV (decreased CBF) [4].

Artery Pulsatility index (PI)
Anterior cerebral artery (ACA) 0.71–1.04
Middle cerebral artery (MCA) 0.76–1.08
Posterior cerebral artery (PCA) 0.70–1.02
Basilar artery (BA) 0.60–1.03
Vertebral artery (VA) 0.60–1.07
Ophthalmic artery (OA) >1.2

Table 21.2 TCD/TCCS PI values [12–15]

21 Transcranial Doppler Ultrasound Pulsatility Index: Utility and Clinical Interpretation



364

21.3  Pulsatility Index (PI): Cerebrovascular 
Resistance (CVR)

The regulation of CBF depends on the interplay between three interconnected com-
ponents: [19] (Fig. 21.5).

 1. Arterial Blood Pressure (ABP)
Systemic blood pressure supplied and the presence or absence cerebral 

autoregulation
 2. Intracranial Pressure (ICP)

Volume of brain tissue, cerebral blood volume, and cerebral spinal fluid volume
 3. Cerebrovascular Resistance (CVR)

Diameter of arteriole and/or capillary vessels
In acute neurologic injury, the PI has been shown to be directly related to the 

distal CVR. Thus, greater PI usually means higher CVR. However, this positive cor-
relation is not seen in two clinical scenarios; namely hypercapnia which causes a 
decrease in both CVR and PI, and during reductions in CPP with intact cerebral 
autoregulation (such as systemic hemorrhagic shock) which results in a decrease in 
CVR, but an increase in PI (Figs. 21.6 and 21.7) [20–22].

21.4  Pulsatility Index (PI): Intracranial Pressure (ICP)

Elevated ICP is the final common pathway of any space-occupying lesion. ICP 
essentially consists of three components, driven by different patho-physiological 
mechanisms [23]:

 1. Inflow and volume of arterial blood/venous blood outflow
[Blood volume]

 2. CSF circulation
[CSF volume]

Determinants of CBF

Artery

ABP CVR ICP

Arteriole Capillary Bridging
vein

Sagittal sinus

C.N.Rodriguez 2019

Fig. 21.5 Determinants of CBF: (ABP) arterial blood pressure (arteries); (CVR) cerebrovascular 
resistance (arterioles, capillaries, bridging veins), and (ICP) intracranial pressure
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 3. Brain parenchyma
[Parenchymal volume]

An increase in one component must cause a proportional decrease in the others 
(Monro-Kellie Doctrine).

When there is an ICP increase, the following changes occur in this order:

 1. CSF moves from the intracranial compartment to the spinal canal
 2. An increase venous outflow from the cerebral veins
 3. Decrease in cerebral arterial inflow (in extreme cases)

One should consider:

 1. These compensation mechanisms are temporarily effective.

Hypercapnia
[ ↑ PaCO2]

Vasodilation

Vasodilation

ba

Preserved
CAR

↓ CPP

↑ CBF

↓ CVR

↓ PI

C.N.Rodriguez 2019 C.N.Rodriguez 2019

↑ CBF

↑ CPP

↓ CVR

↑ PI

Fig. 21.6 (a) Effect of hypercapnia: vasodilation on CBF, CVR and PI. (b) Effect of decrease CPP 
on CBF, CVR, CPP and PI

Heart (Pump) Considerations

Cardiac
Pulsatility

Brain
Pulsatility

PI

PI

CPP

ABP (Content) Considerations

Contractility Starling’s Law
Effects SV → Effects CO

Post-load Ventricular emptying ←→Ventricular filling
Effects SV → Effects CO

Heart rate
Cardiac Rhythm

Effects diastolic phase of the cardiac cycle
Ventricular Filling
Affects SV → Effects CO

Afterload Ventricular emptying
↑SVR effects SV → Effects CO
↓SVR (inflammation) → Vasoplegia → Low ABP

Preload Effects SV → Effects CO
Heart Contractility Effects CO

Heart Rate
Cardiac Rhythm

Effect diastolic phase of the cardiac cycle
Ventricular filling
Effects SV → Affects CO

Pre-load Ventricular filling
Effects SV → Effects CO

Fig. 21.7 Transcranial Pulsatility Index: Influenced by Cardiovascular factors. ABP arterial blood 
pressure, SV stroke volume, SVR systemic vascular resistance, CO cardiac output, PI pulsatility 
index, ↓ low/decrease, ↑ high/increase
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 2. ICP is compartmentalized and not evenly distributed throughout the skull. 
Therefore, the ICP in the posterior fossa may be quite different than the right 
middle cranial fossa.

The Guidelines for the Management of Severe Trauma Brain Injury (TBI) [24] 
recommend ICP monitoring:

 1. All salvageable patients with a severe TBI (GCS 3-8 after resuscitation) and an 
abnormal head computed tomography (CT) scan. A brain CT-scan is deemed 
abnormal when there is a presence of:

 1.1 Hematomas
 1.2 Contusions
 1.3 Swelling
 1.4 Herniation
 1.5 Compressed basal cisterns

 2. In patients with severe TBI with a normal head CT, ICP monitoring is warranted 
if two or more of the following features are noted on admission:

 2.1 Age over 40 years
 2.2 Unilateral or bilateral motor posturing
 2.3 Systolic blood pressure (BP) <90 mm Hg

 3. Other clinical situations supporting the need for ICP monitoring are often based 
on local practice. The indications for an ICP monitor remain debated in several 
circumstances [25].

 3.1 Intracranial hemorrhage
 3.2 Coma
 3.3 Cerebral edema
 3.4 Hydrocephalus
 3.5 Hepatic encephalopathy
 3.6 Acute ischemic stroke

Elevated ICP is an important cause of secondary brain injury, and its severity and 
duration have been correlated with poor outcomes. Intracranial hypertension (a sur-
rogate for poor intracranial compliance) is the most common and harmful complica-
tion in the progression of acute neurological injury [26–28]. Therefore, it is 
important to monitor ICP and to assess the effect of various medical and surgical 
therapies.

Brain oxygen delivery and CPP optimization has assumed a central role in the 
real-time treatments of neurocritical care patients (Eq. (21.2)).

 CPP MAP ICP= –  (21.2)

• CPP: Cerebral perfusion pressure
• MAP: Mean arterial pressure
• ICP: Intracranial pressure

O. M. Pinillos et al.
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Cerebral autoregulation (CA) is maintained through variable vascular resistance, 
wherein the radius of small and large arteries change to maintain constant CBF, over 
a wide range of CPP values and metabolic changes. Variation in minute ventilation 
alters the PaCO2 which has a powerful hemodynamic effect in response to meta-
bolic supply and demand (coupling).

Therefore, real-time simultaneous monitoring of ICP and MAP allows one to 
make the best therapeutic decisions to individualize the patient’s CPP. Moreno et al. 
(2000) describe the relationship between decrease CPP and increase in PI, suggest-
ing a reduction of 1 unit in CPP results in an increase in 0.02 units in the PI [29].

Invasive ICP measurement modalities are considered the Gold Standard and are 
widely used in neurocritical care populations [30]. However, this procedure has a 
risk of life-threatening complications and has many contraindications related to 
device placement and misplacement: principally infections, bleeding, and technical 
failure [31–34].

Non-invasive ICP estimation would be helpful in clinical situations where the 
risk-benefit balance of invasive ICP monitoring is unclear or invasive ICP monitor-
ing modalities are not immediately available or are contraindicated [35, 36].

Ideally, a non-invasive ICP monitor should be readily available at the bedside in 
the ICU, inexpensive, accurate, and simple to use. Using Gosling’s pulsatility index, 
TCD/TCCS, is a validated tool for estimating ICP in certain scenarios [37–40].

When trended, TCD/TCCS can be used to give a rough estimate for ICP (corre-
lated PI to ICP in clinical practice) [29], but not as a surrogate for accurate invasive 
ICP monitors. When ICP increases, the intracranial blood flow velocities change 
(PSV increases and EDV decreases), while cerebral vessels narrow from external 
pressure resulting in an increased resistance to CBF [35, 38, 41, 42].

The clinical correlation and interpretation of the PI depends of several factors: 
[7, 9, 41, 43, 44].

 1. Pulse amplitude of arterial blood pressure
 2. Heart rate (HR)
 3. CPP
 4. PaCO2

 5. CV
 6. Compliance of the arterial bed (Ca)

Non-invasive ICP, based on TCD/TCCS, had been estimated by different hemo-
dynamic parameters proposal, such as Gosling’s pulsatility index (PI), Critical 
Closing Pressure (CrCP), Optic Nerve Sheath Diameter (ONSD), pupillary light 
reflex (PLR), straight sinus systolic flow velocity (SSFV) [45], etc. However, none 
of these methods seem to be accurate enough to be used as a replacement for inva-
sive ICP measurement and, at present, TCD/TCCS is reserved for assessing changes 
(ICP trends) of non-invasive ICP, rather than absolute ICP.

Other than PI, the mean flow index (Mx) (which is the correlation coefficient 
between MFV and CPP) and systolic flow index (Sx) (which is the correlation coef-
ficient between PSV and CPP) are useful parameters for assessing increased ICP 
[46, 47].
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21.5  Transcranial Pulsatility Index (PI): Clinical Factors 
to Consider

The performance and clinical interpretation of the pulsatility index depends on the 
various physiological and pathophysiological conditions as well as the clinical con-
text of each critical patient (Table 21.3).

We recommend taking into account all cerebrovascular and systemic factors 
when analyzing a given patient’s PI. Consider the following: (Fig. 21.13).

21.5.1  Cardiovascular Factors

The cardiovascular status of the critical patient, with or without acute neurological 
injury, depends on beat to beat changes in the following hemodynamic parameters:

 1.1 CPP (pulsatility pressure)
 1.2 CBF (pulsatility flow)

Therefore, the cardiac pulsatility induces real-time changes on the brain pulsatil-
ity, resulting in changes in PI (Fig. 21.7) [4, 7, 9].

21.5.2  Cerebrovascular Factors

Except in extreme circumstances, during the primary or secondary injury, the brain 
will adjust intracranial hemodynamic parameters (Table 21.3) through intracranial 
compliance changes (Monro-Kellie Doctrine) [48].

Decrease PI Increase PI
Hypercapnia (high PaCO2) Hypocapnia (low PaCO2)

Hyperemia Raised  ICP
Vasospasm Hypothermia

Arteriovenous malformation Blood hyperviscosity
Anemia Decrease CPP
Fever Cerebral circulatory arrest

High cardiac output Aortic regurgitation
Rewarming following hypothermia Intracranial artery occlusion

Arterial hypertension Advanced age
Intracranial artery stenosis Hypovolemia

VA-ECMO (miss-interpretation) Bradycardia
Elevated right atrial pressure

Table 21.3 Conditions that can modify TCD/TCCS Gosling’s pulsatility index (PI)

V-A ECMO veno-arterial ECMO
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The brain pulsatility is the consequence of the interaction between these hemo-
dynamic parameters and intracranial impedance, which will vary during the clinical 
course of the brain injury (Fig. 21.8).

21.5.3  Cardiopulmonary Factors

Maintenance of normal ICP through treatments aimed at affecting the intracranial 
components which contribute to ICP is critical in patients with acute brain injury 
(parenchymal volume, CSF volume, and blood volume) [48]. This includes ensur-
ing appropriate venous outflow, CSF diversion, modification of the parenchymal 
volume by treatment of edema, and augmentation of the MAP, among others. These 
factors must be taken into consideration when interpreting a given patient’s PI 
(Fig. 21.9) [5, 49, 50].

21.5.4  Metabolism Factors

Brain oxygenation and metabolism is the confluence of cardiovascular (O2 delivery) 
and pulmonary systems (gas exchange – ventilation). In the clinical interpretation of 
the PI, we should consider the following variables: [51, 52] (Fig. 21.10).

Brain
Parenchymal Volume

Considerations

Brain
Compliance

CPP

PI

ICP

PI

Venous System Considerations

Arterial System Considerations

Cerebrospinal Fluid Considerations

CSF Volume Hydrocephalus
production - Drainage disequillibrium
Drainage by EVD

Arterial Inflow Preserved CA ←→Impaired CA
↑↓ABP
↑↓Cardiac Output
Hyperemic ←→ Hypoperfusion

Increased interstitial volume→ ↑ swelling / edema
treat with fluid restriction, avoiding free water administration,
and induction of hyperosmolar state with mannitol and
hypertonic saline

Venous Outflow ↓Venous drainage → ↑ Venous pressure → ↑ swelling /
edema
Treat by removal of thromoses or possibly internal jugular
central venous catheters

Fig. 21.8 Pulsatility index: influenced by cerebrovascular factors. CSF cerebrospinal fluid, EVD 
external ventricular drain, CPP cerebral perfusion pressure, ICP intracranial pressure, ABP arterial 
blood pressure, CA cerebral autoregulation, PI pulsatility index, ↓ low/decrease, ↑ high/increase, 
↓↑ maybe increase or decrease
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21.5.5  Vascular Factors

The focal or segmental stenoses of intracranial vessels, whether due to intracranial 
atherosclerosis, cerebral artery vasospasm, or vasculitis, influence ICP and cerebral 
perfusion. TCD/TCCS is a useful non-invasive tool in monitoring cerebral perfu-
sion over time via MFV and PI. Although there is a lack of data in this arena, moni-
toring of trends in MFV and PI as vascular factors are manipulated, such as induced 
hypertension, allows one to customize each patient’s treatments and hemodynamic 
parameters [53–57] (Fig. 21.11).

Oxygenation
O2 Delivery

Systemic
Inflammation

Hypercapnia

Hypocapnia

Ventilation
CVR CBFV

PI

Considerations

Considerations

ICP ← CPP → DO2
DO2 → CO → SpO2 → Hb
↑ICP → ↓CPP → ↓DO2 → Low PbtO2 (Hypoxia)

Mechanical ventilation strategies
High VT / PEER / RR
Preserved ← cerebral autoregulations → Impaired

Mechanical ventilation strategies
Low VT / PEER / RR
Preserved ← Cerebral autoregulations → Impaired

Cerebral perfusion pertubations
Cerebral autoregulations → Impaired
Low vasomotor reactivity

Fig. 21.10 Metabolic factors which influence PI. ICP intracranial pressure, CPP cerebral perfu-
sion pressure, CO cardiac output, DO2 delivery of oxygen, SpO2 peripheral capillary oxygen satu-
ration, Hb hemoglobin, PbtO2 brain tissue oxygen tensión, VT tidal volume, RR respiratory rate, 
CVR cerebrovascular resistance, CBFV cerebral blood flow velocity, PI pulsatility index, ↓ low/
decrease, ↑ high/increase

Pulmonary
Pulmonary
Hypertension

ARDS / Non-cardiogenic Pulmonary
Edema / COPD
Mechanical Ventilation Strategies
VT / PEEP / PP / RR / I:E
(Tends)↑ELWI ←→ ↑PVPI (Tends)
↓Pulmonary compliance

Pump Failure Left ventricular failure
Pulmonary hypertension
(Tends)↑ELWI ←→ ↑PVPI (Tends)
Right ventricular failure

Considerations

Cardiac Considerations

High right
ventricular
pressure

Low
cerebral
venous
outflow

PI

Fig. 21.9 Transcranial pulsatility index: influenced by cardiopulmonary factors. ARDS acute 
respiratory distress syndrome, COPD chronic obstructive pulmonary disease, VT tidal volume, PP 
prone position, RR respiratory rate, I:E inspiration: expiration relationship, EVLWI extra-vascular 
lung water index, PVPI pulmonary vascular permeability index, PI pulsatility index, ↓ low/
decrease, ↑ high/increase
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21.5.6  Other Factors

Other systemic factors that influence cerebrovascular hemodynamics can affect 
PI. These include fever, CNS infections, hypothermia, among others and are listed 
in the table below [58–60] (Figs. 21.12 and 21.13).

Vascular Considerations

CVR CBFV

PI

Vasospasm Alterations in cerebral vascular tone
SAH / TBI
↑CBFV (MFV) ⇒ ↓ PI ⇒ Predictor
RCVS
↑CBFV (MFV)

Vasculitis Inflammation of Wall vessels
Patchy ↑↓ CBFV

Fig. 21.11 The effect of vascular factors on PI. SAH subarachnoid hemorrhage, TBI traumatic 
brain injury, RCVS reversible cerebral vasoconstriction syndrome, CBFV cerebral blood flow 
velocity, MFV mean flow velocity, CVR cerebrovascular resistance, PI pulsatility index, ↓ low/
decrease, ↑ high/increase, ↓↑ maybe increase or decrease

Temperature

Blood viscosity

ECC

ICP

CBFV

PI

Fever / Re-warming
↑Metabolism ↑Blood-brain barrier permeability
brain edema?
Increase CBFV
↑ PI
Hypothermia
↑Metabolism
↑CBFV ⇒ ↓ PI

Anemia
↑Hematocrit ⇒ ↑ CBFV
↑↓ PI
Polycythemia
↑Hematocrit ⇒ ↓ CBFV
↑↓ PI

VA-ECMO (Without IABP)
Non-pulsating circulation
Miss interpretation of the spectral doppler waveform
Cerebral Autoregulation?
Low cardiac pulsatility ⇒ Low brain pulsatility
(Damping of the velocity waveform)
↓ PI
RRT
Changes in the Cerebral compliance (Brain Edema)
Hypotension situations (↓MAP)
↓MAP and/or ↑ICP ⇒ ↑PI
Cerabral Autoregulation?
↑↓ CBFV
↑Hematocrit (After RRT)
Ultrafiltration ⇒ ↓ CBF

Considerations

Considerations

Considerations

Fig. 21.12 Other systemic factors affecting PI. CBFV cerebral blood flow velocity, PI pulsatility 
index, IABP intra-aortic blood pump, RRT renal replacement therapy, MAP mean arterial pres-
sure, ICP intracranial pressure, CBF cerebral blood flow, ECC extracorporeal circulation, ↓ low/
decrease, ↑ high/increase, ↓↑ maybe increase or decrease
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21.6  Conclusion

Although invasive monitoring is the gold standard, non-invasive monitoring should 
be considered in certain clinical scenarios. TCD/TCCS, through Gosling’s pulsatil-
ity index, is a validated tool for estimating changes in ICP. TCD/TCCS can be used 
to give a rough estimate for ICP (correlated PI to ICP in clinical practice), but not as 
a surrogate for accurate invasive ICP monitors. The clinical correlation and interpre-
tation of the Gosling’s pulsatility index depends on several factors.

During TCD/TCCS monitoring, it is important to consider the spectral Doppler 
waveform. Cerebral perfusion is driven primarily by the diastolic component of the 
TCD/TCCS waveform. Therefore, we recommend that the PI should be interpreted 

Brain Pulsatility

Neurological Injury

TCG/TCCS

Consider Acoustic
Window

CBF

ICP

CEREBROVASCLUAR
FACTORS

Brain Parenchyma
[Brain volumen]

Venous Outflow / Arterial Inflow
[Cerebral blood volumen]

Cerebrospinal Fluid
[CSF volumen]

Brain Compliance

CVR

Brain O2 Hypoxia
Hypocapnia
Hypercapnia

PaO2

METABOLIC FACTORS

CEREBRAL AUTOREGULATION

INTERPRETATIONOTHER FACTORS

CARDIOVASCULAR
FACTORS

ABP= CO x SVR

CO= SV x HR

CPP= MAP - ICP

Systemic Inflammation

Euvolemia

Cerebral Factors
CO / SAP / DAP
ABP / CO / SVR

Bradycardia
Tachycardia

Cardiac Rhythm

ABP Cardiac Pulsatility
SAP / DAP / MAP

Pre-Load
Cardiac Contractility

Post-Load

CO

SVR

SV
HR

CPP
MAP
ICP

Anemia
Blood Hyperviscosity

Fever
Hypothermia / Re-warming

Extracorporeal circulation
Age / Ethnicity

KIP IN MIND
Clinical Context

Spectral Doppler Waveform analysis
Consider Tends of Values
Is a Complementary Tool

VASCULAR FACTOR

CARDIOPULMONARY
FACTORS

Atherosclerotic Disease
Vasculitis

Vasospasm
Cerebral vasoreactivity

Elevated Right Atrial Pressure

PULSATILITY
INDEX

Fig. 21.13 Schema of clinical considerations in the pulsatility index interpretation. Transcranial 
pulsatility index can be variable and affected by physiological as well as pathologic conditions. 
ABP arterial blood pressure, CO cardiac output, SV stroke volume, CPP cerebral perfusión pres-
sure, SVR systemic vascular resistance, HR heart rate, MAP mean arterial pressure, ICP intracra-
nial pressure, CVR cerebrovascular resistance, SAP systolic arterial pressure, DAP diastolic 
arterial pressure, CSF cerebrospinal fluid, CBF cerebral blood flow
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in conjunction with the spectral Doppler waveform morphology noting qualitative 
and quantitative changes.

Absolute ICP measurements based on TCD/TCCS have been estimated by various 
methods. However, none of these methods seem to be accurate enough to be used as 
a replacement for invasive ICP measurement and, at present, TCD/TCCS is reserved 
for assessing changes (ICP trends) of non-invasive ICP, rather than absolute ICP.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)
Bilateral Pupilar Reactivity?
Hemodynamic Stability?
Oxygenation?

DIAGNOSIS

Subarachnoid Hemorrhage (SAH) Status Epilepticus / NCSE
Acute Ischemic Stroke (AIS) CNS Infection

Acute Liver Failure (ALF) Post-Cardiac Arrest
Traumatic Brain Injury (TBI) Intracerebral Hemorrhage (ICH)

MULTIMODAL MONITORING (MMM)
Invasive Non-Invasive

PbtO2•

•
•

•

•

•
•

•

cEEG–QEEG
SjvO2 NIRS
ICP SSEPs
CMD TCD / TCCS

Brain-CT Scanand/or MRI

INVASIVE ICP MONITORING
[Contraindicated or Not Available]

NON-INVASIVE ICP ESTIMATION

MLS PULSATILITY INDEX (PI) ONSD PLR

a)   Increased ICP?
b)   Cerebral Compliance variations?
c)   Brain Pulsatility variations?

FACTORS TO CONSIDER CLINICAL INTERPRETATION
1.   Cardiovascular KEEP IN MIND
2.   Cerebrovascular Main Syndrome / Disease (Clinical Information)
3.   Cardiopulmonary Clinical Context (Clinical Evolution)
4.   Metabolism Spectral Doppler Waveform Analysis
5.   Vascular Consider Tends of Hemodynamic values
6.   Others Remember it is a Complementary Tool

Real-Time Therapeutic Decisions &
Follow-up

Transcranial Doppler (TCD)
Transcranial Color Coded duplex Sonography (TCCS)

 

SE status epilepticus, NCSE non-convulsive status epilepticus, CNS central nervous system, PRL 
pupillary light reflex, MLS middle-line shift, SSEPs somatosensory evoked potentials, ABCD air-
way, breathing, circulation, disability, SjvO2 jugular bulb venous oxygen saturation, PbtO2 brain 
tissue oxygen tensión, MRI magnetic resonance imaging, ←→ inter-related, CMD cerebral 
microdialysis
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Chapter 22
Transcranial Doppler in Subarachnoid 
Hemorrhage: Usefulness in the Diagnosis 
and Monitoring of Cerebral Vasospasm

Fabienne Perren

Key Points
 1. TCD/TCCS should be performed by experienced sonographers.
 2. TCD/TCCS is a very useful noninvasive bedside tool allowing detection and 

monitoring of vasospasm.
 3. TCD/TCCS can be used to detect the onset of asymptomatic vasospasm and fol-

low vasospasm progression.
 4. TCD/TCCS can be used to facilitate treatment and to prevent the onset of DCI.
 5. TCD/TCCS can be used to early select candidates for angioplasty.
 6. TCD/TCCS can detect the resolution of vasospasm.

22.1  Introduction

After aneurysmal subarachnoid hemorrhage (SAH), a major complication and a 
cause of poor outcome is the occurrence of vasospasm of the cerebral vessels (CVs). 
Indeed, CVs, which lead to a progressive arterial narrowing, can result in cerebral 
ischemia/infarction and delayed cerebral ischemia (DCI) significantly increasing 
disability and death [1–5].

Despite early treatment of ruptured cerebral aneurysms, postoperative vaso-
spasm with 2–20% of DCI remains a major complication [6, 7].

Cerebral vasospasm is seen in approximately 70% of SAH patients on digital 
subtraction angiography (DSA) that although invasive, is still considered as the gold 
standard for the diagnosis of CVS [8]. CT angiography (CTA) that tends to be more 
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widely used requires radiation exposure and contrast injection and thus cannot be 
used to monitor clinical changes. Moreover, it does not allow cerebral blood flow 
measurement [9, 10].

Transcranial Doppler (TCD) first developed in Switzerland by Aaslid et al. in the 
early 1980s to warn the development of CVs after SAH – and a decade later, using 
color-coded duplex sonography (TCCS) – has been proved to be a safe, noninvasive, 
bedside, dynamic monitoring technique widely used in neurosurgery to detect and 
follow CVs [11–13]. TCD has been approved by the American Heart Association/
American Stroke Association (AHA/ASA), American Academy of Neurology 
(AAN), and Neurocritical Care Society for daily noninvasive monitoring of mean 
flow velocity (MFV) of the basal cerebral arteries to detect the onset of CVs after 
SAH [14, 15]. Furthermore, TCD/TCCS can be applied as frequently as needed pre- 
and postoperatively and can guide the therapy of aneurysmal SAH [16]. Although 
the scope of this chapter is limited to present transcranial ultrasound methods (TCD, 
TCCS) for diagnosis and monitoring vasospasm assessment after SAH, the methods 
would be similar in cerebral vasospasm as a complication of head trauma [17].

22.2  Aneurysmal Subarachnoid Hemorrhage (aSAH)

Subarachnoid hemorrhage (SAH) may commonly occur after head trauma. SAH 
without preceding trauma occurs mainly in the setting of intracranial aneurysm rup-
ture. Other causes have been identified including arteriovenous malformation and 
vasculitis but it may also occur in the absence of vascular abnormality [18]. It refers 
to extravasation of blood into the subarachnoid space situated between the pia and 
arachnoid (Fig. 22.1). Symptoms include generally acute severe headache “thunder-
clap headache,” neck pain/stiffness, vomiting, decrease of consciousness, and 
sometimes seizures. Main complications of aneurysmal SAH include hydrocepha-
lus, re-bleeding, vasospasm, DCI, and seizures.

Although clinically recognized since Hippocrates and cerebral aneurysmal rup-
ture described by Bramwell in 1886, SAH symptoms were only fully described by 
Symonds in 1924, who also introduced the use of lumbar puncture and xantochro-
mia for its diagnosis [19–21]. A few years later, neurosurgical treatment of SAH 
was first introduced by Dott who also pioneered the use of angiograms [22]. In 
1938, Dandy used the first clips but it is only over 30 years later that in Switzerland, 
Krayenbühl, Yaşargil, et al. introduced microsurgical aneurysm therapy [23, 24].

The first medical treatment, the so-called “triple H therapy” for delayed cerebral 
ischemia due to vasospasm after SAH, was introduced in the 1980s, then followed 
by transluminal balloon angioplasty and finally by endovascular coil treatment by 
Guglielmi in 1991 [25–27].

The incidence of SAH has geographical variations. With 19–23 per 100’000, it 
has been reported to be especially high in Japan and Finland [28, 29]. Mean age at 
aneurysmal rupture is 55 years and there is a slightly higher incidence of aneurys-
mal SAH in women [30, 31].
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Several risk factors have been associated with an increased risk of aneurysm 
rupture including black race and Hispanics, hypertension, active smoking, alcohol 
abuse, use of sympathomimetic drugs, and larger (>7 mm) intracranial aneurysms 
[32–34].

Cerebral aneurysms are related to hemodynamic stress due to pulsatile flow and 
turbulences on the arterial walls at bends and bifurcations. Intracranial arteries lack 
an external lamina and have a very thin adventitia. This predisposes to the formation 
of saccular or berry aneurysms. However, acquired factors like atherosclerosis, 
hypertension, smoking, advancing age, and hemodynamic stress are thought to be 
associated with aneurysmal formation [35, 36]. Moreover, a number of diseases 
leading to arterial wall weakness such as fibromuscular dysplasia, polycystic kidney 
disease, aortic coarctation, cerebral AVM, aplastic or hypoplastic contralateral ves-
sel, SLE, Neurofibromatosis type I, moya-moya disease, pseudoxanthoma elasti-
cum, Marfan, Ehler-Danlos, and hereditary hemorrhagic telangiectasia syndromes 
are associated with higher incidence of berry aneurysms [35, 37]. It has been 
described that structural integrity damage of the arterial wall by shear stress causes 
an inflammatory response with the recruitment of T-, mast-cells, macrophages, and 
inflammatory mediators (IL-1β,-6,TNFα, MMP-1,-2,-9, complement system, and 

Fig. 22.1 Cerebral CT 
scan showing extensive 
SAH: There is 
subarachnoid hemorrhage 
located around the 
brainstem, in the 
supracellar cistern, and in 
the right lateral fissure. 
(Courtesy: Hov et al. [61])
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angiotensin II). Finally, it results in arterial wall fibrosis and abnormal collagen 
synthesis leading to arterial wall thinning, formation of aneurysm, and risk of rup-
ture [38].

22.3  Cerebral Vasospasm After aSAH

Subarachnoid hemorrhage, whether of aneurysmal origin or not, has been graded 
according to the following grading scales:

 1. The Hunt and Hess scale, created in 1968, is based on signs and symptoms.
 2. The Modified Fisher Scale, which describes the severity of SAH according to CT.
 3. The WFNS scale, developed in 1988 for patients suffering from SAH, is using 

the Glasgow coma scale (GCS) combined with the presence or absence of focal 
deficits to determine severity of injury and to predict patient outcomes [39–41] 
(Tables 22.1, 22.2, and 22.3).

Grade 0 Unruptured aneurysm
Grade I Asymptomatic or mild headache and slight nuchal rigidity
Grade Ia Fixed neurologic deficit without acute meningeal/brain reaction
Grade II Cranial nerve palsy, moderate to severe headache, nuchal rigidity
Grade III Mild focal deficit, lethargy, or confusion
Grade IV Stupor, moderate to severe hemiparesis, early decerebrate rigidity
Grade V Deep coma, decerebrate rigidity, moribund appearance

Table 22.1 Hunt and Hess grading scale

Grade 0 No SAH and No IVH

Grade 1 Focal or diffuse, thin SAH (<5 mm thick); No IVH

Grade 2 Focal or diffuse, thin SAH; bilateral IVH 

Grade 3 Focal or diffuse, thick SAH (>5 mm thick); No IVH

Grade 4 Focal or diffuse, thick SAH; bilateral IVH present

Table 22.2 Modified Fisher grading scale (CT scan findings)

Grade 1 GCS of 15 Motor deficit absent
Grade 2 GCS of 13–14 Motor deficit absent
Grade 3 GCS of 13–14 Motor deficit present
Grade 4 GCS of 7–13 Motor deficit absent/present
Grade 5 GCS of 3–6 Motor deficit absent/present

Table 22.3 WFNS grading scale
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The Hunt & Hess and the WFNS grading systems have been shown to correlate 
well with patient outcome, and in a recent study, the importance of neurological 
deficits in addition to level of consciousness has been shown for cut-off values – 
suggesting unfavorable outcome for Hunt & Hess and WFNS – of 4–5 and 3–5, 
respectively [2, 42]. The Fisher classification has been used successfully to predict 
one major complication of SAH that is symptomatic cerebral vasospasm [43]. Both 
Fisher Scale and Hunt & Hess Grade are related to the severity of aneurysmal SAH 
and correlate with the incidence of cerebral vasospasm (CVS) [39, 40].

Cerebral vasospasm (CVS) is a progressive but reversible cerebral arterial nar-
rowing and a major complication of aSAH that may significantly increase disability 
and mortality rates [44]. CVS may be clinically silent but it is a well-known com-
plication that can occur at any time within the 3–4  weeks  – generally within 
3–7 days – after aneurysmal SAH [45]. It is seen on angiography in as many as 70% 
of patients and involves large and medium-sized cerebral arteries [44, 46]. The over-
all incidence of cerebral angiographic vasospasm after aneurysm rupture has been 
estimated between 50% and 90% [45]. In the literature, its occurrence has been 
estimated as follows: moderate or more severe vasospasm in at least one cerebral 
artery will develop in two-thirds of patients with ruptured aneurysms, half of these 
patients will become symptomatic as a result of ischemia, and a cerebral infarct will 
develop in about half of these symptomatic patients [46].

22.4  Diagnosis of Cerebral Vasospasm and Role 
of Transcranial Ultrasound

Several imaging modalities are used to diagnose CVS after aSAH. Among the cur-
rent techniques, DSA and CT angiography are invasive, and they require contrast- 
dye injection, have radiation exposure, and do not allow dynamic monitoring of 
vasospasm [31]. This implies that they are not used to detect subclinical vasospasm 
prior onset of symptoms. They are frequently restricted to confirm vasospasm in 
patients who are already symptomatic. A less invasive but not dynamic imaging 
technique is magnetic resonance angiography (MRA) using time of flight (TOF) 
sequences. However, this technology is less available and less used in this setting.

Currently, the primary screening imaging technique for asymptomatic vasospasm 
is transcranial Doppler ultrasound [47, 48]. Besides its noninvasiveness, it has many 
advantages such as its ability to measure in real-time cerebral hemodynamic 
changes, its bedside availability that makes it ideal for monitoring, and its low cost.

Transcranial Doppler ultrasound has a high sensitivity, specificity, and positive 
and negative predictive value and can, unlike other imaging techniques, early detect 
and predict the development of symptomatic vasospasm with delayed cerebral isch-
emia [8, 49, 50]. Therefore, it has been approved and recommended by the American 
Heart Association/American Stroke Association-AHA/ASA (Class IIA/Level B evi-
dence) and by the American Academy of Neurology as a safe and effective modality 
for noninvasive daily monitoring of the development of vasospasm after aSAH [47].

22 Transcranial Doppler in Subarachnoid Hemorrhage: Usefulness in the Diagnosis…



382

22.5  Transcranial Ultrasound Assessment 
of Cerebral Vasospasm

Cerebral vasospasm typically affects the basal cerebral arteries of the circle of Willis 
(MCA, ACA, PCA, ACoA, ACoP) which run through the basal cisterns where blood 
accumulates after intracranial aneurysm rupture. Depending on the location of the 
aneurysm rupture, CVS may occur in the proximal or more distal segments of the 
basal cerebral arteries in which latter case it can be missed. CVS may affect one or 
several intracranial arteries and is characterized by a segmental acceleration of the 
CBFV fluctuating over time and responding to therapy. This is why a baseline mea-
surement of the velocities should always be performed.

Since Aaslid et al. developed TCD and demonstrated its ability to noninvasively 
detect flow-velocity acceleration due to narrowing in the cerebral arterial segments 
affected by CVS, transcranial ultrasound imaging has been used to monitor it after 
aSAH [11, 12]. However, frequent factors (Table 22.4) may influence cerebral blood 
flow velocities (CBFV) and should, therefore, be considered.
↓ increase, ↓ decrease

While there is no clear consensus for threshold velocity values of all the intracra-
nial vessels, above which CVS should be considered, we propose to use cut-off 
mean flow velocities (MFV): (Table 22.5) and to combine these to additional crite-
ria [51–53]. Indeed, in case of hyperemia, CBFV will also increase and therefore in 
order to diagnose CVS, correction using following indices have been introduced:

Factors CBFV

Increasing age (>60 years)

Increased intracranial pressure (ICP)

Decreased hematocrit

Cerebral hyperperfusion 

Hypercapnia/hypoventilation

Hypocapnia/hyperventilation

Hypertension

↑

↑

↑

↑

↓

↓

↓

Table 22.4 Examples of 
factors influencing cerebral 
blood flow velocities 
measured by transcranial 
ultrasound

Moderate CVS Severe CVS

Anterior circulation: MCA 
(ACA, ICA) ≥120 cm/s (≥3 KHz) ≥160 cm/s (≥4 KHz)

Posterior circulation: BA, VA, 
PCA ≥80 cm/s (≥2 KHz) ≥120 cm/s (≥3 KHz)

Table 22.5 Vasospasm: cut-off mean flow velocities

MCA middle cerebral artery, ACA anterior cerebral artery, ICA internal carotid artery, BA 
basilar artery, VA vertebral artery, PCA posterior cerebral artery, CVS cerebral vasospasm
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 1. The Lindegaard ratio: ratio between MCA and ICA mean flow velocities: 
(Eq. (22.1))

 
LR MFV cm s MFV cm sMCA ICA= ( ) ∗( )/ / /

 
(22.1)

 
∗( )Mean submandibular ICA

 

 
LR hyperemia LR CVS LR severeCVS2 3 6: ; : ;‡

 

 2. The Soustiel ratio: ratio between BA and VA mean flow velocities: (Eq. (22.2))

 
SR MFV cm s MFV cm sBA VA= ( ) ∗( )/ / /

 
(22.2)

 
∗( )Mean of both VA segments3

 

 SR CVS SR severeCVS> >2 3: ; :  

 3. The Sloan ratio: ratio between ACA and ICA mean flow velocities: (Eq. (22.3))

 
SloanR MFV cm s MFV cm sACA ICA= ( ) ∗( )/ / /

 
(22.3)

 
∗( )Mean submandibular ICA

 

 SloanR CVS> 4 :  

As maximal acceleration of CBFV often occurs after neurological deficits, a 
close monitoring with transcranial ultrasound, allowing a comprehensive hemody-
namic view, is mandatory. Indeed, according to our experience and as shown in a 
few studies, CVS risk prone to clinical symptoms may be identified by the time 
course of the CBFV in the MCA:

 4. MFV increase >50 cm/s per day.
 5. MFV increase ≥50% per day within the 1st week after SAH onset.

Moreover, it has been also described that an asymmetry between mean MCA 
CBFV with a ratio ipsi- vs contralateral side >1.5 may help to identify CVS “at 
risk” of delayed cerebral ischemia (DCI) [50]. And a few studies have shown 
that early impairment of cerebral autoregulation is associated with delayed cere-
bral ischemia and unfavorable outcome after SAH [54–59].

Finally, a vasospasm probability index for the MCA, taking into account Fisher 
and Hunt and Hess grades, Lindegaard ratio, and spasm index (TCD velocities/
Xe-CT hemispheric CBF), has been also proposed to improve the detection of CVS 
at risk of DCI [60].
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22.5.1  TCD/TCCS: Examination Protocol

Since the introduction of noninvasive low-frequency (~2 MHz) transcranial Doppler 
(TCD) measuring “blindly” cerebral blood flow velocities, technical advances in 
ultrasound imaging resolution and color-coding of blood flow (transcranial color- 
coded duplex Sonography (TCCS) have allowed to additionally visualize brain 
parenchyma (B-mode) (Fig. 22.2) and the main basal cerebral arteries (color-coded 
mode) (Fig. 22.3). Both techniques can be used to detect and monitor CVS after 
aSAH. Several “acoustic bone windows,” where ultrasound waves can be transmit-
ted through thinner skull bone regions or foramina, are used for the insonation of the 
cerebral arteries: the temporal (TW), orbital (OW), suboccipital/transforaminal 
(OTW), and submandibular (MW) bone windows (Fig. 22.4a, b) [50]. In case of 
insufficient ultrasound penetration, TCCS has the advantage over TCD to allow 
cerebral vessel examination after the injection of an echocontrast agent. TCD, 
depending on the length of the examination, consists of a 2 MHz ultrasound probe 
that can be fixed in a headset (making bilateral monitoring possible) or applied 
manually in the region of acoustic windows.

Fig. 22.2 Standard transtemporal axial examination plane using TCCS (B-mode) showing the 
mesencephalon (dotted line)
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22.5.1.1  Transtemporal Window

It allows blood flow velocity, flow direction measurement, and visualization (TCCS) 
(Fig. 22.3) of the distal internal carotid artery (TICA), carotid siphon, the middle 
cerebral (MCA, M1-2), anterior cerebral (ACA, A1-2), posterior cerebral arteries 
(PCA, P1-2), and communicating arteries (ACoA, ACoP).

22.5.1.2  Orbital Window

It allows blood flow velocity, flow direction measurement, and visualization 
(TCCS): the ophthalmic (OA) and internal carotid (ICA) siphon.

Fig. 22.3 TCCS through the right temporal acoustic bone window showing color-coded duplex 
imaging of the ipsilateral: middle cerebral artery (MCAr), anterior cerebral artery (ACAr) and 
posterior cerebral artery (PCAr)

22 Transcranial Doppler in Subarachnoid Hemorrhage: Usefulness in the Diagnosis…



386

OW

TW

OW

TW

MW

OTW

a

b

Fig. 22.4 (a) Human 
skull, front view, showing 
(in black): orbital (OW) 
and temporal (TW) 
acoustic bone windows. 
(b) Human skull, lateral 
view, showing (in black): 
orbital (OW), temporal 
(TW), sub-mandibular 
(MW), and sub-occipital/
transforaminal (OTW) 
acoustic bone windows
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22.5.1.3  Suboccipital/Transforaminal Window

It allows blood flow velocity, flow direction measurement, and visualization (TCCS) 
(Fig. 22.5): the distal vertebral arteries (VA, V4), basilar artery (BA).

22.5.1.4  Submandibular Window

The submandibular part of the ICA as it enters the skull.
In order to ensure better quality and reproducibility of ultrasound examination by 

a certified sonographer, a standardized scanning protocol, including patient and 
transducer positioning and orientation, depth selection, vessel and flow direction 
identification, blood flow velocity measurement, is mandatory. Transcranial ultra-
sound monitoring should always include a baseline examination in patients suffer-
ing from acute aSAH. Furthermore, in order to detect and to follow CVS, insonation 

Fig. 22.5 TCCS through the sub-occipital/transforaminal acoustic bone window showing color- 
coded duplex imaging of the “Y-shaped” vertebral (VA) and basilar arteries (BA)
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of the basal cerebral arteries should be daily performed during a period of time of at 
least 15–20 days after aSAH. However, the duration of the monitoring period should 
be adapted individually, according to the occurrence and to the course and sever-
ity of CVS.

As transcranial ultrasound (TCD, TCCS) blood flow velocities are up to a certain 
degree of narrowing, inversely related to arterial diameter, cut-off values of the 
mean flow have been established to diagnose and to measure the degree of CVS in 
the basal cerebral arteries. It should be known that CBFV gained with TCCS may 
be lower than those gained with TCD.

Transcranial ultrasound examinations, either TCD or TCCS, should be per-
formed – using a 2 MHz pulsed Doppler or a 1–5 MHz sectorial transducer – with 
the patients in a supine position. In order to allow a comparison with TCD, if both 
exams are performed, angle correction should not be performed in TCCS exams. 
Spectral or color Doppler is used to locate the basal arteries through the dedicated 
acoustic bone windows. Doppler settings and color gain have to be adjusted for each 
vessel and CBFV should be measured along the vessel at very close intervals (2 mm 
to max. 5 mm) in both – right and left – sides of the cerebral vasculature. To calcu-
late the Lindegaard and Sloan ratios, mean CBFV of the distal ICAs is measured via 
a submandibular approach without angle correction. Regarding the Soustiel index, 
mean CBFV of both VA3 segments without angle correction should be used.

22.5.2  Transtemporal Ultrasound Examination (TCD/TCCS): 
(Figs. 22.3 and 22.6)

The patient is lying in a supine position with the head turned laterally

• The MCA, which flow is normally directed toward the transducer, should be per-
formed as much distal/superficial, beyond the bi-/trifurcation (M2 segment), as 
possible down to the ACA (A1 segment) bifurcation.

• The ACA, which flow is normally directed away from the transducer, should be 
examined from its proximal part (from the bifurcation, A1 segment) to distal, as 
far as possible (A2 segment).

• The PCA is found anteriorly to the mesencephalon (Fig. 22.2). It has two seg-
ments (P1 and P2) that are defined, by sonographers, according the direction of 
the flow: P1 toward the transducer and P2: away from the transducer. Therefore, 
one has to be aware that they do not correspond to the anatomical definition (P1: 
precommunicating, P2: postcommunicating segments).
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22.5.3  Sub-Occipital/Transforaminal Ultrasound Examination 
(TCD/TCCS): (Figs. 22.5 and 22.6).

The patient is lying in a lateral position, the neck is flexed forward in order that the 
chin is touching the chest

• The VAs and the BA are easily found as they form a Y-shape on TCCS examina-
tion (Fig. 22.5). They should be examined (probe placed over the upper neck at 
the skull base and angled toward the nose) at 2–5 mm intervals up to the most 
distal end of the BA. Their flow is directed away from the probe.

A2 A2

A1A1

ACoA

MCA

P
C

oA
P

C
oA

tICAtICA

BA

VAVA

PCA

SIPSIP
A

C
A

OA

OA

M2

M2

M1

M1

P2P2

PA

40 mm
65 mm

~60 mm

75 mm

70 mm

100 mm

60 mm

60 mm
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40 mm
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Fig. 22.6 Schematic drawing of the Circle of Willis showing flow directions and insonation 
depths of several segments of the basal arteries. SIP carotid siphon, tICA terminal ICA, OA oph-
thalmic artery, ACA anterior cerebral artery, ACoA anterior communicating artery, MCA middle 
cerebral artery, PCA posterior cerebral artery, PcoA posterior communicating artery, BA basilar 
artery, VA vertebral pathway
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22.6  Monitoring of Cerebral Vasospasm

An examination guide of the main cerebral arterial segments showing flow direc-
tion and depth of insonation is presented below (Fig.  22.6). Regarding cerebral 
blood flow velocities, under normal conditions, it is important to remind the “hier-
archy” of the MFV: MCA > ACA > Carotid Siphon > PCA > BA > VA. It is also 
useful to remember that anatomic variations are common (a fully developed sym-
metric Circle of Willis is present in only 20% of the patients); therefore, the fact 
that an arterial segment is not found does not automatically mean that there is an 
occlusion.

A comprehensive examination of all the segments of the major basal arteries 
with a report of the MFV, flow direction (including any unusual waveform), pulsa-
tility indices, ratios of CVS (Lindegaard, Soustiel, Sloan) is mandatory. It is impor-
tant to search in every arterial segment the highest CBFV. In case of missing arterial 
segments, a double check should be performed.

Ultrasound monitoring of cerebral vasospasm after SAH should start with a 
comprehensive baseline examination, including the extracranial vessels, in order 
to follow any sign of increased CBFV.  A very simple transcranial ultrasound 
protocol that may be used as a guideline in the monitoring of CVS is pre-
sented below.

22.7  Conclusion

Cerebral vasospasm may occur after subarachnoidal hemorrhage due to ruptured 
intracranial aneurysm. CVS is a feared complication that if not diagnosed and 
untreated can lead to delayed neurological deficit and sustained disability. 
Therefore, beside careful neurological examination, DSA, CT-, and 
MR-angiography, a noninvasive repeatable bedside diagnostic tool, such as 
Transcranial Ultrasound (TCD,TCCS), is important. Comprehensive ultrasound 
examination and monitoring of the blood flow velocities and vasospasm cut-off 
indices in the basal cerebral arteries should be performed by experienced sonogra-
phers using a strict protocol.
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Level of consciousness (GCS)
Headache? 
Bilateral Pupillary reactivity ?
Hemodynamic stability?
Oxygenation?
Other Symptoms?

Non-contrast Brain CT Scan 
Hunt-Hess Grading Scale

Modified Fisher Grading Scale
WFNS Grading Scale

SUBARACHNOID HEMORRHAGE (SAH)

Multimodal Monitoring (MMM)
Transcranial Doppler (TCD)

Transcranial Color-Coded duplex Sonography (TCCS)

Baseline TCD/TCCS
(Day 0)

Cerebral Vasospasm
(CVS)YES NO

RE-ASSESS RE-ASSESS
Every 24 Hrs. Every 48 Hrs.

BUT IF
Anterior Circulation Anterior Circulation

Lindegaard ratio < 3 Lindegaard ratio< 3
Re-Assess every 48 Hrs. Re-Assess every 48 Hrs.

Lindegaard ratio > 3 Lindegaard ratio > 3
Re-Assess every 24 Hrs.(1) Re-Assess every 24 Hrs.(1)

Until 48 Hrs CVs Free or
≈ Day 15Sloan ratio < 4 Sloan ratio < 4

Re-Assess every 48 Hrs. Re-Assess every 48 Hrs.
Sloan ratio > 4 Sloan ratio > 4

Re-Assess every 24 Hrs.(1) Re-Assess every 24 Hrs.(1)
Posterior Circulation Posterior Circulation
Soustiel ratio > 2 Soustiel ratio > 2

Re-Assess every 24 Hrs. (1) Consider: Comprehensive Neurological
Examination and Neuroimaging (either

CTA / MRA / DSA

Re-Assess every 24 Hrs.
Soustiel ratio > 3 Soustiel ratio > 3

Re-Assess every 24 Hrs.(1) Re-Assess every 24 Hrs.(1)

 

ABCD Airway-breathing-circulation-disability, CTA CT Angiography, MRA MRI Angiography, 
DSA digital subtraction angiography
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Key Points
 1. Transcranial Doppler (TCD) employs non-invasive ultrasound technology for 

the assessment of cerebral blood flow velocity (CBFV).
 2. CBFV measurement via TCD can occur in both the anterior and posterior cere-

bral circulation.
 3. TCD can be employed to monitor for the development of cerebral vasospasm 

through the measuring middle cerebral artery (MCA) CBFV and assessing the 
Lindegaard ratio.

 4. Through signal processing techniques, either offline or in real-time, TCD can 
provide continuous measures of cerebral autoregulatory capacity.

 5. Non-invasive intra-cranial pressure (ICP) measurement techniques using TCD 
are currently being developed.

 6. Newer robotic TCD technology will allow for longer duration continuous CBFV 
recording.
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23.1  Introduction

Aneurysmal subarachnoid hemorrhage (SAH) carries significant upfront risk of 
mortality, ranging up to 20–30% mortality prior to reaching specialist hospital care 
[1]. For those fortunate enough to reach specialized care after onset of SAH, the risk 
of complications during the acute and subacute phases of illness remains high [1, 2]. 
Such complications include, but are not limited to: aneurysm re-rupture prior to 
microsurgical or endovascular therapy, seizures, neurogenic pulmonary edema, sub-
endocardial ischemia, electrolyte disturbances, hydrocephalus, and the develop-
ment of DCI [3]. The mentioned complication profile of SAH argues in favor of 
specialized care within experienced dedicated neuro-ICUs (NICUs) [4].

DCI, also referred to as symptomatic cerebral vasospasm, is one of the major 
contributors to mortality in the short-term post-SAH and long-term morbidity [3, 4]. 
The underlying premise behind DCI hinges on the concept of increased cerebrovas-
cular tone, reduction in cerebral blood flow (CBF), and subsequent ischemia and/or 
infarction. However, exact pathophysiologic mechanisms leading to the develop-
ment of increase cerebrovascular tone are unclear [5]. Current theories focus on the 
role of hemoglobin and its byproducts within the subarachnoid space leading to an 
inflammatory cascade that results in increased vascular tone and subsequent reduc-
tion in cerebral blood flow [5, 6].

The reduction in CBF post-SAH can occur both regionally and globally [7]. 
Furthermore, a reduction in cerebral vessel caliber can occur in the absence of clini-
cal symptomatology, referred to as radiographic vasospasm. Our current under-
standing from epidemiologic studies in SAH patients indicates a risk of 
approximately 20% for developing symptomatic DCI secondary to cerebral vaso-
spasm [3, 4, 6]. The risk of developing radiographic cerebral vasospasm (i.e., non- 
symptomatic spasm) has been quoted to occur in up to 60% of SAH patients [3, 4, 
6]. Increased risk of radiographic vasospasm and DCI appears to be linked to: 
females, young age, smokers, hypertensive patients, high modified Fisher computed 
tomography (CT) grade, and severe Hunt and Hess (H + H) or World Federation of 
Neurological Surgeons (WFNS) clinical grade SAH. Despite these associations, it 
still proves difficult to predict those who will develop DCI [8].

The differing rates of DCI and radiographic vasospasm post-SAH highlight the 
discrepancy between radiographic abnormalities and the development of symptom-
atic disease. In an ideal world, we would be able to accurately predict those who 
will develop DCI, devoting our attention to the prevention of cerebral vasospasm in 
these cases and mitigating the risk of ischemia and its downstream consequences. 
However, our current understanding limits us to the early detection of cerebral vaso-
spasm, employing various intermittent and continuous monitoring techniques. 
These techniques include: transcranial Doppler (TCD), continuous electroencepha-
logram (cEEG), transcutaneous near infrared spectroscopy (NIRS), invasive assess-
ment of parenchymal CBF and metabolism, and intermittent neuro-imaging such as 
computed tomographic angiography/perfusion and Xenon enhanced CT [4, 5].
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With the push to employ non-invasive technology within the NICU, given risk 
reduction to the patient and wider accessibility to non-surgeon treating physicians, 
TCD has been readily employed within the SAH population as a means of monitor-
ing for the development of symptomatic and asymptomatic cerebral vasospasm. It 
has even received support for its application in SAH patients from the Neurocritical 
Care Society [9]. This chapter will focus on the application of TCD monitoring for 
cerebral vasospasm in SAH, highlighting: technique, indices of vasospasm, auto-
regulation monitoring, intra-cranial pressure (ICP) monitoring, and newer/emerg-
ing TCD technologies.

23.2  TCD Assessment of Cerebral Vascular Territories

TCD employs the use of ultrasound technology for the assessment CBFV within a 
vascular territory of interest. This typically involves the use of a Doppler transducer 
with an emission frequency of 2.0–3.5 MHz to assess, or “insonate,” a vessel of 
interest [10–12]. Various areas of the skull, referred to as “windows,” have been 
described for optimal assessment of various cerebral blood vessels, all at different 
depths of ultrasound insonation. These areas are where the skull is the thinnest or 
deficient, allowing for a clear and direct path for insonation of the cerebral vessel. 
Table 23.1 describes the main windows for TCD, the vessel territory assessed, depth 

Table 23.1 TCD acoustic windows

Window name Cranial location
Vessels assessed 
(insonation depth) Limitations

Transorbital Over closed eyelid, 
direct toward carotid 
canal

Carotid siphon 
(depth 55–50 mm)
Ophthalmic artery 
(depth 40–50 mm)

Beam power must be kept 
<10% to avoid subluxation of 
lens
Difficult to obtain for long 
durations

Transtemporal Some literature 
discusses an anterior, 
middle, and posterior 
sub-window
Located above root of 
zygoma over squamous 
temporal bone

ICA bifurcation 
(depth ~65 mm)
MCA (depth 
35–55 mm)
ACA (depth 
60–70 mm – with 
flow away from the 
probe)a

PCA (1–2 cm 
posterior to ICA 
bifurcation, depth 
60–70 mm)

Most commonly utilized 
window for TCD assessment
Not all patients have symmetric 
windows
Not all patients have adequate 
window
Long duration recording 
difficult for ACA and PCA

(continued)

23 Subarachnoid Hemorrhage (SAH) in the Neuro-ICU: Usefulness of Transcranial…



398

of insonation, and some of the region-specific limitations. It should be noted that not 
all patients have perfect cerebral vasculature, and not all patients have good win-
dows for insonation at every vascular territory. Figure 23.1 displays the position of 
the window and ultrasound probe placement for the common windows of interest in 
TCD assessment.

The overarching premise is that the Doppler probe assesses the Doppler fre-
quency shift in ultrasound signal that occurs in response to cerebral blood flow. This 
Doppler frequency shift is then utilized to calculate CBFV and other TCD indices. 
In order to obtain the purest measure via TCD, ideally one would have the ultra-
sound probe in perfect line with the direction of CBF (i.e., 0-degree angle of 
insonation). For sake of practicality, an insonation angle of 30 degrees or less is 
considered acceptable for accurate measurements [10].

Though each window and territory of interest has different positioning, the gen-
eral technique for TCD is as follows: first, identify the vascular territory of interest 
and the desired window for insonation. Second, apply ultrasound gel to the skin 
overlaying the window. Third, using a 2.0–3.5  MHz Doppler probe, attempt to 
insonate the vessel of interest through the window. Fourth, using the pulse wave-
form CBFV window on the ultrasound machine, assess the shape of the CBFV 
waveform, it should have the classic pulsatile shape as seen in Fig. 23.2a. Fifth, 

Window name Cranial location
Vessels assessed 
(insonation depth) Limitations

Suboccipital Flexed neck, probe 
directed through 
foramen magnum 
toward clivus and 
posterior clinoid 
processes

Distal vertebral 
arteries (depth 
80–115 mm just 
lateral of midline)a

Basilar artery (depth 
60–100 mm at 
midline)a

Difficult to obtain longer 
duration recordings
Uncomfortable for patient to 
remain in this position for 
extended periods

Submandibular At angle of jaw Distal cervical ICA 
(depth 40–60 mm)

Limited to extracranial ICA 
only
Requires operator to hold probe 
in direction of vessel for 
duration of recording (i.e., rigid 
probe holders not readily 
available)

ACA anterior cerebral artery, cm centimeters, mm millimeters, MCA middle cerebral artery, PCA 
posterior cerebral artery
Note: “a” denotes that these vascular territories will have flow directed away from the probe during 
insonation, where all other vessels mentioned above typically have flow toward the probe
Purkayastha et al. [12]

Table 23.1 (continued)
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a

b

2

1

4

3

2

1

3

Fig. 23.1 TCD windows TCD transcranial Doppler. (Panel a): Sagittal view depicting various 
TCD windows. #1 = submandibular window, #2 = transorbital, #3 = transtemporal, #4 = suboccipi-
tal. (Panel b): Axial view depictive circle of Willis and various TCD windows. #1 = transorbital, 
#2 = transtemporal, #3 = subocciptial. (Illustrations by Jon Stepaniuk)
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once an adequate CBFV waveform is obtained, use the M-mode (Power Motion 
Doppler mode) window to assess the signal flow intensity over various depths in the 
direction of insonation. This allows for the selection of the appropriate depth of 
insonation, depending on the vascular territory of interest [13]. The M-mode display 
can be seen in Fig. 23.2b. Finally, once adequate CBFV waveform and depth of 

a

b

Fig. 23.2 CBFV waveform and M-Mode via TCD of the MCA. CBFV cerebral blood flow veloc-
ity, MCA middle cerebral artery, TCD transcranial Doppler. Panel (a): Unilateral insonation of the 
right MCA. Panel (b): Bilateral simultaneous insonation of the MCA, with the white circle high-
lighting the M-mode display
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insonation are obtained, one should obtain at least 30 s of stable recording prior to 
obtaining measurements for clinical purposes.

In order to obtain longer duration recordings, various companies have developed 
frames or headbands, allowing for hands-free insonation. These are typically 
designed for TCD of the middle cerebral artery (MCA) only. These devices still suf-
fer from shifting and signal loss from patient movement and are thus not perfect, 
requiring intermittent attention at the bedside for long recordings. Newer technol-
ogy has been developed to potentially solve this issue and will be briefly covered in 
the “Future Directions” section of this chapter.

23.3  TCD for Assessment of Cerebral Vasospasm

23.3.1  Premise

Increase in cerebral vascular tone leads to the reduction in vessel caliber. This 
reduction in luminal diameter leads to an increase in CBFV. Thus, in the setting of 
cerebral vasospasm post-SAH, TCD can be utilized to follow the trend in CBFV 
over time. As vessel spasm worsens, CBFV subsequently increases. Though the 
values that indicate cerebral vasospasm are unclear, an increase by 30 cm/s or more 
in CBFV in a particular territory likely indicates vasospasm.

23.3.2  Literature in SAH

Given that the MCA is the most accessible artery for TCD and that it feeds a major 
hemispheric territory, the majority of the literature on TCD for SAH focuses on 
insonation of the MCA via a trans-temporal window. Within the MCA territory, 
values indicative of cerebral vasospasm are as follows. CBFV below 100 cm/s is 
unlikely to be associated with spasm, whereas those between 120 and 200  cm/s 
indicate potential vasospasm. Finally, CBFV above 200 cm/s are thought to clearly 
indicate the presence of vasospasm [9]. One other metric of MCA TCD in SAH is 
called the Lindegaard ratio. This is the ratio between the mean flow velocity of 
MCA (MFVMCA) and extra-cranial internal cerebral artery (ICA) MFVICA (obtained 
through the insonation of the ICA in the neck). This ratio is also trended over time 
as a method of monitoring for cerebral vasospasm. A ratio less than 3 indicates, in 
the absence of increased MCA CBFV, no vasospasm. A ratio less than 3 with 
increased MCA CBFV potentially signals hyperemia. A ratio between 3 and 6 indi-
cates mild to moderate vasospasm. Finally, a ratio greater than 6 indicates severe 
cerebral vasospasm [1, 9, 14].

 
Lindegaard Ratio LR MFV MFVMCA ICA( ) = /
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Numerous studies have been published linking the above MCA CBFV values 
and Lindegaard ratio values to the risk of developing DCI.  A recent systematic 
review and meta-analysis have also been published in this context [14]. This review 
found 17 unique manuscripts documenting objective TCD measures of CBFV and 
the development of symptomatic cerebral vasospasm, or DCI, post-SAH. TCD evi-
dence of vasospasm was defined as MFVMCA of 120 cm/s or greater and a Lindegaard 
ratio of 3 or greater. Overall, TCD-based assessment of the MCA in SAH patients 
carried a 90% sensitivity (95% CI: 77–96) and 71% specificity (95% CI: 51–84) to 
predict symptomatic cerebral vasospasm/DCI.  However, this did not address the 
association between TCD-based vasospasm and presence of angiographic con-
firmed spasm. Despite this oversight, the Neurocritical Care Society supports these 
metrics, if one desires to employ TCD in for monitoring cerebral vasospasm in 
SAH [9].

An algorithmic approach to standard TCD CBFV monitoring of the MCA in 
aneurysmal SAH patients can be found at the end of this chapter, prior to the refer-
ence section (section 8.0). This provides a schematic for the approach to various 
TCD-based CBFV recording values and Lindegaard ratio values, highlighting what 
these values indicate and the potential risk for underlying cerebral vasospasm in the 
SAH patient.

23.3.3  Limitations

There are clear limitations of this technique for monitoring DCI in SAH patients. 
First, the reference ranges for MCA CBFV and the Lindegaard ratio are vague and 
not entirely precise. Literature supports the potential for the presence of radio-
graphic spasm in the absence of TCD abnormalities, thus highlighting its limita-
tions. Second, the majority of the existing literature evaluates monitoring of the 
MCA territory in SAH patients, and the reference ranges and quantitative ratio 
measures described for the MCA are not readily described for other vascular ter-
ritories. Both the anterior cerebral arteries (ACA) and posterior circulation are 
difficult to insonate, not always being feasible for every patient. This does not 
minimize the importance of being able to monitor them. Finally, the technique for 
TCD is labor intensive and tedious, even with newer probe holding devices. Signal 
is easily lost and sometimes difficult to re-obtain. Accurate measures require 
trained staff. This all limits the duration of recording that is obtainable with current 
commonly employed technology, leading to intermittent assessments of regional 
cerebral vascular accessible through available patient TCD windows. Thus, longer 
duration continuous recordings (i.e., over 30  min) are the exception, not the 
expectation.
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23.4  TCD for Semi-Intermittent Assessment of Cerebral 
Autoregulation in SAH

23.4.1  Technical Requirements

Various techniques for cerebral autoregulation testing have been developed and are 
described across the spectrum of neuro-pathologic conditions [11, 15–17]. A few 
utilize TCD as a means of cranial monitoring. Most techniques employing TCD 
refer to purely intermittent methods, either via thigh-cuff deflation technique, tran-
sient hyperemic response, or orthostatic response testing [11, 15, 18]. All of these 
intermittent techniques obtain spot measures of autoregulatory capacity either 
through assessing direct changes in MCA CBFV or through the application of more 
complex first order differential equation modeling. These will not be cover in more 
detail here, given they are intermittent and require direct manipulation of the 
patient’s physiology.

Continuously updating measures of cerebral autoregulation are possible using 
TCD, though we refer to them as “semi-intermittent” given the labor intensity of 
TCD signal acquisition. These require either offline or real-time complex CBFV 
signal processing. With the advent of commercially available signal acquisition/
processing software, this signal manipulation is available for real-time application 
within the NICU [19, 20]. The most widely described program for such application 
in neurocritically ill patients is the software called intensive care monitoring plus 
(ICM+) (Cambridge Enterprise Ltd., Cambridge, UK, http://www.neurosurg.cam.
ac.uk/icmplus). This software, like others, records physiologic signals from various 
multi-modal monitoring devices employed within the NICU (including TCD), link-
ing the high frequency digital signals (typically sampled at 100–200 Hz) in time- 
series, for further complex analysis techniques.

To assess cerebral autoregulatory capacity, we require assessing the relationship 
between a surrogate measure of pulsatile cerebral blood volume (CBV) or CBF 
(i.e., CBFV) and a driving pressure, either mean arterial pressure (MAP) or cerebral 
perfusion pressure (CPP). This is done through assessing the response in slow waves 
(i.e., frequency range 0.05–0.005 Hz) of TCD CBFV to slow wave fluctuations in 
MAP or CPP [21, 22].

In order to obtain this information, high frequency (i.e., 100–200  Hz) digital 
signals from TCD MCA CBFV and MAP (from arterial line) or CPP (from ICP and 
MAP monitoring) are recorded. A non-overlapping moving average filter is applied 
to these high frequency signals, to decimate the signal to 0.1  Hz, allowing for 
assessment of slow wave responses. This frequency range has been linked to cere-
bral autoregulatory capacity [21]. Then, using time-domain analysis techniques, we 
derive continuously updating moving Pearson correlation coefficients between 
mean CBFV (also denoted MFV) and either MAP or CPP, using 30 consecutive 10 s 
windows of data (i.e., 5 min of data), typically updated every minute. The most 
commonly described TCD index of cerebral autoregulation is called mean flow 
index (Mx – correlation between MFV and CPP), with its MAP version denoted 
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Mx-a (correlation between MFV and MAP) [16, 22]. For all of the described con-
tinuous indices of cerebral autoregulation, positive values typically denote 
“impaired” autoregulation, while negative values are believed to denote “intact” 
autoregulation. Table  23.2 displays the various TCD-derived indices of cerebral 
autoregulation and method of derivation.

Note that in the absence of either an external ventricular drain or parenchymal 
ICP monitor, CPP cannot be utilized in the derivation of these indices. However, the 
MAP versions can be derived through either continuous blood pressure obtained 
invasively through an arterial line or non-invasively through finger-tip-based blood 
pressure cuff technology (Finapres Medical Systems, Netherlands, http://www.fina-
pres.com). This non-invasive version of MAP monitoring allows for a completely 
non-invasive means of cerebral autoregulation assessment through applying TCD 
assessment of CBFV.

23.4.2  Literature in SAH

Though the current literature body on TCD-based cerebral autoregulation monitor-
ing in SAH patients is limited, the results to date are promising [17, 23, 24]. One 
small study found a link between progressive worsening in TCD base Mx index and 
the incidence of large vessel vasospasm (p  =  0.007) [25]. Another study of 98 
patients found increased odds of developing DCI post-SAH when early (i.e., within 
first 5 days) impaired autoregulation was found, when using TCD-based systolic 
flow index based on MAP (Sx-a) (OR 7.46; 95% CI: 3.03–18.40, p < 0.000001). 
This was confirmed in multi-variate analysis (OR 12.66; 95%CI: 2.87–54.07, 
p = 0.001), including age, sex, WFNS grade, modified Fisher CT score, present of 

Table 23.2 TCD-based autoregulation/cerebrovascular reactivity indices and calculation methods

Index
Signals 
correlated

Signal 
averaging (sec)

Pearson correlation 
coefficient calculation 
window (min)

Index calculation 
update frequency (sec)

Mx MFV and CPP 10 5 60
Mx-a MFV and MAP 10 5 60
Sx PSV and CPP 10 5 60
Sx-a PSV and MAP 10 5 60
Dx EDV and CPP 10 5 60
Dx-a EDV and MAP 10 5 60

CBF cerebral blood flow, CPP cerebral perfusion pressure, Dx diastolic flow index, Dx-a diastolic 
flow index based on MAP, EDV End-diastolic flow velocity, MFV mean flow velocity, PSV Peak 
systolic flow velocity, MAP mean arterial pressure, min minute, sec seconds, Mx mean flow index, 
Mx-a mean flow index derived from MAP, Sx systolic flow index, Sx-a systolic flow index based 
on MAP, TCD transcranial Doppler. Note: FVs = calculated using maximum FV over 1.5 s period, 
updated every 1 s; EDV = calculated using the minimum FV over 1.5 s period, updated every 1 s
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hydrocephalus, development of sepsis, metabolic derangements, and standard TCD- 
based assessment for cerebral vasospasm (i.e., MCA CBFV >120  cm/s and 
Lindegaard ratio >3.0) [26]. Furthermore, the presence of bilateral impairment of 
cerebral autoregulation, as measured by TCD-based Sx-a, was found to be linked to 
worse outcome post-SAH, with those developing DCI having a larger inter- 
hemispheric difference in Sx-a measurements (p = 0.035, 95%CI: 0.003–0.08) [27]. 
These results require validation in larger populations, but are promising for continu-
ous cerebral autoregulation monitoring with TCD in SAH and its link to DCI.

23.4.3  Limitations

Despite the interesting application of complex signal processing and the promising 
initial literature supporting its association with cerebral vasospasm post-SAH, there 
are significant limitations. First, it requires specialized software to record high fre-
quency digital signals, later used for processing. It also requires integration of this 
software with ICU monitoring devices, allowing for capture of digital physiologic 
signals. Second, though recent software development has improved accessibility, 
deriving these continuously updating indices requires some specialized knowledge 
and training. Finally, the literature is currently limited and requires much further 
validation before widespread application of this type of monitoring for clinical deci-
sion making in SAH patients.

23.5  Non-invasive Estimation of ICP

Though not indicative of cerebral vasospasm or DCI in SAH, elevations in ICP are 
of interest to the treating physician, particularly in those SAH patients whom have 
developed ischemic insults secondary to cerebral vasospasm. Current gold standard 
ICP monitoring employs either the use of a ventricular catheter or parenchymal 
pressure monitoring for the measurement of ICP. Both of these options are invasive 
and require technical expertise for insertion, precluding their use by many physi-
cians involved in the care of the SAH patients.

Recent literature suggests that through the application of TCD, one can poten-
tially obtain a non-invasive estimation of ICP [28, 29]. This can be achieved through 
three main methods: (A) use of TCD-based pulsatility index, (B) CPP estimation 
method, and (C) mathematical modeling. Detailed exploration of these methods is 
beyond the scope of this chapter, and we thus refer the reader to the referenced 
articles for further information [28, 29]. Though promising, the future is still unclear 
regarding this method of ICP estimation, but warrants mention in reference to 
TCD in SAH.
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23.6  Future Directions

By exploring the above application of TCD in monitoring for cerebral vasospasm, 
DCI, and their consequences in SAH, it can be seen that there exists a role for TCD 
in this patient population. The main limitations of the above-mentioned monitoring 
relate to the technical demands of TCD insonation and intermittent nature of record-
ing. Recent advances in technology have led to the commercial availability of 
robotic TCD devices, allowing for bilateral simultaneous insonation of the 
MCA. These devices employ TCD sensor technology with an automatic algorithm 
to aid with the set-up and acquisition of initial CBFV signal, followed by sensing 
technology to correct for any shift in the head frame or signal loss during recording. 
This automatic technology carries the potential to increase the speed and ease of 
signal acquisition, followed by allowing for much long continuous recordings of 
MCA CBFV. In addition, these devices are currently under evaluation and being 
integrated with signal acquisition software, allowing for longer continuous assess-
ment of cerebral autoregulatory capacity. Figure 23.3 displays an example of the 
newer robotic TCD device (Delica EMS 9D System, Shenzen Delica Medical 
Equipment Co. Ltd., China).

As these devices and technological advances like it become more available, the 
role for TCD in SAH will surely expand and become more accessible to units where 
expertise and staff availability for the application of TCD and prolonged recording 
are limited. Furthermore, integration of TCD monitoring with other multi-modal 
monitoring devices employed within the NICU (such as NIRS, cerebral microdialy-
sis, CBF monitoring, and advanced neuro-imaging), and we will be able to gain 
better understanding in the pathophysiologic process.

23.7  Conclusion

TCD monitoring in SAH for cerebral vasospasm and DCI is feasible and provides 
potential for quick, non-invasive bedside monitoring. This currently requires assess-
ing trends in TCD monitoring over time via region-specific transcutaneous cranial 
windows. The technique caries limitations given its labor intensity, which may be 
overcome with emerging technological advances in TCD monitoring.
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a b

c d

Fig. 23.3 New robotic TCD system TCD = transcranial Doppler. Panel (a): Head band holder for 
bilateral robotic controlled TCD probes. Solid black arrow denotes the encased robotic control 
system. Dashed arrow indicates black TCD probe, which is automatically moved by robotic device 
in response to automated signal detection algorithm. Panel (b): Robotic TCD touch-screen moni-
tor. Panel (c): Bilateral TCD recording in real time. Panel (d): Robotic TCD probed controlling 
system displaying various probes positions insonated automatically via robotic system, with color- 
coded intensities
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT(ED)

Clinical Status of the Patient
ABCD
Level of consciousness (GCS)
Bilateral Pupillary reactivity?
Hemodynamic stability?
Oxygenation?
Mechanical Ventilation?

CRITICALLY ILL PATIENT
Non-Contrast Brain CT scan

H&H Scale / Fisher Scale / WFNS

DIAGNOSIS

SUBARACHNOID HEMORRHAGE (SAH)

Multimodal Monitoring (MMM)
Transcranial Doppler (TCD)

Transcranial Color-Coded duplex Sonography (TCCS)

CBFV < 85 cm/sec CBFV 85-120 cm/sec CBFV 120-180 cm/sec CBFV < 200cm/sec

No CVS
No Hyperemia LR 5-6 LR 3-4

LR > 6
Clinical 

Symptoms?

Complete with 
clinical exam 

+/-
Vascular 

Neuroimaging

Severe CVS
Treat as

DCILR 3-4 LR 4-5 LR > 5 Yes

Hyperemia CVS vs Hyperemia Likely CVS NO

S/S S/S

YES NO YES NO

CVS / DCI

CVS v.s Hyperemia ?
Use adjunctive Test:
CTA/CTP, MRP, etc.

Optimize fluid 
status & 
monitor

 

ABCD Airway-Breathing-Circulation-Disability, LR Lindegaard Ratio, DCI Delayed cerebral 
ischemica, CBFV Cerebral Blood Flow Velocity, S/S Signs – Symptoms, VS Vasospasm, WFNS 
Word Federation of neurosurgeons scale, H&H Hunt & Hess scale, CVS Cerebral vasospasm
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Chapter 24
Aneurysmal Subarachnoid Hemorrhage 
and Endovascular Treatment: Usefulness 
of Transcranial Doppler (TCD/TCCS) 
for Cerebral Hemodynamic Monitoring

Laura Llull Estrany

Key Points
 1. Subarachnoid hemorrhage (SAH) is a devastating disease with high morbidity 

and mortality. Delayed cerebral ischemia due to vasospasm is one of the main 
hemodynamic complications. Up to 30% of patients may develop delayed cere-
bral ischemia related to vasospasm. Early detection can guide clinical decisions 
at patient’s bedside.

 2. Transcranial Doppler (TCD/TCCS) is an accessible and reproducible tool, appli-
cable for the monitoring of cerebral blood flow velocities (CBFVs) and hemody-
namic indexes derived from them.

 3. The use of Echo-contrast may increase the sensitivity of the detection of unrup-
tured intracranial aneurysms and their recanalization after endovascular 
treatment.

 4. New technologies of TCD can improve its sensitivity. It allows intraoperative 
and continuous monitoring in patients at high risk of developing vasospasm.

24.1  Introduction

Transcranial Doppler (TCD/TCCS) is a non-invasive method with numerous clinical 
applications in critically ill patients with acute brain injury (ABI). In addition to diag-
nostic and monitoring of vasospasm in patients with SAH, the use of TCD has 
recently been extended to the detection and characterization of intracranial aneurysms.

TCD is performed by a low-frequency transducer (≤2 MHz) through acoustic 
window in the skull (bone window or natural hole), allowing visualization of basal 
cerebral arteries and measuring CBFVs in different clinical scenarios [1] (Fig. 24.1).
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24.2  Subarachnoid Hemorrhage (SAH): Epidemiology 
and Pathophysiology

Subarachnoid hemorrhage (SAH) is a disease with high morbidity and mortality 
with high social impact [2]. SAH is the third most common cerebrovascular disor-
der (after intracranial hemorrhage and acute ischemic stroke). Approximately 80% 
of spontaneous, non-traumatic SAH result from aneurysm rupture [2, 3]. Worldwide, 
incidence is approximately 9.1/100,000 adults. In the USA, the incidence of SA is 
higher in woman (2:1), African Americans, Hispanics, and above 55-year-olds.

After SAH triggers the activation of numerous deleterious mechanisms: (1) 
increased intracranial pressure; (2) decreased cerebral blood flow (CBF); (3) impair-
ment of cerebral auto-regulation (CA); and (4) exposure to inflammation and cere-
bral metabolism changes. All of these clinical circumstances can lead to the 
appearance of early secondary brain injury, occurring most commonly in the first 
72 h after bleeding [3, 4].

SAH patients are at high risk for multiple complications in the weeks following 
their initial bleed. Delayed cerebral ischemia (usually present after the first 72 h 
from symptom onset) is the second most common cause of morbidity and mortality 
after the early brain injury of the initial SAH and is most commonly due to arterial 
vasospasm. Both early and delayed cerebral ischemia have been established as 
important predictors of poor prognosis [2], and it is accepted that their pathogenesis 
is multifactorial. The exact underlying pathophysiological mechanisms remain 
unknown.

Fig. 24.1 Image obtained by TCCS: transtemporal acoustic window showing the circle of Willis 
in a patient with SAH. MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior 
cerebral artery, PcomA posterior communicating artery
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24.2.1  Vasospasm

Vasospasm, the leading cause of delayed cerebral ischemia, is one of the major 
complications of SAH. Vasospasm is defined as a CBF reduction induced by vaso-
constriction of intracranial arteries not attributable to: atherosclerosis, spasm 
induced by catheter manipulation, or vessel hypoplasia. It occurs in up to 70% of 
patients between 3 and 14  days after initial bleeding (has been reported up to 
21 days). Vasospasm becomes symptomatic in 20–40% of patients and is consid-
ered responsible for 20% of morbidity and mortality in SAH [5].

The main risk factors for the appearance of vasospasm include initial clinical 
severity, the amount of bleeding, and the presence of intraventricular hemorrhage 
(IVH) [6]. Therefore, vasospasm has a multifactorial origin.

Digital subtraction angiography (DSA) is considered the gold standard technique 
for vasospasm detection (CT angiography may be a valid option). However, DSA is an 
invasive technique and therefore not applicable if serial monitoring is required. On the 
other hand, TCD/TCCS is a non-invasive, repeatable, and low-cost method that allows 
the diagnosis and daily monitoring of vasospasm of critically ill patients in the ICU.

TCD/TCCS is a useful and reliable method for the detection of hemodynamic 
changes. Therefore, it is considered a suitable tool for daily monitoring of vaso-
spasm and early diagnosis of neurological worsening related to vasospasm.

In many institutions, TCD (as a blind technique) has been used as a tool for cere-
bral vasospasm monitoring due to its reproducibility and ability to detect variations 
in cerebral hemodynamics. However, TCD is an operator-dependent technique and 
that the measurement can be influenced by the angle of insonation, giving rise to 
under- or overestimates of CBFVs values.

The hemodynamic parameters most commonly measured are: (1) CBFVs (Peak 
systolic velocity (PSV), end-diastolic velocity (EDV), and mean flow velocity (MFV)), 
(2) direction of CBFVs, (3) spectral Doppler waveform analysis (flow patterns), (4) 
sound (turbulence or attenuation cerebral blood flow), and (5) hemodynamic indexes/
ratios: pulsatility index (PI), resistance index (RI), and Lindegaard ratio (LR).

In recent years, most centers have incorporated transcranial color-coded duplex 
sonography (TCCS) methodology. The main advantage of TCCS is the visualiza-
tion of intracranial vessels (B-mode), which allows for a targeted evaluation of each 
arterial segment and its corresponding CBFVs [7, 8]. The direct visualization of the 
cerebral basal arteries (circle of Willis) through color-Doppler mode allows the 
detection of segments in main arteries of anterior and posterior circulation, facilitat-
ing the detection of hemodynamic alterations secondary to vasospasm [9].

The MFV in cerebral basal arteries is directly proportional to CBF and inversely 
proportional to the section area of the insonated vessel, where any clinical situation 
that causes a variation of vessel diameter will affect the MFV. Hence, vasospasm is 
one of the most common causes of increased MFV after SAH. CBFVs that define 
the severity of vasospasm are clearly established for the MCA, but not for the ACA, 
PCA, and BA [10].

Progressive or persistent elevation in CBFV may be due to hyperemia or vaso-
spasm, where LR (relationship of MFV between MCA and extra cranial portion of 
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ICA) allows for the differentiation between them, while helping to classify the vaso-
spasm severity (Fig. 24.2).

There have been reports in the literature of another ratio obtained by TCD/TCCS 
that correlates better with vasospasm than MFV measurement in patients with SAH.

This ratio has been calculated from the relationship between MFV in the ipsilat-
eral MCA (defined ipsilateral MCA where highest CBFV) and MFV of the contra-
lateral MCA (ipsilateral MFVMCA/contralateral MFVMCA). The value of this ratio to 
predict DCI was more auspicious than MFV measurement. The cut-off value that 
best discriminated the risk of DCI was 1.5 [11].

24.2.2  Vasospasm Diagnostic Criteria

Adapted from Marshal et al. [12].

24.2.2.1  Diagnostic Criteria of Vasospasm (VSP) by TCD/TCCS in MCA

Major (severe vasospasm):

• Change in MFV with respect to baseline greater than 50 cm/s
• Mean flow velocity (MFV) >200 cm/s
• Lindegaard ratio >6

Fig. 24.2 TCCS insonation performed on a patient with aneurysmal SAH (MCA) in which mod-
erate vasospasm and artifact corresponding to the presence of the coils used are observed
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Minor (moderate vasospasm):

• Mean flow velocity (MFV) >120 cm/s
• Lindegaard ratio >3

It is necessary to consider the appearance of a decrease in the CBFV in the post- 
stenotic segment and the appearance of CBF turbulence when the degree of steno-
sis, secondary to vasospasm, is higher than 50% of diameter of the insonated 
vessel [10].

Due to the segmental nature of vasospasm and the need for daily monitoring by 
TCD/TCCS, it is important to identify the arterial segment affected. Therefore, it is 
convenient to record the MFV measurement corresponding to the depth of each seg-
ment of each cerebral basal artery insonated for a real-time control at the patient’s 
bedside in the ICU.

In patients with SAH admitted to the ICU, daily monitoring using TCCS meth-
odology can be useful to define the need for neuroimaging (CT, MRI, CTA, DSA) 
to evaluate brain parenchyma impact and/or decide intra-arterial therapy (angio-
plasty or drug administration) [13].

The prevalence of early angiographic vasospasm, defined as the appearance of 
angiographic vasospasm in the first 48 h after SAH, is estimated at around 10%. In 
some studies, the presence of vasospasm on admission has been identified as an 
independent prognostic factor in this patients [14, 15]. Patients with intracerebral 
hematoma, intraventricular hemorrhage, large aneurysm size (>12 mm), and MCA 
aneurysms appear to have a greater risk of early vasospasm [16].

24.3  TCD/TCCS: Cerebral Vasoreactivity

Dilatation of the cerebral arterioles results in a reduction in cerebrovascular resis-
tance (CVR) allowing CBF to increase in the proximal segments of the cerebral 
basal arteries. While arteriolar vasoconstriction increases CVR and therefore causes 
CBF reduction. Cerebral vasoreactivity is the vasoconstriction and vasodilatation 
capacity of intracranial vessels after stimulus (e.g. vasoactive drugs) and is a mea-
sure of the integrity of CA. Vasoreactivity can be assessed measuring by CBFV 
changes. Those hemodynamic changes can be measured by TCD/TCCS [17, 18].

Cerebral vasoreactivity can be assessed by TCD/TCCS after acetazolamide 
administration in patients with ruptured intracranial aneurysms [19, 20]. In these 
trials, vasoreactivity was normal in both brain hemispheres, and the location of the 
aneurysm did not influence the final results. Likewise, the development of vaso-
spasm in the acute stage of SAH did not cause an alteration in cerebral 
vasoreactivity.

Since the influence of cerebral vasoreactivity on vasospasm development has 
been proposed, researchers evaluated the existence of differences in hemodynamic 
response of cerebral basal arteries after acetazolamide administration in a group of 
37 patients with unruptured cerebral aneurysm [21] and detected no differences 
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between affected and non-affected brain hemisphere or between subjects with aneu-
rysm compared to healthy subjects.

These results suggest that patients with unruptured aneurysm have no alterations 
in cerebral vasoreactivity after aneurysm treatment (e.g., clipping, coiling).

24.4  TCD/TCCS: Intraoperative Monitoring

Several intraoperative monitoring modalities, including indocyanine angiography, 
electrophysiological studies, and micro-Doppler ultrasonography, are used to verify 
correct positioning of the surgical clip to secure cerebral aneurysm. Siasios et al. in 
2012 [22] studied a series of 19 patients in whom micro-Doppler had been per-
formed during surgery. In all of these patients, the high diagnostic capacity of this 
technique was demonstrated.

Given the technical difficulties of microsurgery for ruptured intracranial aneu-
rysms and the accessibility and reliability of intraoperative ultrasonography, its use 
as a complementary tool during aneurysm clipping could be considered with the 
intention to minimize the risk of intraoperative complications or improper clip 
placement.

24.5  Detection of Intracranial Aneurysms 
and Recanalization of Treated Aneurysms

Recanalization of the aneurysmal neck is a complication that can appear after treat-
ment, so long-term follow-up and detection of this recanalization is relevant.

Power Doppler mode is an accessible and non-invasive technique for anterior 
circulation aneurysms detection, but less sensitive than other diagnostic methods 
(e.g. DSA, CTA, MR angiography). The sensitivity of power Doppler is low for 
small aneurysms (<5 mm). Also, the terminal segment of the ICA is the most diffi-
cult to interpret [23] (Fig. 24.3).

The use of non-invasive imaging techniques such as TCD/TCCS, capable of 
detecting the residual neck in a secured aneurysm, would significantly reduce diag-
nostic costs, as well as potential complications, radiation exposure, and the use of 
radiological contrast.

Turner et  al. in 2005 [24] evaluated the ability of TCCS with and without an 
echo-contrast to detect aneurysmal neck recanalization in patients with secured 
intracranial aneurysms by coiling. The authors reported that their results compared 
with those of the arteriography. The sensitivity of TCCS was approximately 80% 
for the detection of occluded aneurysms and, in the case of recanalized aneurysms, 
TCCS sensitivity increased as the degree of recanalization of the neck increases.
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The administration of the echo-contrast contributed to the diagnosis of other 
recanalized aneurysms that had not been detected without it. Hence, TCCS and 
echo-contrast could be useful to monitoring the recanalization of aneurysmal neck 
reducing the use of invasive monitoring methods such as cerebral arteriography.

The use of flow-diverter stents for the treatment of unruptured aneurysms and 
ruptured aneurysms, where surgical clipping or coiling is not possible, has been 
increasing. Several studies have reported on the probability of long-term stenosis 
after deployment of flow-diverter stents. Therefore, TCD/TCCS should be consid-
ered as a useful monitoring tool to detect stenosis of flow-diverter stents [25, 26].

24.6  Cerebral Aneurysms and Cerebral Blood Flow: 
Other Techniques

Non-invasive monitoring of the brain microcirculation by means of a laser-Doppler 
flowmeter system allows for the availability of sensitive and real time information 
of the brain microcirculation during the surgery. In a small number of patients, it 
was evaluated how the detection of local pathological changes in the microcircula-
tion would act as a predictor of post-operative prognosis, validating these intraop-
erative findings with other monitoring techniques such as somatosensory evoked 
potentials (SSEPs) [27].

Recent advances in robotics have contributed to the development of transcranial 
Doppler probes incorporating automated algorithms for flow rate detection and 
optimization of the signal recorded in the MCA (Delica EMS 9D robotic TCD sys-
tem®). Today, this technique is beginning to be applied in the management and 
monitoring of patients with traumatic brain injury (TBI). Indeed, a new field of 
study in SAH is opening. This type of probe allows for the automatic recording 
CBFVs of both MCA continuously for 4 h and correlates these values with other 
systemic hemodynamic parameters [28, 29]. This technology has not been applied 

a b

Fig. 24.3 (a) TCCS: Power Doppler mode image of an anterior communicating artery aneurysm 
(AcomA). (b) Diagnostic arteriography of the same patient in which the AcomA aneurysm of 
7 mm maximum diameter is visualized
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at present in SAH patients. A possible limitation of this technique includes the 
detection of vasospasm from arteries other than the middle cerebral artery, which 
should be evaluated further (more details see Chap. 66).

24.7  Conclusion

Subarachnoid hemorrhage (SAH) is a devastating disease with high morbidity and 
mortality. The most frequent neurological complication, after the acute effects of 
initial SAH, is delayed cerebral ischemia due to vasospasm, which can appear in up 
to 70% of patients, with an incidence peak between days 4 and 14, and can last until 
day 21 after bleeding. Up to 30% of cases can be associated with focal neurological 
deficits.

Transcranial Doppler (TCD/TCCS) is a non-invasive, reproducible technique 
performed at the bedside, which allows for the monitoring of CBFVs. TCD/TCCS 
also allows for the daily detection and monitoring of vasospasm, even in patients 
admitted to ICU.

In addition to the absolute values of MFV (MCA, ACA, PCA, and BA) defined 
as vasospasm, it is important to keep in mind that an increase of MFV greater than 
50 cm/s from the previous day must be considered as a vasospasm criterion.

In unruptured aneurysms, no alterations in cerebral vasoreactivity have been 
detected in cerebral basal arteries.

The power Doppler mode allows for the detection of intracranial aneurysms 
(diameter >5 mm). The use of echo-contrast increases diagnostic sensitivity both for 
the identification of unruptured aneurysms and for the detection of neck recanaliza-
tion in secured aneurysms.

New techniques are being developed that incorporate Doppler as a diagnostic 
tool and could be applied in normal clinical practice, such as laser-Doppler for intra-
operative monitoring and/or robotic-TCD for the detection and monitoring vaso-
spasm in patients with SAH.
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Chapter 25
Carotid Dissection in ICU: Usefulness 
of Bedside Ultrasound Examination 
and Pupillary Early Approach

Claudio Baracchini and Filippo Farina

Key Points
 1. A carotid artery dissection (CAD) is often an obscure and unrecognized cause 

of stroke.
 2. A polytraumatic patient admitted to the ICU with a CAD carries a 70% risk 

of stroke.
 3. Ultrasound is the most widely available and rapidly accessible tool for CAD 

screening.
 4. Daily monitoring is mandatory as multivessel dissection develops in up to 25% 

of cases in the first week of hospitalization.
 5. Bedside ultrasound examination of the pupil might reveal a subtle pupillary dys-

function determined by a hidden distal CAD.

25.1  Introduction

Carotid artery dissection (CAD) is a major cause of ischemic stroke in young and 
middle-aged adults accounting for up to 25% of cases, with a mean age of occur-
rence of 44 years [1, 2].

In population-based studies, the annual incidence of internal carotid artery (ICA) 
dissection (ICAD) is estimated to be about 1.7 new cases/100.000; common carotid 
artery (CCA) dissections are very rare (<1% of all CADs) [3]. The true incidence of 
CAD is probably underestimated, because cases of CAD with little or no clinical 
signs – mainly non-ischemic CADs – are likely to remain undiagnosed [4].
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Noteworthy, multivessel dissections have been reported in 15–25% of cases [5–
7]. However, many of these CADs may go undetected because they are asymptom-
atic or oligosymptomatic and they frequently recanalize spontaneously.

CADs involve more frequently the extracranial vessel segments probably due to 
a higher mobility of the vessel at these sites compared to the intracranial segments 
and therefore more exposed to traumas. In fact some CADs are traumatic, often due 
to motor vehicle accidents. However, in most instances, CADs are spontaneous [2] 
and in such cases a multifactorial disease has been suggested with an intrinsic non- 
atheromatous alteration of the vessel wall as the main predisposing factor. A higher 
incidence of arterial elongation, namely, kinking or coiling, has been reported in 
patients with CAD [8, 9], but this finding has not been confirmed by other investiga-
tors [10].

The clinical features of internal carotid dissection (ICAD) are very well known 
by physicians (TIA/ischemic stroke in young adults). Nonetheless a potentially dan-
gerous dissection with a high risk for an embolic intracranial artery occlusion may 
present with a seemingly harmless headache or neck pain in the first few days and 
escape correct interpretation [11]. Notably, an ICAD carries more than 70% risk of 
stroke [4]; consequently a correct clinical suspicion is of paramount importance for 
an early diagnosis and stroke prevention.

25.2  Anatomy of the Carotid Arteries

The common carotid arteries provide the main blood supply to the brain, the face, 
and the neck. On the left, the CCA arises directly from the aortic arch, whereas on 
the right it originates from the brachiocephalic trunk, although numerous anatomic 
variations have been described [12, 13]. The CCA ascends through the neck without 
branching up to the level of the thyroid cartilage, approximately at C4–C5, where it 
widens at the carotid bifurcation and separates into the internal carotid artery (ICA) 
and external carotid artery (ECA). The former, characterized by a dilated proximal 
segment called the carotid bulb or sinus, supplies the brain, while the latter supplies 
the neck and the face. Useful features to distinguish ICA from ECA are: (1) loca-
tion: ICA usually lies in a dorsolateral position in relation to ECA; (2) caliper: ICA 
is larger than ECA; (3) branching: ICA usually does not branch until it reaches the 
skull, while ECA has many branches: superior thyroid, lingual, facial, maxillary, 
superficial temporal, occipital arteries. The extracranial ICA location, course, and 
caliper are known to vary from one patient to another and even from one side to the 
other of the same subject [14].

The intracranial course of ICA is subdivided into six segments [15] according to 
the structures crossed by the vessel along its route. The ICA enters the skull through 
the carotid foramen, where it runs medially in the carotid petrosal canal (C6 
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segment), leaving the skull through the foramen lacerum in a vertical direction (C5 
segment). Then the vessel bends over itself while crossing the cavernous sinus (C4–
C3 segment) to form the carotid syphon and branches into the ophthalmic artery. 
After entering the subarachnoid space (C2 segment) and branching into the poste-
rior communicating and the choroidal arteries, the ICA rises to its terminal part (C1) 
where it finally bifurcates into the middle cerebral artery (MCA) and the anterior 
cerebral artery (ACA).

25.3  Anatomy of the Pupil

The pupil is a small hole in the center of the iris regulating the amount of light 
reaching the retina. The pupillary diameter is controlled by two muscles, the sphinc-
ter pupillae, which is primarily under the control of the parasympathetic nervous 
system, and the dilator pupillae, which is primarily under the control of the sympa-
thetic nervous system [16]. Contraction of the sphincter, accompanied by relaxation 
of the dilator, produces pupil constriction (miosis), while contraction of the dilator, 
accompanied by relaxation of the sphincter, produces pupil dilation (mydriasis).

The pupillary light reflex (PLR) is the constriction of the pupil due to an increase 
in illumination rate of the retina. It is a four-neuron pathway made-up by an afferent 
pathway [from retinal cells through the optic nerve to the mesencephalic pretectal 
nucleus and then to the ipsilateral/contralateral Edinger-Westphal nucleus (EWn)] 
and an efferent pathway (from EWn neurons through the oculomotor nerve to the 
ciliary ganglion and then to the sphincter muscle of the iris). A direct PLR is 
observed in the stimulated eye, while the consensual PLR occurs in the contralateral 
eye. The presence of a direct PLR represents the integrity of the anterior visual 
pathways, while a consensual PLR reflects the integrity of the mesencephalic nuclei 
and oculomotor nerves. The assessment of pupillary reflexes is a clinically useful 
tool to detect any pathological process that might impair these pathways.

The ciliospinal reflex (CR) is the dilation of the pupil in reaction to a painful 
stimulus applied at the base of the neck or face. Afferent inputs are carried by the 
trigeminal nerve or cervical pain fibers (lateral spinothalamic tract). The afferent 
input, when arising from the neck and upper trunk, may activate the second-order 
sympathetic neurons at the ciliospinal center of Budge bypassing the first order 
sympathetic neurons or brainstem [17, 18].

The sympathetic neurons of the ciliospinal center are found at C8-T1 in the spi-
nal cord. The axons of these neurons via the dorsal roots enter the sympathetic trunk 
and then run rostrally to the superior cervical ganglion. Ascending fibers from the 
superior cervical ganglion follow the carotid course into the orbit, ending in the cili-
ary nerves and innervating the dilator pupillae. The presence of a CR reflects the 
integrity of the ascending sympathetic pathway.
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25.4  CAD: Diagnosis

Thanks to the technological advancement, color-coded duplex sonography has 
become the most widely available and rapidly accessible tool in everyday practice 
for CAD screening [19], revealing the surprising frequency of CAD as a cause 
of stroke.

The cornerstone of spontaneous CAD pathophysiology and diagnosis is the pres-
ence of an intramural hematoma of unknown etiology, possibly caused by a tear in 
the tunica intima, a primary rupture of vasa vasorum in the medio-adventitial bor-
derzone [20], or an underlying arteriopathy impairing vasomotion [6, 21]. The 
mural hematoma occurs within the media layer expanding distally and circumferen-
tially. It is usually subintimal and causes arterial stenosis or occlusion, leading to 
cerebral ischemia due to embolization or less frequently due to hemodynamic fail-
ure; sometimes, the subintimal hematoma can also rupture back through the intima, 
forming a perfused false lumen which is separated from a true lumen by a dissecting 
membrane. More rarely, the mural hematoma is subadventitial, causing only pain 
and local symptoms due to the compression of adjacent structures [22]. Ultrasound 
sensitivity in detecting CAD is quite high (80–95%). It frequently shows luminal 
and vessel wall alterations that suggest dissections, yet pathognomonic findings are 
few and rarely detected [19, 23]. Furthermore, an ultrasound study might be normal 
in case of a subtle intramural hematoma, a low grade narrowing of the vessel lumen, 
and when the vessel segment is not accessible by ultrasound. Therefore, ultrasound 
alone is rarely definitively diagnostic. For this reason, the diagnostic work-up 
should include an axial cervical MRI using the T1 fat suppression technique that 
best detects intramural hematomas [24–26] as a hyperintense crescent-shaped sig-
nal of various intensities depending on the stage and an eccentric flow void of the 
patent lumen, a pathognomonic finding in dissections (Fig. 25.1).

a
b

Fig. 25.1 Cervical MRI (axial plane and T1 fat suppression technique): (a) Carotid artery dissec-
tion. (b) Enlarged view of the semilunar signal hyperintensity representing intramural hematoma
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With regards to other neuroimaging techniques, invasive catheter angiography 
has been replaced by MRI as the gold standard for extracranial dissections, while 
CTA and MRA are chosen to localize the dissection site and demonstrate its exten-
sion and possible complications such as pseudoaneurysms. In occlusive dissections, 
only MRI is able to show the cause, as both catheter angiography and MRA/CTA 
show aspecific findings. In dissected vessels of smaller diameter and/or tortuous 
course, specific MRI findings are less frequent due to small dimensions of the mural 
hematoma and artifacts such as flow related enhancement. Thus, in these instances 
(e.g., intracranial dissections), catheter angiography is considered the most reliable 
diagnostic method.

When compared to MRI, ultrasound has some advantages: (1) In addition to 
local morphological signs, it documents vessel wall hemodynamics which may be 
suggestive of dissection. (2) It evaluates hemodynamic consequences in the intra-
cranial circulation. (3) It can be easily repeated, and this property of ultrasound is 
crucial as dissections are dynamic processes with extension of mural hematoma in 
the longitudinal and/or transversal plane, possibly turning from a normal finding to 
an occlusion of the vessel within a short time. This characteristic of the disease 
makes the sensitivity of any diagnostic method clearly time-dependent and repre-
sents the main determinant of discrepant findings in different studies, especially 
when compared to other imaging modalities performed later on. Therefore, it is 
strongly recommended in the case of initially normal results to repeat the exam the 
day after since it might disclose completely different findings. (4) The realm of 
ultrasound is monitoring the recanalization process once the diagnosis is established 
and treatment started, in order to guide the decision on the duration of antithrom-
botic therapy [27].

25.5  Scanning Tips for the Carotid Arteries

Ultrasound evaluation of patients with a clinical suspicion of carotid dissection 
should include a complete study of the anterior circulation: (i) a morphological and 
hemodynamic assessment of both CCAs and of the extracranial portion of the ICAs; 
(ii) a hemodynamic evaluation of the intracranial portion of the ICAs, of the MCAs 
and ACAs; and (iii) documentation of collateral circulation.

High-frequency (5–10 MHz) linear transducers allow a detailed evaluation of the 
carotid wall in proximal cervical segments. However, the distal parts of both inter-
nal carotids are not accessible with this approach; consequently for studying these 
segments, low-frequency (1.8–3.6 MHz) sector probes are used. But a limit of these 
probes is their significantly lower spatial resolution at B-mode and Color Doppler 
imaging, and therefore, they have a lower chance of detecting directly the intramu-
ral hematoma. The intracranial vessels should be investigated via the transtemporal, 
submandibular, and transorbital approaches with a phased array transducer 
(≥2 MHz).
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25.6  Pupil: Ultrasound Examination

Insonation of the eye should be performed in dimmed light with the patient in supine 
position and eyes closed. According to current recommendations on orbital 
insonation [28], the mechanical index (MI) must be adjusted below 0.26 and the 
total insonation time must be kept as short as possible. The examination can be 
performed either with a linear (11 MHz) or with a surgical probe (15 MHz). Due to 
the superficial localization of the structures to be assessed, ultrasound settings 
should be adjusted to proper near field examination. The probe is placed on the 
inferior rim of the orbit, then it is tilted downwards approximately 45° in order to 
insonate the iris plane. The pupil is viewed as an anechoic round structure in the 
middle of a hyperechogenic ring (i.e., the iris). In order to achieve a more stable 
image, the patient is asked to look upwards. Having obtained a clear B-mode image, 
pupillary function is tested. To elicit the PLR, a simple diagnostic penlight should 
be turned on approximately 2 cm in front of the patient’s closed eyes [29] (Fig. 25.2).

To test the CR, a painful stimulation (pinching) should be applied at the base of 
the neck on the trapezius muscle ipsilaterally to the tested eye. The stimulus should 
be vigorous in order to achieve a reliable CR [30] (Fig. 25.3). The pupillary reac-
tions should be documented either in M-mode or by continuous video recording. In 
particular, pupillary diameters (PD) and pupillary constriction/dilation times (PCT/
PDT) should be measured at the point of maximum miosis/mydriasis. PD and PCT/
PDT can be easily measured offline.

a b c

fed

Fig. 25.2 Ultrasound assessment of pupillary light reflex (PLR). (a) Initial probe positing; (b) 
elicitation of direct PLR; (c) elicitation of consensual PLR; (d) B-mode visualization of pupil at 
rest; (e) B-mode visualization of pupil in miosis after stimulus; (f) M-mode measurement of pupil-
lary diameter (in blue) and pupillary constriction time (in yellow)
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25.7  Internal Carotid Artery Dissection (ICAD): 
Ultrasound Findings

In patients with ICAD, there are two main types of ultrasound findings, morphologi-
cal and hemodynamic; moreover, they can be direct or indirect (Fig. 25.4).

a b c

fed

Fig. 25.3 Ultrasound assessment of ciliospinal reflex (CR). (a) Initial probe positing; (b) elicita-
tion of CR; (c) site of stimulation; (d) B-mode visualization of pupil at rest; (e) B-mode visualiza-
tion of pupil in mydriasis after stimulus; (f) M-mode measurement of pupillary diameter (in blue) 
and pupillary dilation time (in yellow)

a b

Fig. 25.4 Internal carotid artery dissection: (a) serpiginous stenosis, surrounded by a hypoecho-
genic thickening of the vessel wall representing the intramural hematoma. (b) Distal tapering 
stenosis
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Direct morphological findings are represented by hypoechogenic thickening of 
the vessel wall, lumen narrowing, echolucent intramural hematoma, double lumen, 
intimal flap, dissecting membrane, and pseudoaneurysm [31–33]. Notably, pathog-
nomonic signs are found in only one quarter of patients; specifically, the detection 
rates of an intramural hematoma, a double lumen, and an intimal flap are about 
15–25%, ≤2%, and 2%, respectively [19, 23].

Indirect morphological findings are characterized by a normal carotid bifurcation 
or only mild atherosclerotic wall changes [4, 32, 34], distal tapering stenosis, 
increase of outer vessel diameter or circumference, and early thrombus detection 
[35]. Noteworthy, the most common finding of ICAD, found in 90% of patients, is 
a hypoechogenic wall thickening determining a stenosis or occlusion at a site not 
typically involved in atherosclerotic disease [31, 36]. Compared to atherosclerotic 
luminal narrowing, ICAD stenosis usually begins a few centimeters distal to the 
bifurcation and extends over a longer distance [23, 32]. Consequently, beware that 
in a patient with a clinical suspicion of ICAD, an examination of the carotid system 
must include the distal part of the ICA, especially with a sector probe. In patients 
with fibromuscular dysplasia, a known risk factor for CAD [37], irregular wall 
thickening, multisegmental stenosis, or an aberrant course of the ICA are frequently 
found [38, 39]. Morphological criteria alone are diagnostic in only about 50% 
(20–63%), mainly due to inadequate direct imaging for retromandibular location.

Regarding direct hemodynamic criteria, these are mainly represented by a sig-
nificant increase of blood flow velocities due to a distal stenosis, that is, high- 
cervical, retromastoidal stenosis. Beware when comparing flow velocities with the 
contralateral vessel, since up to 25% of patients have dissections affecting multiple 
vessels at the same time [6]. The combination of morphological and hemodynamic 
criteria is diagnostic in 74–78–95% of ICAD patients and increases with repeated 
examinations [19, 32, 33, 40].

Indirect hemodynamic criteria are present in patients with intracranial ICAD and 
they are characterized by pre-stenotic high resistance flow profiles, post-stenotic 
dampened flow profiles, and intracranial collateral circulation [19].

Taking into consideration any abnormal finding, sensitivity of combined ultra-
sound techniques is high ranging from 80% to 96% [4, 19, 32–34, 36, 41–43]. 
Sensitivity, specificity, and positive and negative predictive values for color-coded 
duplex (CCD) sonography diagnosis of patients with ICAD causing carotid territory 
ischemia were 96%, 94%, 92%, and 97%, respectively [42]. However, different 
ultrasound techniques yield different sensitivities: 82% for CCD, 91% for Power 
Doppler (PD), and 98% for B-flow [44]. Intimal flaps, fissures of membranes, and 
residual flow within the true and false lumen were better detected by B-flow than by 
CCD and PD [45]. Compared to CCD and PD, B-flow has a better spatial resolution 
and no angle dependency of the probe during the examination; as B-flow is not 
based on the Doppler principle, velocity measurements are not possible. Sensitivity 
is also different according to symptoms: 96% in patients having suffered ischemic 
events and 71% in patients without ischemic events (painful Horner’s syndrome, 
cranial nerve palsies: IX–XII or more rarely III, IV, VI) [4, 46]. Accordingly, patients 
with ischemic events have more often high-grade stenoses or occlusions (83%) than 
those without ischemic symptoms (40%) [4].
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Ultrasound has also limitations, as false-negative findings are reported in 
2.8–16% of cases: subadventitial dissections without lumen compromise, low-grade 
stenosis with mild mural hematoma, and vessel segment not directly accessible by 
ultrasound, [19, 47]. These limitations are more often encountered in patients with-
out cerebral ischemic signs [4]. Since a normal ultrasound exam does not exclude 
ICAD, the gold standard for diagnosis is an axial cervical MRI using the T1 fat 
suppression technique, as it detects the pathognomonic intramural hematoma in 
more than 90% of cases. Yet, MRI and ultrasound are considered complementary 
because only ultrasound can show the hemodynamic consequences.

The best method for following patients with CAD is ultrasound as it determines 
the time of recanalization and therefore the necessary duration of antithrombotic 
treatment. Recanalization, which results from the resorption of the wall hematoma 
and from the resolution of the intraluminal thrombus, occurs in about 76% of ICAD; 
specifically, a complete recanalization has been reported in 55% of patients (58.7% 
in case of initial ICA stenosis, 40% in subjects with initial ICA occlusion). Most 
lumen changes occur within the first 6 months after dissection and they are only 
rarely seen (<1%) after 1  year [27]. High-grade (>80%) stenosis and occlusion 
recanalized less frequently [48]. In very selected cases of ICAD associated with 
critical hemodynamic insufficiency or thromboembolic events that occur despite 
medical therapy, the patient undergoes endovascular stent placement; in these 
instances, ultrasound is useful in checking treatment efficacy.

Ultrasound monitoring is also valuable for detecting CAD recurrence: two 
reports have shown a surprisingly high recurrence rate ranging from 19% to 26% in 
the acute phase of the disease [27, 39]. Conversely, late recurrence is an uncommon 
event, occurring only in 2.7% of patients [27].

25.8  Common Carotid Artery Dissection (CCAD): 
Ultrasound Findings

Common carotid artery dissection (CCAD) is a rare disease representing less than 
1% of all CADs. This is possibly due to a different ultrastructure of the vessel wall: 
the ICA is a muscular artery, whereas the CCA is an elastic artery. The main differ-
ence between the two arteries is in the tunica media: in muscular arteries, the tunica 
media consists mainly of smooth muscle tissue, whereas in elastic arteries, it con-
sists of mostly elastic fibers. Muscular arteries have two elastic layers in the tunica 
media (the external elastic lamina and internal elastic lamina), which might make 
them more susceptible to dissection [49].

CCAD can be traumatic, iatrogenic, spontaneous, or associated with aortic dis-
section. Specifically, CCAD is the most common mechanism of ischemic stroke of 
type A thoracic aortic dissection (AAD), seen in 85% of cases in one series, more 
commonly on the right side [50].

The most frequently reported ultrasound findings (Fig. 25.5) include a double 
lumen, mural thrombus, intraluminal hyperechoic/isoechoic lesion, and intimal 
flap; more rare findings are carotid occlusion and pseudoaneurysm [3]. When urgent 
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ultrasound is performed for suspected CCAD, axial views of the vessel should be 
acquired. In cases of CCA occlusion, blood will usually flow from the ECA to the 
ICA, even though occasionally flow reversal may be seen with the ICA flowing 
retrograde and into the ECA. This dynamic information regarding flow within the 
ICA and ECA distal to the CCA occlusion provides complementary information for 
cerebral angiography and revascularization planning. Given its possible association 
with aortic dissection, early recognition of CCAD might affect the decision regard-
ing thrombolysis in acute ischemic stroke patients. Since thrombolysis is potentially 
harmful in patients with CCAD secondary to AAD, a chest CT scan is mandatory to 
exclude an aortic dissection extending to the cerebroafferent vessels [51].

25.9  Ultrasound of Intracranial Arterial Dissection

Intracranial ICADs seem to occur most frequently in the supraclinoid segment [52]. 
Overall they are rare and affect younger patients with a mean age less than 30 years. 
Clinically, they present with severe headache, ischemic symptoms, or subarachnoid 
hemorrhage. An extensive diagnostic workup which includes conventional angiog-
raphy is usually necessary not to miss a correct diagnosis. The visualization of the 

a b

c d

Fig. 25.5 Common carotid artery dissection. (a, c) Longitudinal view showing a double lumen 
and a dissecting membrane. (b, d) Axial view showing a dissecting membrane and intramural 
hematoma
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mural hematoma in intracranial arteries is very difficult with any non-invasive 
method. Ultrasound examination usually shows stenosis or occlusion of the involved 
vessel, but there are no data regarding sensitivity or specificity of ultrasound findings.

25.10  Pupillary Ultrasound: Findings in Carotid Dissection

In patients with CAD, pupillary response to light is comparable on both sides, while 
mydriatic dilation after CR elicitation is completely absent ipsilaterally in the acute 
phase (Fig. 25.6). This finding is especially important when CAD involves the distal 
segments and/or is subadventitial, and the pupillary dysfunction is not easily appar-
ent to the clinician’s eye.

25.11  Conclusion

In summary, ultrasound is a fundamental diagnostic tool for patients with a clinical 
suspicion of CAD since it is widely available, non-invasive and it has a high sensitiv-
ity, especially in patients with signs of cerebral ischemia. Moreover, bedside ultra-
sound examination of the pupil might reveal a subtle pupillary dysfunction determined 
by a hidden distal/subadventitial CAD, especially in the acute phase. This might be 
extremely useful when assessing a polytraumatic patient admitted to the ICU.

a c e

fdb

Fig. 25.6 Right internal carotid artery dissection. (a, b) Pupillary diameter at rest in both eyes; (c, 
d) normal pupillary reflex to light in right and left eye; (e) no pupillary reaction to ciliospinal 
stimulus (pinching of the trapezius muscle) on the right side; (f) normal mydriatic reaction on the 
nonaffected side
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CAD diagnosis should be confirmed by MRI because of its exquisite sensitivity 
in detecting intramural hematoma also in patients with local symptoms only. 
Complementarily to MRI, ultrasound discloses hemodynamic consequences in the 
intracranial circulation which might indicate the need for an endovascular treatment.

Ultrasound is the method of choice for monitoring recanalization once treatment 
is started, detecting CAD recurrence and establishing the duration of antithrombotic 
therapy.

 Algorithm

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)
Pupillary Reactivity?
Hemodinamic Stability?
Oxygenation?

DIAGNOSIS

Trauma: Polytraumatic Patient ?
Ischemic Stroke ?

1. Extracranial Color-Coded Sonography (ECCS)
2. Pupillar Ultrasound (PuUS)
3. Transcranial Color-Coded duplex Sonography (TCCS)

ECCS

Pathognomonic
Signs of CAD

YES Start Treatment

NO

Indicative signs
Of CAD

YES PuUS Indicative Signs of CAD

YES
NO

NO
Indirect

Hemodynamic signs
YES PuUS Indicative Signs of CAD

NO Clinical Suspicion and/or
Dubious Findings

TCCS

Hemodynamic signs YES Axial Fat
Suppression MRI

NO Mural Hematoma YES

END Start Treatment  

ABCD Airway-Breathing-Circulation-Disability, GCS Glasgow coma scale, CAD Carotid 
Dissection, MRI Magnetic resonance image
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Chapter 26
Carotid Disease: Usefulness 
of the Ultrasound

Gyula Pánczél, Vendel Kemény, László Oláh, and László Csiba

Key Points
 1. Carotid ultrasound is the first noninvasive imaging modality for diagnosis and 

follow-up of different carotid diseases.
 2. Duplex ultrasound (DUS) is the optimal method for investigation.
 3. The DUS should assess the degree of stenosis, plaque characteristics, intima- 

media- thickness and hemodynamic parameters.
 4. Peak systolic velocities of 125–230  cm/s are typical for 50–69% stenosis 

(NASCET) and ≥230  cm/s for ≥70% internal carotid artery stenosis. But in 
some cases, peak systolic velocity ratio, end-diastolic velocity and velocity 
ratios may depict better the degree of stenosis.

 5. Using spectral Doppler criteria can be also useful for increasing the sensitivity 
or specificity.
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26.1  Introduction

Stroke is an important cause of disability and mortality and has an estimated inci-
dence of 795,000/year [1]. The stenotic diseases of carotids represent 15–20% of 
ischemic stroke. Successful medical or surgical therapy prevents the development 
of cerebrovascular symptoms due to carotid stenosis. Although screening is not rec-
ommended for unselected population, some surveys found high percent of individu-
als with asymptomatic carotid stenosis without statins and/or antiplatelet therapy. 
On the other hand, almost all guidelines recommend carotid screening for people 
with numerous vascular risk factors.

Carotid stenosis occurs most commonly at the carotid bifurcation. Carotid ultra-
sound (CUS) is a noninvasive, cost-effective, bedside, cheap imaging modality for 
detecting, grading and monitoring ICA stenosis due to its high sensitivity and speci-
ficity, relatively low cost, lack of radiation hazard. Three modalities should be car-
ried out: (a) B-mode (intima-media thickness and plaque morphology) [2], (b) color 
Doppler (visualization of flow abnormalities) [3], and (c) velocity measurements 
(one of the most important parameter used for grading the severity of carotid steno-
sis); therefore, the correct positioning, sampling and insonation are important for 
accurate assessment [4–6].

26.2  Optimal Settings

The duplex scan makes blood flow audible with the help of the Doppler effect (spec-
tral and color Doppler), and on the other hand, it visualizes the vessels and the sur-
rounding tissues in real time (B-mode). 5–10 MHz range is usually used during the 
duplex scan of the large vessels of the neck [4, 7].

26.2.1  Probe Types

• Linear array: The piezoelectric crystals are located next to each other, forming 
one line.

• Sector probes: (“phased array,” mechanically rotating and mechanically oscillat-
ing US-probes)
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26.2.2  Frequencies

Higher frequencies (e.g., 7.5 MHz) are used for the examination of more superficial 
structures (e.g., carotid arteries), while deeper vessels (e.g., vertebral arteries) and 
calcified plaques are examined using 5–5.5 MHz. Higher frequency US has less 
energy but better axial image resolution than lower frequency US beams. The fre-
quency setting of Doppler mode is usually 4–5 MHz during duplex scans and these 
frequencies should be used for color coding as well.

26.2.3  Focus

The depth where the image resolution is the highest. Linear probes can produce bet-
ter lateral resolution than sector types.

26.2.4  Depth

It should be set so that the examined structures are located in the optimal focus 
distance of the ultrasonic probe. A maximum depth of 4–5 cm should be used in 
patients with an “average” neck.

26.2.5  Pulse Repetition Frequency (PRF)

It provides information about how often the device sends each “US-pulse.” It should 
be set for B-mode image, Doppler-examination and color-coding. It affects the 
maximum depth that can be examined and the maximum flow velocity that can be 
measured.

26.2.6  Frame Rate

Image refresh rate (in B-mode and color-mode). Typically its value is between 4 
and 30 Hz.
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26.2.7  Preprocessing (Parameters that Should Be Set Before 
the Examination)

• Dynamic range:

 – 30 dB: hard image; 60 dB: soft image.

• Edge enhancement:

 – Level 1–4, it influences contours.

• Scan correlation (SCC):

 – Level 1–4, it reduces noise by (temporal) averaging image points.

• Fast/detailed (line density):

 – Greater line density – better, but slower image.

• Time gain compensation (TGC):

 – The waves that are reflected from deeper structures are weaker (more are 
absorbed); therefore, these require more gain. TGC is suitable for this gain 
(that depends on the time of reflection).

• Zoom:

 – It is used for vessel segments that are difficult to visualize and to examine 
plaques and IMT measurements.

26.2.8  Freeze

“Freezing” the image on the display for measurements or documentation. If the US 
probe is not in use, the image should always be freezed to prevent unnecessary 
warming and untimely deterioration of the probe.

26.2.9  Cine Loop

It stores the most recent sequence preceding the freeze in the system’s memory, 
allowing the replay of the last few seconds.

26.2.10  Smoothing (Interpolation), Interlacing, Correlation

Procedures to make the image smoother.
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26.2.11  Postprocessing

Technical procedures for the optimal display of the screen and the documentation. 
These filter out the unnecessary parts of the available grayscale and display the 
necessary ones.

26.2.12  Resolution

• Axial resolution: The minimum distance that can be differentiated between two 
points that are parallel to the ultrasound beam (frequency-dependent).

• Lateral resolution: The minimum distance that can be differentiated between two 
points that are perpendicular to the ultrasound beam (frequency-dependent).

26.2.13  Doppler-Technique

• Doppler shift:

 – The frequency of the emitted US changes (shifts) if it is reflected from a mov-
ing surface (a reflector moving towards the source will increase the registered 
frequency and a reflector moving away from the source will decrease it). 
Since the Doppler shift that is caused by the blood flow is within the hearing 
range, therefore the sounds that are produced by the flow are audible.

26.2.14  PW-Doppler (Pulsed-Wave Doppler)

The Doppler probe emits US pulses and the same piezoelectric crystal receives the 
reflected US. This way, knowing the velocity of the US within the tissue, the depth 
of interest and the sample volume can be determined. The number of emitted pulses 
in a specific time is characterized by the so-called PRF (pulse repetition frequency).

• Aliasing/Nyquist limit:

 – The frequency of a wave can be measured if at least two samplings are per-
formed in each period (Nyquist-limit). In case of high velocities (e.g., high- 
degree stenosis), the sampling cannot be performed fast enough (PRF can 
only be increased until a certain limit and the deeper the examined vessel is 
located, the lower this limit is); therefore, the velocity range above the limit 
(the top of the spectrum) shifts below the zero line (into the negative range) 
and also, color aliasing occurs.
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• Spectrum:

 – The time function of frequency shift (velocity shift in case of angle correc-
tion); it illustrates the change of Doppler shift in time. Since blood flow con-
sists of reflectors with different velocities (RBCs), a spectrum is received 
instead of a linear curve.

• Angle correction/steering:

 – A velocity value is only received from the frequency of the Doppler shift, if 
the angle between the US beam and the direction of the blood (reflector) is 
considered (cos).

• Doppler-gain:

 – Its setting is considered optimal if there are no mirror artifacts, the whole 
spectrum is visible, and it can be easily differentiated from the background.

26.2.15  Color Duplex

• Steering/angle correction:

 – As color mode is based on the Doppler effect, angle correction is very impor-
tant in this case as well.

• PRF:

 – It should be set at the beginning of the examination according to the expected 
velocity and then it can be gradually changed depending on whether we wish 
to visualize the vessel or the flow (see there).

• Window size:

 – The size of the color window should be adjusted so that it contains the vessel 
segment of interest. A smaller window allows faster and more precise 
visualization.

• Color gain:

 – If the gain is not enough, no color signal is seen in spite of existing flow and 
if the gain is too strong, confusing artifacts occur in the color window.

26.3  Indications

• Screening of patients with vascular risk factors (primary prevention)
• Established peripheral artery and coronary disease
• TIA, hemi-or brainstem symptoms suggesting stroke
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• Follow-up of stroke patients (secondary prevention)
• Bruits during auscultation of the supra-aortic vessels
• Unilateral visual disturbance (amaurosis fugax, ischemic ophthalmopathy, visual 

field defect)
• Syncope
• More than 20  mmHg difference between blood pressures measured on the 

two arms
• To look for plaques before carotid massage
• Preceding major surgeries (e.g., coronary bypass surgery)
• Regular follow-up after vascular intervention (endarterectomy, stenting)
• Neck tumor
• Sudden neck pain (if dissection suspected)
• Follow-up after transplantation [4].

26.4  Carotid Ultrasound: How to Start the Investigation?

The patient is in the semi-sitting or supine position, and the examiner is next to or 
behind the patient. The examination starts with B mode scan of the vessels. First, 
the proximal segment of the common carotid artery is visualized: the probe is posi-
tioned dorsal to the sternocleidomastoid muscle, above the clavicle. The common 
carotid artery is followed until its bifurcation and then the internal carotid artery is 
visualized by positioning the probe and continuing cranially. It should be followed 
until its most distal segment (it is usually possible until the lower edge of the man-
dible) and then the external carotid artery should be examined after returning to the 
bifurcation [4].

26.4.1  Differentiating the Internal and External Carotids

26.4.1.1  Positioning the Probe

The longitudinal section of the common carotid artery is visualized until its bifurca-
tion and then the cranial side of the probe is rotated forward toward the mandibular 
angle to visualize the internal carotid. Caution: the initial portions of the external 
and internal carotids might be located inversely.

26.4.1.2  Morphological Differences

The bulb of the internal carotid is dilated similar to an onion and has no side branches 
in its cervical segment. The external carotid is usually more gracile and branches 
(especially the superior thyroid artery) are usually visible.
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26.4.1.3  Flow Differences

The spectrum of the internal carotid is less pulsatile (the end diastolic velocity is 
higher than in the external carotid) which is caused by the lower resistance of the 
cerebral vessels (Fig. 26.1). The spectrum of the external carotid is more pulsatile 
and features “spikes” and its end diastolic velocity is lower (the arteries that supply 
the muscles and the skin are more resistant), frequently triphasic (Fig. 26.2).

26.4.1.4  Compression

Repeated tapping/compression of the superficial temporal artery creates retrograde 
pulse waves that appear as oscillations in the spectral analysis of the external carotid 
(Fig. 26.2).

During the examination of the carotid system, the course, dilation and mural 
abnormalities of the vessels are described in the report (see the end of the chapter).

It is followed by the color duplex scan. The vessels are examined using the color 
window and their course, caliber and mural abnormalities are reported. The mor-
phological examinations are followed by Doppler spectral analysis to describe 
hemodynamic conditions. Pathological abnormalities must be also recorded. 
Finally, if needed, contrast-enhanced ultrasound should be performed [8].

Fig. 26.1 The normal internal carotid artery. The spectrum is biphasic (less pulsatile), the peak 
systolic velocity 110 cm/s
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26.5  B-Mode Examination

Longitudinal and then cross-sectional scans of the vessels of interest are performed 
in caudocranial direction, first in B-mode and then in color mode. Any occurring 
abnormalities are documented:

 I. Elongation
 II. Kinking (acute angulation of the artery, it might be mild in case of larger angles 

or lead to distortion that could result in flow obstruction).
 III. Coiling (a complete loop of the artery, it usually does not cause flow 

disturbances).
 IV. Bifurcation level. In case of a high bifurcation (that is near the lower mandibu-

lar ramus), the internal carotid artery is often difficult to visualize if it can be 
visualized at all.

Mean diameters of ICA (4.7+/−0.8 mm) and CCA (6.1+/−0.8 mm) in women 
are significantly smaller than in men: 5.1+/−0.9 mm and 6.5 +/−1.0 mm, respec-
tively [4].

26.5.1  Dilation

The caliber of the vessel and any occurring abnormalities are observed.

• Dilated:

 – Diffuse dilation: anatomical variation; circumscribed dilation: aneurysm 
(fusiform); but the carotid bulb is often dilated, and it is not an aneurysm 
in itself.

Fig. 26.2 The spectrum of the external carotid is more pulsatile (left picture), the end diastolic 
velocity is lower, frequently triphasic. Repeated tapping/compression (arrows) of the superficial 
temporal artery creates retrograde pulse waves that appear as oscillations in the spectral analysis of 
the external carotid (right picture)
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• Narrowed:

 – Diffuse narrowing in the whole vessel: hypoplasia; a decrease in caliber can 
often be observed distally from an occlusion due to a fall in transmural pres-
sure; segmental narrowing: fibromuscular dysplasia (rare in the cervical area).

26.5.2  Intima-Media Thickness (IMT)

A zoomed, longitudinal scan of the CCA is performed and the measurement is car-
ried out 1–3 cm below the bifurcation (if a plaque is located at this level, then right 
below the plaque), on the wall that is farer from the probe (dorsomedial wall). A thin 
white stripe, the blood-intima interface (A) is located between the arterial lumen (in 
black) and the vessel wall. Below the white stripe, a black and then another white 
stripe (usually the thickest layer) are seen. The border between the latter two is the 
media-adventitia interface (B). IMT equals to the distance between A and B and its 
normal value is 0.4–0.8 (Fig. 26.3). Aging, hypertension, hyperlipidemia, diabetes, 
smoking, and extreme alcohol consumption increase the IMT and numerous obser-
vations prove the correlation between the pathological thickness of IMT and risk of 
vascular events. Similarly, an IMT decrease after long lasting pharmacotherapy 
(e.g., statin) is associated with decreased vascular risk. The standards of IMT mea-
surement were published by the Mannheim Consensus Meeting [9].

26.5.3  Plaque Analysis

During B-mode examination, every circumscribed plaque is detected in the vessel 
segments that are in the field of view. Plaques are characterized based on the follow-
ing features:

Fig. 26.3 IMT. A thin 
white stripe, the blood- 
intima interface (A) is 
located between the arterial 
lumen (black) and the 
vessel wall. Below the 
white stripe, a black and 
then another white stripe 
(usually the thickest layer) 
are seen. The border 
between the latter two is 
the media-adventitia 
interface (B). IMT equals 
to the distance between 
(A, B)
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26.5.3.1  Location

Which vessel portion, which wall (according to their relation to the probe, near, far 
or lateral walls are distinguished).

26.5.3.2  Shape and Configuration

In cross-sectional scans, plaques can appear circumscribed, sickle-like and attached 
to the lateral wall, concentric or semicircular (eccentric); connecting plaques can 
form plaque systems.

26.5.3.3  Maximal Thickness

The thickness of the plaques that seem the thickest is measured during cross- 
sectional scan of the artery.

26.5.3.4  Surface

Smooth (usually soft plaques), moderately irregular (usually fibrous or calcified 
plaques), severely irregular (usually calcified plaques), ulcerated (focal, sudden 
excavation of the surface with a usual depth of >2 mm). Its significance: irregular, 
especially ulcerated surfaces significantly increase the risk of stroke.

26.5.3.5  Echogenicity

It indicates which range of the grayscale the plaque belongs to. Echolucent (soft) 
plaque: dark, its density is similar to blood; such are lipid-rich, hemorrhagic plaques 
and newly formed thrombi. Isodense (moderately dense): its density is similar to the 
sternocleidomastoid muscle (such are fibrous plaques and chronic thrombi. 
Hyperdense, hyperechoic plaque: its density is similar to the cervical vertebra, it is 
white (such are collagen-rich, fibrous and calcified plaques, the latter also produce 
an acoustic shadow). Importance: echolucent plaques indicate a significantly 
increased risk of stroke. Measurement: the density of blood is set between 0 and 5, 
and the density of the adventitia is set to 230. Echolucent plaques with a density 
below 32 indicate increased risk of stroke [10–12].

26.5.3.6  Homogeneity – Heterogeneity

It indicates how similar or different are the parts of a plaque (Figs. 26.4, 26.5, 26.6, 
and 26.7).
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Fig. 26.4 Non-ulcerated homogenous plaque (left side: B-mode). The power-mode picture con-
firms the smooth surface of the plaque (right side). (From the courtesy of L. Németh)

Fig. 26.5 Ulcerated plaque. The power-mode picture depicts the presence of flow in the ulcerated 
part of the plaque. (From the courtesy of L. Németh)

Fig. 26.6 B-mode picture 
of a hyperdense, 
hyperechoic plaque with 
acoustic shadowing. (From 
the courtesy of L. Németh)
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The so-called “floating thrombus” is rare but important finding and needs urgent 
vascular intervention [13] (e.g., carotis endarterectomy).

26.5.4  B-Flow Imaging

An imaging technique for the detection of blood flow by using sonography (B-flow) 
has been developed one and half decade ago. B-flow applies digitally encoded 
methods to boost blood echoes and to suppress nonmoving tissue signals. B-flow 
imaging results in real-time visualization of blood flow by directly visualizing blood 
reflectors and presenting this information in gray-scale. B-flow imaging has better 
spatial and temporal resolution than Doppler imaging because of the better defini-
tion of the vessel lumen. The imaging of the flow is possible without the limitations 
of Doppler technology such as aliasing and wall filter limitations. Compared with 
power Doppler imaging, B-flow provides higher spatial resolution and higher frame 
rate hemodynamic imaging without information on velocity and direction. However, 
resolution of vessel wall tissue was inferior to that of the conventional B-mode and 
power Doppler imaging methods [4, 12].

Fig. 26.7 Color Duplex image of a severe ICA stenosis. The peak systolic velocity (491 cm/s) 
confirms the severe stenosis. (From the courtesy of L. Németh)
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26.6  Color Doppler Imaging (CDI), Power Doppler 
Imaging (PDI)

26.6.1  Color Doppler Imaging (CDI)

The system uses different colors to indicate different blood velocity flow; therefore, 
information can be obtained about the velocity and direction of the flow. Its disad-
vantage: it depends on angle correction, aliasing occurs at high velocities, and the 
color signal does not always fill the lumen completely.

26.6.2  Power Doppler Imaging (PDI)

Every flow is displayed using the same color and the displayed intensity is propor-
tional to the energy of the US beam that reflects back from the flowing particles. Its 
advantage: independent of angle correction, no aliasing, low-velocity flows can also 
be visualized well, but flows with different directions are displayed with the same 
color, therefore arteries cannot be differentiated from veins.

Using these methods makes the display (detection) of the vessels easier and it 
also provides visual information about the flow conditions. The optimal display of 
the lumen is performed using lower PRF, but flow studies require an initially higher 
and then gradually decreased PRF setting [4, 12].

26.7  Technique of Examination

Color duplex scan is the next step after B-mode examination. If this mode is acti-
vated, a color window appears which is positioned so that it contains the vessel 
segment of interest (angle correction should be kept in mind). Different flows are 
displayed using different shades of cold and warm colors depending of the direction 
and the velocity of the flow and it is at the examiner’s discretion which direction is 
displayed with which color. Observing the vessels through the color window may 
reveal the following pathological abnormalities:

 (a) Plaque detection:

• Echolucent plaques that are not displayed on traditional black and white 
B-mode images (due their almost blood-like density) show up as colorless 
areas. A typical feature of plaques with excavated surfaces is a color change, 
indicating the turn in the direction of the flow in its surface groove [4, 10–12].

 (b) Stenosis:

• The prestenotic color signal often appears normal, but in case of high-degree 
stenoses, it might suggest a more pulsatile flow. The flow in the narrowest 
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part of the stenosis creates the so-called “jet phenomenon”; this is where the 
largest flow velocity can be detected with consequential aliasing effect (cau-
tion: a color change in this case does not mean that the flow turns back, it 
merely indicates high flow velocity). Due to the poststenotic turbulence, the 
color signal appears as a mosaic of different colors and it becomes ragged 
(“confetti phenomenon”) (Fig. 26.7).

26.7.1  Stenosis Measurement

CDI is essential to accurately measure the degree of a stenosis. The three most com-
mon methods are the following [14–17].

26.7.1.1  Diameter Stenosis

A longitudinal scan is used to visualize the segment of interest. The residual lumen 
(the width of the color signal at the site of the maximal stenosis) is compared either 
to the original lumen of the vessel (ECST method) or to the preserved lumen distal 
to the stenosis (NASCET method, it results in a lower degree stenosis than the 
ECST method) (Fig. 26.8).

A

B

CCA

C

ECST=C-B
            C

NASCET=A-B
                A

Fig. 26.8 The NASCET 
and ECST stenosis
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26.7.1.2  Area Stenosis

Cross-sectional study. The residual area (color signal) at the site of the maximal 
stenosis is compared to the original area of the lumen (it is not as commonly used, 
it results in a higher number than the previous method due to the squared effect).

26.7.1.3  Residual Luminal Diameter

The width of the color signal at the site of the maximal stenosis.

26.7.2  Occlusion

Color signal cannot be detected in an occluded lumen even when very low PRF is 
used. Occasional color change might be seen in the occluded stump; it indicates that 
the flow turns around.

26.7.3  Subtotal Stenosis: (>95% Stenosis)

Perfusion pressure falls significantly, and the flow is depressed with a low velocity 
and intensity. Therefore, color signal is often undetectable in the stenosis, but it 
appears in the poststenotic segment and fills the lumen (distal color filling).

26.7.4  Long Segment Stenosis

A thin, irregular, low intensity color signal is seen in the vessel lumen that corre-
sponds to the residual lumen (string sign). PDI is the best method of detection. This 
image is often seen in dissections as well.

Kinking coiling: Color coding changes together with the direction of the course 
of the vessel.

26.8  Doppler Spectrum

After turning on Doppler mode, the so-called sample volume (SV) appears on the 
screen and this is moved into the lumen of the vessel of interest. Its size should be 
adjusted as large as possible as long as it fits within the lumen without reaching the 
vessel walls.
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Angle correction: the angle-indicator line that appears with the SV should be 
positioned into the longitudinal axis of the flow as it is a prerequisite of accurate 
velocity measurements. If the angle of measurement is over 60 degrees, even the 
slightest angle setting error will lead to a significant change in velocity so this angle 
should be kept below 60 degrees. If necessary, correction should be performed by 
tilting the probe.

The whole visualizable length of the vessel should be examined in a caudocra-
nial direction while the SV is kept in the lumen and the angle is corrected. Duplex 
mode should be chosen for this examination if it is possible as it allows real time 
B-mode imaging and continuous Doppler spectral analysis. At least one typical 
spectrum should be recorded in the documentation if the examination of an internal 
carotid artery is normal.

26.9  Hemodynamic Parameters for Stenosis Estimation

(Society of Radiologists in Ultrasound) [6]
[PSV = Peak systolic velocity; EDV = End-diastolic velocity; ICA =  internal 

carotid artery; CCA = common carotid artery]

 I. Normal

• ICA PSV is <125  cm/sec and no plaque or intimal thickening is visible 
sonographically.

• Additional criteria include ICA/CCA PSV ratio <2.0 and ICA EDV 
<40 cm/sec.

 II. <50% ICA Stenosis

• ICA PSV is <125  cm/sec and plaque or intimal thickening is visible 
sonographically.

• Additional criteria include ICA/CCA PSV ratio <2.0 and ICA EDV 
<40 cm/sec.

 III. 50–69% ICA Stenosis

• ICA PSV is 125–230 cm/sec and plaque is visible sonographically.
• Additional criteria include ICA/CCA PSV ratio of 2.0–4.0 and ICA EDV of 

40–100 cm/sec.

 IV. ≥70% ICA Stenosis but Less Than Near Occlusion

• ICA PSV is >230 cm/sec and visible plaque and luminal narrowing are seen 
at gray-scale and color Doppler ultrasound (the higher the Doppler param-
eters lie above the threshold of 230  cm/sec, the greater the likelihood of 
severe disease) (Fig. 26.8).

• Additional criteria include ICA/CCA PSV ratio >4 and ICA EDV 
>100 cm/sec.
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 V. Near Occlusion of the ICA

• Velocity parameters may not apply, since velocities may be high, low or 
undetectable.

• Diagnosis is established primarily by demonstrating a markedly narrowed 
lumen at color or power Doppler ultrasound.

 VI. Total Occlusion of the ICA

• No detectable patent lumen at gray-scale ultrasound and no flow with spec-
tral, power and color Doppler ultrasound.

• There may be compensatory increased velocity in the contralateral carotid.

26.10  Contrast Enhanced Ultrasound (CEU)

After B-mode, color Doppler and spectral analysis, you can start CEU investigation 
if needed. The contrast materials consist of gas-containing microbubbles. SonoVue® 
(Bracco Spa) is the most frequently used US contrast agent (with pulse inversion or 
amplitude modulation technique). Low-Mechanical Index (MI, from 0.06 to 0.2) is 
an important feature. Shortly before administration of microbubbles, the probe 
should be placed over the most stenotic part of the carotid artery. The arterial lumen 
enhancement starts approximately after 10–20 s and lasts for up to 3–4 min [18].

CEU delineates the plaque surface well, visualizes the wall irregularities and 
offers improved imaging of flow in the stenotic part of the lumen, even in elongated 
plaques and high-grade stenosis. This method is a valuable method for the detection 
of intraplaque neovascularization.

The plaque enhancement can be classified into three grades: mild if microbub-
bles could be seen only at the outer part of the plaque; moderate when microbubbles 
are both at the plaque shoulder and within the plaque but not at the plaque’s apex; 
and severe if microbubbles could be seen throughout the plaque. A special software 
can provide quantitative time–intensity curves. Previous studies founded a higher 
neovascularization within hypoechoic or mixed type plaques as compared to calci-
fied ones.

CEUS is very useful in carotid dissection (15–20% of strokes in young adults) 
and giant cell arteritis by assessing the vascularization of the carotid wall. 
Quantification of arterial wall enhancement on CEUS is possible using the Gray- 
Scale Median (GSM) technique [4, 18].

Summary: CEUS improves the flow visualization without artifacts. It delineates 
all parts of a stenotic plaque, diagnoses ulcers and hypoechoic parts, differentiates 
total occlusion from severe stenosis and detects restenosis after vascular interven-
tion. It offers the possibility to detect and grade intraplaque neovascularization, vas-
cular wall inflammation in patients with arteritis.
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26.11  The Most Important Pathological Findings of Carotids

26.11.1  Common Carotid Artery

If occluded, the lumen is filled with a thrombus, its caliber is decreased, no color 
signal or spectrum can be obtained. If the internal and external arteries are not 
occluded, then the internal carotid is filled from the external (which is filled by col-
laterals): the flow is very low, collateral type with flattened spectrum.

26.11.2  Internal Carotid Artery

26.11.2.1  Stenosis

The prestenotic flow is often normal. The higher the degree of the stenosis is, the 
more likely it is that proximally, the flow is lower and more pulsatile. In the intra-
stenotic portion, the flow is increased and the velocities are associated with the 
degree of the stenosis. The latter can be determined based on the ratio of the peak 
systolic and end diastolic velocities and the velocities of the internal/common 
carotid arteries. The poststenotic flow velocity is significantly decreased with prom-
inent turbulence and loss of the systolic spectral window (the spectrum becomes 
broader and the area below the envelope becomes full), the spectrum becomes 
sharper and notched, and retrograde flow can be detected in the lateral parts of the 
poststenotic, slightly dilated lumen. Systolic acceleration decreases (the systolic 
upslope becomes less steep and the curve becomes flattened  – delta sign). The 
higher the stenotic degree, the more distally from the stenosis the spectrum begins 
to regenerate. The flow velocity in the internal carotid artery is often higher if the 
contralateral common or internal carotid is occluded [4]. This phenomenon can be 
observed if there is collateral flow from the intact internal carotid toward the contra-
lateral middle cerebral artery (that is above the occlusion) through the anterior com-
municating artery. On the normal side, the flow is hyperkinetic and the diastolic 
velocity is more increased than the systolic; therefore, pulsatility is increased (in 
these cases, the vascular resistance of the supplied areas of the two internal carotids 
is coupled in parallel; therefore, the resistance decreases). If there is a stenosis con-
tralaterally to the occlusion, then the above-mentioned phenomenon causes a flow 
velocity that indicates a falsely high-degree stenosis. In this case, the degree of the 
morphological stenosis, that is, visualized during color mode, should be given prior-
ity to [4, 7, 12, 14, 16].
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26.11.2.2  Dissection

In case of a subintimal dissection, the vessel wall, which was expanded into the 
lumen by the flow, can be usually visualized well: a gradually narrowing lumen 
(“flame sign”) or a long segment stenosis (string sign). No spectral sign can be 
obtained in case of an occlusion. If distally the flow returns to the original lumen, 
flow can be detected in the false lumen with typical features of a long segment ste-
nosis. Color method can help in the detection of this disease [4, 12].

26.11.2.3  Occlusion

Flow velocity suddenly falls at the orifice of the occluded vessel and only a few 
spikes are seen that do not indicate any volume and after a few millimeters, these 
also disappear. The flow in the common carotid artery is more pulsatile and flat-
tened, no flow can be detected in the internal carotid, and the flow of the external 
carotid is hyperkinetic or normal.

26.11.2.4  Subtotal Occlusion: (95–99% Stenosis)

As the perfusion pressure falls, the flow is low (unlike in the case of less severe 
stenoses), the velocity is decreased, and systolic acceleration is also reduced; there-
fore, the spectrum is flattened (delta sign).

26.11.2.5  Multiple (Tandem) Stenosis

Perfusion pressure is decreased to a larger degree than in the case of single stenoses; 
thus, the intrastenotic flow velocities are lower than in single stenoses and the flow 
indicates a lower stenotic degree than there actually is. In cases like this, morpho-
logical stenosis measured in color mode becomes more important.

26.11.2.6  Long Segment Stenosis

The situation is similar to the case of multiple stenoses but the fall in perfusion pres-
sure is more pronounced and usually no velocity increase (that is typical of steno-
ses) is detected. The flow is markedly low in the whole stenotic segment, the 
spectrum is flattened, and the flow is often turbulent due to the irregular surface. The 
poststenotic segment is usually located in a too proximal location to allow 
visualization.
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26.11.3  External Carotid Artery (ECA)

26.11.3.1  Occlusion

No flow can be detected in the orifice of the external carotid artery but collateral 
flow usually appears distally (due to the extensive collateral network). There is nor-
mal flow in the internal and common carotid arteries.

26.12  Diagnostic Value of Reversed Flow in Ophthalmic 
Artery (OA)

The assessment of flow direction in the ophthalmic artery can raise the suspicion of 
ipsilateral severe ICA stenosis or occlusion. In healthy persons, the flow direction is 
intra-extracranial in the ophthalmic artery. But in case of hemodynamically signifi-
cant stenosis or ICA occlusion, the flow direction will be reversed to extra- 
intracranial (higher pressure at the origin). Besides, by pressing the branches of 
extracranial carotid artery, you can identify the source of collateral circulation [19]. 
This simple and quick investigation could be performed bedside, using a cheap and 
pocket size pencil probe.

26.12.1  Interpretation and Report

(Modified suggestions of AIUM [20].)
Each laboratory must have criteria that are used by all members of the technical 

and physician staff.

• Diagnostic criteria must be derived from the literature or from internal validation 
based on correlation with other imaging modalities or surgical and/or pathologic 
correlation.

• The report must indicate internal carotid artery stenosis categories that are clini-
cally useful (70% to near occlusion) or a numeric grade (e.g., 60% ± 10%) to 
provide adequate information for clinical decision making.

• Numerous factors may falsely increase or decrease velocities (e.g., systemic dis-
ease, cardiovascular disease, contralateral severe disease or occlusion, near 
occlusive stenoses).

• Simple velocity criteria may not be valid for a younger-than-usual population.
• Secondary criteria such as ratios may be helpful in these circumstances.
• The report should describe abnormal waveforms, if present.
• The report must indicate vertebral artery flow direction.
• The report may characterize plaques, depending on the laboratory interpretation 

criteria.
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• The report should describe significant nonvascular abnormalities.
• The criteria for common carotid and vertebral artery stenosis differ from internal 

carotid artery criteria.
• A velocity threshold that indicates an external carotid stenosis is not established.
• A simple description indicating a stenosis, if present, may be reported.
• Identification of stenosis can be based on gray-scale and/or color flow narrowing, 

elevated velocity through the stenosis and typical poststenotic waveforms.
• The velocity criteria for stenosis after interventions may require different criteria 

than native vessels. Stents require different velocity criteria than native ves-
sels [20].

26.13  Negative Report

Standardized examination and reporting is recommended to ensure that the exami-
nation contains every necessary information. The report should include the course 
of the vessels, their wall structure, flow characteristics of the internal carotid and 
vertebral arteries, and comparison of the two sides. Every report should include an 
opinion. A graphic report that includes a preprinted schematic figure with velocities 
and any abnormalities can be drawn onto could be useful for comparison during 
follow-up.

Example: The course of the carotid arteries is normal on both sides. The wall of 
the vessels and the measured IMT are normal. Antegrade, equal flow can be detected 
in both common (left: right:) and internal (left: right:) carotid arteries with normal 
spectrum and normal velocity.

Opinion: No wall abnormalities or flow disturbances can be detected in the 
examined vessels. Signature, date.

26.14  Conclusion

Carotid ultrasound is a cost-effective bedside diagnostic tool for assessing carotid 
artery diseases without radiation hazard and risk of claustrophobia.

Doppler US is an important method for following mild to moderate stenoses and 
for follow-up after stent or endarterectomy. PSV and/or EDV may provide more 
accurate assessment of stenosis. Contrast-enhanced ultrasound further improves the 
accuracy. In case of contralateral stenosis, tandem lesions, nearly occlusive ICA 
stenosis the gray-scale and color Doppler findings can be helpful. The carotid ultra-
sound provides information regarding plaque characteristics (stability, homogene-
ity, vascularization, etc.) The quantitative IMT measurement and follow-up (a 
marker of arteriosclerosis) is also possible using the modern equipment. Pitfalls: 
The accuracy of carotid ultrasound depends on the operator’s skill and image 
quality.

G. Pánczél et al.



459

In stenoses within the low (<50%) and moderate (50–70%) range, intrastenotic 
velocity increases only modestly relative to the luminal loss that requires additional 
morphologic estimation of stenosis using B-mode.

 Algorithm

INTENSIVE CARE UNIT (ICU)

Clinical Status of Patient
ABCD

CAROTID STENT Level of consciousness (GCS)
Protocol Bilateral Pupillary reactivity

• B-Mode (Gray-Scale) Hemodynamic stability?
• Spectral Doppler Oxygenation?/ Mechanical Ventilation?
• Color Doppler Non-contrast Brain CT Scan?

Documentation
• Lumen?
• Stent Deployment? DIAGNOSIS
• Flow?
• Site of Highest PSV?
• Spectral Waveform? STROKE SUSPECTED

CAROTID DISEASE SUSPECTED

CAROTID ULTRASOUND (CUS)
1st STEP
B-MODE

Probe Location 3th STEP
SPECTRAL WAVEFORM

MAXIMAL PSV RECORDED
Dorsal to the Sternocleidomastoid

muscle above the clavicleCCA
Whole Segment Depth CCA

CAROTID BIFURCATION 4 – 5 cm Proximal
ICA Probe (MHz) Middle or Distal (3 cm Bb)

Whole Segment High Frequency (7.5 MHz) ICA
ECA Proximal

Whole Segment Middle to distal Cervical
2nd STEP

COLOR DOPPLER
ECA

Proximal
Atherosclerotic Plaque? CCA
• Location Distal
• Extent ICA Significant Stenosis?
• Characteristics Proximal and Midinternal • Location
Other Abnormality? ECA [Site of maximum PSV]

Identification with Branch • Distal of Stenosis
Disturbed Flow

DOCUMENTATION • Presence?
Transverse Plane • Absence?
Longitudinal Plane Atherosclerotic Plaque?

• Extent
• Effect on the Color Flow DOCUMENTATION

Occlusion? Transverse Plane
• Color and/or Power Doppler image Longitudinal Plane

Other Abnormality?

CALCULATE
DOCUMENTATION • Velocity Ratios
Transverse Plane • EDV
Longitudinal Plane  

ABCD Airway-Breathing-Circulation-Disability, CCA Common carotid artery, ICA Internal 
carotid artery, ECA External carotid artery, Bb Below bifurcation, PSV Peak systolic velocity, EDV 
End-Diastolic velocity
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Chapter 27
Acute Neurologic Injury in the ICU: Role 
of Transcranial Doppler in Disorders 
of the Vertebrobasilar Circulation

Rick R. Gill, Brett L. Cucchiara, and Monisha A. Kumar

Key Points
 1. TCD of the vertebrobasilar system helps guide clinical management in aneurys-

mal subarachnoid hemorrhage. Sensitivity and specificity are better for the basi-
lar artery than for the vertebral arteries; they are both enhanced when using 
thresholds >85 cm/s or a BA/VA ratio greater than 3.0.

 2. A novel approach combining mean flow velocity (MFV) and stenotic to pre- 
stenotic ratio (SPR) improves the sensitivity of transcranial Doppler (TCD) in 
the detection of intracranial stenosis.

 3. Microembolus signal detection (MES) in the vertebrobasilar circulation is cor-
related with both the presence of intracranial vertebrobasilar atherosclerosis and 
the degree of stenosis making it a useful tool in determining stroke etiology.

 4. Intracardiac right to left shunt (RLS) has been implicated in cryptogenic stroke 
and closure has emerged as a viable therapeutic option. Detection of a RLS using 
gaseous contrast TCD of the vertebrobasilar circulation through a suboccipital 
window is both highly sensitive and specific when transtemporal windows are 
insufficient.
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 5. TCD may assist in identifying disturbances in cerebral autoregulation, cerebral 
hypoperfusion, vasomotor reactivity, and stroke risk in patients with traumatic 
brain injury.

 6. Examination of basilar artery flow characteristics is part of a complete TCD 
assessment for brain death.

27.1  Introduction

Transcranial Doppler (TCD) of the anterior circulation is a well-established non- 
invasive diagnostic imaging modality that has broad application in the intensive care 
unit (ICU). TCD may enable the clinical diagnosis of acute ischemic stroke, arterial 
vasospasm, and brain death and is a convenient way to monitor dynamic vascular 
changes in response to interventions at the bedside. TCD may evaluate brain tissue 
health by measuring cerebral autoregulation, cerebral vasoreactivity, and neurovas-
cular coupling or functional hyperemia, which are all important physiologic assess-
ments in the ICU, especially in patients with traumatic brain injury (TBI). TCD may 
have particular utility in hospitals with reduced access to neurovascular imaging 
such as CTA or MRA or advanced neuromonitoring. However, the role of TCD of 
the posterior circulation in the ICU is less well defined.

Assessment of the vertebrobasilar circulation is intuitively part of a complete 
assessment of the cerebral circulation. However, due to variations in vertebral artery 
(VA) anatomy, visualization can be technically difficult, and thus, its utility is lim-
ited [1, 2]. TCD/TCCS is a reasonably accurate screening technique for size, 
patency, and direction of blood flow in the vertebral arteries when compared with 
angiography and can reasonably assess blood flow velocity and detect microemboli 
[3]. Similarly, TCD can be used to diagnose subclavian steal and pre-steal phenom-
ena. As technology has evolved and new clinical applications have been rigorously 
evaluated, the utility of vertebrobasilar ultrasound to assess for stenosis, dissection, 
occlusion, vasospasm, and even brain death has also increased. TCD-based assess-
ments augment physiological data gleaned from other multimodal neuro monitors 
and thus may provide important insights for patients with severe neurological injury, 
such as those with TBI. This chapter serves to review the application of TCD of the 
posterior circulation to critically ill patients in the neuro ICU.

27.2  Anatomy: Vertebrobasilar System

The two vertebral arteries consist of three extracranial segments (V1–3) and one 
intracranial segment (V4) before terminating in a single basilar artery (BA) at the 
level of the pons. Asymmetry is common, with hypoplasia seen more often on the 
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right. The V1 segment extends from the subclavian artery (SCA) which is a branch 
from the arch of the aorta; this segment can be tortuous and typically originates 
from the cranio-dorsal SCA. In a small minority of cases, the left VA may arise from 
the aortic arch directly or very rarely from the common carotid artery. The V2 seg-
ment typically enters the transverse foramen of the cervical vertebral column at C6, 
although in variants it may enter at C5 or C7. The V3 segment exits the transverse 
foramen at C1 and traverses the posterior arch of C1 before entering the foramen 
magnum and the V4 (intradural) segments extend from the dura to their confluence 
as the basilar artery (Fig. 27.1) [4].

Collateral blood flow can confound ultrasound evaluation of a vascular territory. 
In the vertebrobasilar circulation, the pre-Willisian collaterals include the deep cer-
vical artery which can contribute antegrade filling of the VA in patients with proxi-
mal stenosis. Within the Circle of Willis, the posterior communicating arteries 
(PCA) connect the left and right side of the posterior circulation, as well as the 
ipsilateral anterior and posterior circulation when a fetal PCA is present. Cortical 
anastomoses between distal branches of the PCA provide a post-Willisian commu-
nication [4].

a b

V4

V4

V3

V2

V1

V0

V3

V2

V1
V0

Fig. 27.1 The vertebrobasilar circulation: (a) Lateral anatomical view and (b) Frontal anatomical 
view; V0-V4: segments of the vertebral artery: V0: the origin, V1: from the origin of VA to its entry 
into transverse foramen of C6 vertebra, V2: from the entry into transverse foramen of C6 vertebra 
until the exit from the C2 vertebra, V3: Atlas loop and V4: intracranial part. (Courtesy: 
Baltgaile [68])
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27.3  Vertebrobasilar Circulation: Ultrasound Examination

The VA is divided into four segments with segments 1–3 representing the extracra-
nial components. The extracranial VA is best visualized by vascular ultrasound 
using a linear probe (5–7.5 MHz) with the patient supine and the neck extended. 
Once the common carotid artery is visualized in longitudinal section on B-mode, 
the probe is slid posteriorly and the acoustic shadows of the cervical vertebral trans-
verse processes are identified and the VA (V2 segment) can be insonated in between 
these acoustic shadows in approximately 95% of patients [5]. Normal peak systolic 
velocity (PSV), measured using pulsed wave Doppler, for the V2 segment is 
20–60  cm/s, with velocities >100  cm/s consistent with a significant stenosis. 
Knowledge of normal anatomical variants and asymmetry of the VA diameter, often 
larger on the left, can be useful in interpreting variations in peak systolic velocity 
(PSV). The most proximal V1 segment is visible with ultrasound in 65–85% of 
patients, with the right being more easily visualized than the left which tends to be 
deeper and originating from the aortic arch in a minority of cases [6]. The origin of 
the VA is susceptible to a variety of pathology including atherosclerotic disease 
making visualization and assessment of VA diameter and volume flow by tracking 
proximally from the V2 segment clinically useful. Alternatively, imaging of the 
supraclavicular subclavian artery can lead to visualization of the VA origin. The V3 
segment of the VA may also be visualized as it exits the transverse process of C1. 
Color Doppler should be applied, and in a routine carotid assessment, it is often 
only the V2 segment that is visualized and assessed for direction of flow, which is 
always cephalad in normal subjects.

Insonation of the final intracranial segment of the VA (V4) as well as the BA is 
achieved transcranially. Unlike extracranial insonation where a high-frequency 
probe can be used, for TCD a 2 MHz probe better penetrates through the skull [7]. 
The suboccipital window can be found inferior and medial to the mastoid process 
with the probe oriented medially toward the bridge of the nose or the contralateral 
eye; turning the head to the contralateral side with or without the neck flexed may 
aid visualization [7, 8]. This window utilizes the foramen magnum’s opening into 
the skull, and through this window at a depth of 50–75 mm, flow signals of the ipsi-
lateral VA can be obtained. Insonation of the BA is achieved by tracking the VA 
cephalad and medially through the suboccipital window and increasing the depth to 
75–110 mm [7]. Alternatively, placing the probe below the occipital protuberance 
and fanning the probe cephalad with a projection toward the bridge of the nose can 
also aid in visualizing the BA. Like the VA, the flow within the BA is always cepha-
lad and away from the probe in normal healthy subjects. The greater variability of 
these vessels can often make insonation challenging in comparison to the anterior 
circulation [2, 7].
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27.4  TCD: Aneurysmal Subarachnoid Hemorrhage

One of the most common applications of TCD in the Neuro ICU is the detection of 
cerebral vasospasm, or arterial narrowing, after aneurysmal subarachnoid hemor-
rhage (SAH). TCD can be used to follow the onset, time course, and resolution of 
arterial narrowing, and it can be combined with other blood flow measurement tech-
niques to provide useful information to clinicians managing patients with subarach-
noid hemorrhage. Chapters 23 and 24 discuss the approach to delayed cerebral 
ischemia (DCI) and cerebral vasospasm and thus will not be discussed in detail here.

27.4.1  Delayed Cerebral Ischemia

The main indication of TCD after SAH is to monitor for the development of DCI, a 
syndrome that manifests as neurological deterioration typically occurring days after 
aneurysm rupture and potentially associated with cerebral infarction [9]. Although 
the pathophysiology of DCI remains unclear, an association between arterial nar-
rowing and the development of DCI is frequently considered. It should be noted that 
the incidence of arterial narrowing nears 70%, but only a fraction of those patients 
are clinically symptomatic [10]. Therefore, since the incidence of TCD-diagnosed 
arterial narrowing is much higher than that of clinically significant narrowing, ther-
apy is not usually escalated on the basis of TCD findings alone.

27.4.2  Vasospasm

Detection of vasospasm using TCD in the vertebrobasilar system after subarachnoid 
hemorrhage is routinely performed, but remains less sensitive compared to the ante-
rior circulation. Elevated flow velocities may not always imply arterial narrowing, 
as increased blood flow and cerebral hyperemia may confound the diagnosis of 
cerebral vasospasm. The incidence of basilar artery vasospasm is approximately 
40% [11, 12]. Sensitivity and specificity of cerebral vasospasm are better for the 
basilar artery than for the vertebral arteries [12]. BA mean velocities higher than 
60 cm/s are associated with 60% specificity and 100% sensitivity for vasospasm; 
however, increasing the MFV threshold reduces the sensitivity significantly [11]. 
The specificity of TCD for arterial narrowing is improved when using flow velocity 
cutoffs of ≥80 cm/s in the vertebral artery and ≥95 cm/s in the basilar artery [11]. 
Increasing the MFV thresholds improves to discriminate between hyperemia and 
vasospasm and improves specificity but results in a loss of sensitivity.

A ratio of BA to extracranial VA flow velocities may help discriminate between 
BA vasospasm and vertebrobasilar hyperemia. This is similar to the function of the 
Lindegaard ratio in the anterior circulation. This enhances the utility of TCD in 
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detecting BA vasospasm, although well-defined thresholds do not exist [11, 13]. 
When the BA velocity is greater than 85 cm/s, a BA/VA ratio greater than 2.5 is 
associated with 86% sensitivity and 97% specificity for a 25% reduction in BA 
diameter; a ratio greater than 3.0 is associated with 92% sensitivity and 97% speci-
ficity for a 50% reduction in BA diameter [13]. Despite the lack of well-defined 
thresholds, BA vasospasm may be an independent prognostic factor associated with 
unfavorable outcome at 90 days [14].

27.5  TCD: Vertebrobasilar Dissection

Vertebral and basilar artery dissection are associated with posterior circulation ter-
ritory stroke and transient ischemic attack (TIA) as well as subarachnoid hemor-
rhage (SAH). Stroke occurs in 63% of cases of vertebral artery dissection (VAD), 
more commonly related to extracranial than intracranial VAD (66% vs 32%), and is 
most common in those aged 18–45 years carrying an overall annual incidence of 
1–1.5 per 100.000 [15]. Some degree of ischemic symptoms (TIA or stroke) involv-
ing the brainstem, thalamus, cerebral or cerebellar hemispheres, or rarely the cervi-
cal spinal cord occur in upwards of 90% of patients [16]. Subarachnoid hemorrhage 
occurs in 10% of cases of VAD and it is seen exclusively in intracranial dissection. 
Basilar dissection is rare, but it carries a high morbidity and mortality from associ-
ated SAH. Similarly, intracranial vertebral dissection carries a high morbidity and 
mortality, and there is a male predominance [17, 18]. Additional diagnostic clues 
include a young age at onset, severe occipital or neck pain, preceding stroke, and a 
progressive onset of ischemic symptoms.

While there are no pathognomonic ultrasound findings for VAD in the V2–V4 
segments (and the V1 segment has a high failure rate of examination with both 
Doppler and duplex sonographic techniques), a patient with high grade stenosis or 
occlusion and a history and examination consistent with vertebral dissection or pos-
terior circulation stroke should prompt further evaluation with CTA, MRA, or DSA 
[19]. Typical analysis of the vertebral circulation includes extracranial and transcra-
nial pulsed-wave Doppler sonography for the V3–4 segments and duplex sonogra-
phy for the evaluation of the prelesional intertransverse V2 segment at cervical 
spine levels 5 and 6. During ultrasound analysis, systolic (PSV) and end-diastolic 
(EDV) blood flow velocities as well as time mean flow velocity (MFV) should be 
recorded for each vessel typically using pulsed Doppler gate with correction for 
insonation angle and the resistive index (RI) and pulsatility index (PI) calculated 
[18] (Eqs 27.1 and 27.1):

 
RI PSV EDV PSV= ( )– /

 
(27.1)

 
PI PSV EDV MFV= ( )– /

 
(27.2)
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Despite a lack of uniform diagnostic criteria, studies have established the sensi-
tivity of neurovascular ultrasound in the detection of VA dissection at 70–92% [20]. 
Data remains limited for the evaluation of primary isolated BA dissection. 
Microembolic signals, diminished pulsatility index in the posterior cerebral arteries 
and increased CBFV in the BA can all be clues to the presence of a basilar dissec-
tion [21, 22].

Direct signs of vessel abnormality include increased MFV (>120  cm/s) or a 
>50% increase in velocity compared with an unaffected segment of the vessel. 
Severely reduced or absent MFV, increased PI, and increased contralateral MFV 
may be an indirect sign of VA dissection; however, variability in VA diameter is 
common in the population confounding this examination observation. Occlusion of 
the vessel detected by a focal absence of flow particularly in the intertransverse seg-
ments should raise concern for vertebral dissection. An intraluminal abnormality 
such as an echo-lucent hematoma or double lumen sign may also suggest dissection 
in the right clinical context [23]. In this respect, color-coded Doppler can be useful 
in visualizing segmental dilation or an eccentric channel in the proximal or distal 
parts of the artery with an increased velocity in the residual channel [18]. 
Segmentally, the proximal VA (V1–V2) can have distinct findings of increased arte-
rial diameter and decreased PI. The atlas loop is a vulnerable, mobile segment of the 
VA to which additional attention should be paid, and signs of absent flow signals, 
low bidirectional flow signals or low post-stenotic flow signals should prompt fur-
ther investigation with angiography [19]. Ultrasound has also been shown to be 
useful in determining the length of dissection in addition to being a practical means 
of follow-up in cases of angiographic confirmed dissection [18]. The sensitivity of 
sonographic evaluation of the posterior circulation for dissection is preserved only 
when all potential abnormalities are considered, and sensitivity decreases when 
definite abnormal findings of absent or severely reduced flow velocities, absent dia-
stolic flow, bidirectional flow or stenotic signals are used as strict criteria [19].

Pitfalls in the detection of dissection with ultrasound include the detection of 
pseudoaneurysms of the VA as well as small hematomas or hematomas not within 
the visible vertebral arterial segment, such as those obscured by the transverse pro-
cesses of the cervical spine. Finally, a normal ultrasound evaluation in a patient 
presenting with a history or exam findings concerning for posterior circulation dis-
section requires further workup, as a negative ultrasound study does not reliably 
exclude arterial dissection.

27.6  TCD: Intracranial Stenosis

Intracranial atherosclerotic disease (IAD) is responsible for an estimated 8–10% of 
ischemic strokes globally and remains an independent risk factor for the high recur-
rence rate of stroke seen in these patients [24–27]. Recurrent stroke risk can be as 
high as 15% per year in the territory of the stenotic artery with subgroups with 
severe disease (70–99% stenosis) or those with vertebrobasilar disease at a 
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particularly high risk [24, 25]. Black, Hispanic, Indian, and Asian populations have 
the highest prevalence of ICA stenosis with risk of IAD-related stroke as high as 
30–50% in Asian populations [28].

The gold standard evaluation of the intracranial vasculature remains catheter 
angiography, but it is an invasive procedure which comes with risks. Clinicians 
often turn to non-invasive alternatives such as magnetic resonance angiography 
(MRA), computed tomographic angiography (CTA) and TCD, which are safer, 
more practical, and cost effective. Angiographically verified severe stenosis of 
70–99% portends an increased risk of stroke recurrence compared to moderate ste-
nosis (50–69%). Robust collateral circulation mitigates this increased risk to some 
degree [29]. This high risk was also profoundly reduced with aggressive medical 
management, putting an emphasis on early non-invasive identification with the goal 
of primary and secondary stroke prevention.

The validity of ultrasound in the evaluation of the extracranial carotid arteries as 
both a screening and diagnostic tool is well established. The utility of TCD to evalu-
ate for intracranial stenosis (Table 27.1) is less well described, particularly in the 
vertebral-basilar circulation. Factors limiting the reliability of TCD include the 
hemodynamic effects of coexisting stenotic lesions proximal to the region being 
assessed (e.g., extracranial disease) or the effect of collateral circulation on TCD 
velocities.

The Stroke Outcomes and Neuroimaging of Intracranial Atherosclerosis 
(SONIA) study was a companion study to the Warfarin-Aspirin Symptomatic 
Intracranial Disease (WASID) trial aimed to define the ability of TCD and MRA to 
diagnose and quantify the severity of intracranial atherosclerosis of 50–99% com-
pared to cerebral angiography [28]. SONIA was a prospective multicenter study 
utilizing standardized, reproducible ultrasound protocols and diagnostic criteria to 
identify large vessel intracranial stenoses of 50–99%. The study demonstrated the 
ability of TCD to reliably exclude the presence of moderate and severe intracranial 
stenosis, utilizing a mean flow velocity (MFV) cutoff of 80 cm/s in both the VA and 
BA. By adjusting the cutoff MFV to 130 cm/s, TCD maintains a strong NPV to 
exclude severe intracranial stenosis in the VA and BA [29].

The vertebrobasilar circulation shows considerable variability in its size and 
course limiting the sensitivity and specificity of TCD in detecting vertebrobasilar 
stenotic lesions. A novel approach combining velocity cutoffs in conjunction with 
the stenotic/pre-stenotic ratio for ≥70% stenosis demonstrated improved sensitivity 
with good agreement with digital subtraction angiography [29, 30]. In the VA/BA, 

Table 27.1 Mean TCD 
velocities in the assessment of 
intracranial atherosclerosis [30]

Blood vessel
Mean velocity
≥50% Stenosis ≥80% Stenosis

Vertebral 80 cm/s 110 cm/s
Basilar 80 cm/s 130 cm/s
MCA 100 cm/s 240 cm/s
ICA 90 cm/s 120 cm/s
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a MFV > 110 cm/s or a stenotic/pre-stenotic ratio (SPR) of ≥3 had a sensitivity of 
60% and specificity of 95% [30]. This approach shows good agreement with inva-
sive angiography and may be a reasonable cost-effective alternative in resource lim-
ited settings. TCD may also supplement other forms of non-invasive imaging, with 
concordant findings potentially eliminating the need for conventional angiography.

27.7  TCD: Microembolus Detection

Transcranial Doppler is the only modality capable of detecting circulating cerebral 
microemboli, both gaseous and solid (e.g., fibrinogen, cholesterol, platelets). 
Diseases commonly associated with intracranial microemboli include carotid steno-
sis, arterial dissection, atrial fibrillation, patent foramen ovale, and mechanical car-
diac valves as well as during vascular surgical procedures to address the 
aforementioned conditions [7, 31]. These intracranial microthrombi can be detected 
on TCD as microembolic signals (MES). The clinical significance of MES in the 
posterior circulation remains unclear; for example, the presence of intracranial arte-
rial emboli on TCD in a case suspicious for dissection can aid in establishing a 
diagnosis and prompt further evaluation, but in itself MES are not diagnostic. 
Detection of intracranial emboli makes the likelihood of an ischemic event much 
higher [31]. High-intensity transient signals (HITS) are characteristic and are the 
result of backscatter of ultrasound waves from gaseous or solid microemboli on 
TCD [7]. Brief (<0.01–0.03 second) unidirectional high intensity increases within 
the Doppler frequency spectrum (>3 dB) producing a characteristic “chirp,” “click,” 
or “whistle” sound during TCD insonation occurring randomly characterize 
HITS. Technical difficulties of vessel insonation can be overcome by power M-mode 
Doppler (PMD) which uses multiple sample gates placed with 2  mm spacing 
increasing the ease of insonation through transcranial windows [31].

While the vast majority of MES are clinically silent, patients with microemboli 
appear to have an increased macroembolic risk. TCD assessment for microemboli 
can help tailor therapeutic interventions in this population such as antithrombotic 
therapy or endovascular intervention [32, 33].

A Korean trial studied the utility of MES in patients with acute neurological 
symptoms referable to posterior circulation ischemia [34]. The study protocol used 
a 2-MHz transducer mounted to the head using a fixed frame and required insonation 
of the basilar artery for 30 consecutive minutes through a suboccipital window. 
HITS were required at two insonation depths to confirm MES [34]. MES were 
detected in 13% of patients and were strongly associated with intracranial, but not 
extracranial, vertebrobasilar artery stenosis [34]. MES occurred more frequently in 
patients with severe degree of V-BA stenosis and were more common in patients 
with lesions on diffusion weighted MRI. An optimal timing of MES testing, relative 
to stroke onset, has not been established for the posterior circulation. Quantification 
and subsequent grading of MES in the posterior circulation has not been utilized as 
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it has in the assessment of MES in right to left cardiac shunts with the International 
Consensus Criteria (ICC) or Spencer’s Logarithmic Scale.

In stroke patients with posterior circulation symptoms, the presence of MES in 
the vertebrobasilar circulation suggests the possibility of large artery vertebrobasi-
lar disease, which may be atherosclerotic or due to dissection. The severity of ste-
nosis appears to correlate with the likelihood of detecting MES. Autopsy studies 
also suggest that extracranial atherosclerotic disease of the posterior circulation less 
often embolizes to cause stroke than intracranial stenosis [34]. TCD for MES detec-
tion in the vertebrobasilar circulation can be a useful tool in guiding the manage-
ment of patients with acute ischemia in the posterior circulation.

27.8  Intracardiac Right to Left Shunt

Intracardiac right to left shunt (RLS) has been implicated in stroke (particularly in 
patients <60 years old and all patients with cryptogenic stroke), migraine and clus-
ter headache, obstructive apnea, and hypoxemia and is most commonly caused by a 
patent foramen ovale (PFO) [35]. A PFO is present in 20–25% of the general popu-
lation as a remnant of the fetal circulation, and transcatheter closure has evolved 
into a viable treatment for PFO in recent years. This necessitates accurate diagnosis 
of PFO with transesophageal echocardiogram (TEE) remaining the gold standard 
diagnostic approach. However, the invasive nature of TEE and the requirement for 
sedative anesthesia make it less than ideal when screening populations with disease 
states which implicate PFO as a potential etiological factor. In this light, the gaseous 
contrast TCD (“bubble study”) has emerged as a practical and cost-effective 
alternative.

During a contrast TCD study, a solution with microbubbles is injected peripher-
ally during continuous TCD examination, ideally with power mode for increased 
sensitivity. A Valsalva maneuver is performed 4–6  seconds after injection of the 
gaseous contrast medium, causing an increase in right atrial pressure and an increase 
in flow through a potential PFO. A significant reduction in TCD mean flow velocity 
of the insonated vessel indicates an adequate Valsalva maneuver. TCD monitoring 
is continued for a further 16–20  seconds and the number of MES counted and 
graded using the International Consensus Criteria (ICC) or Spencer’s Logarithmic 
Scale [36]. A meta-analysis of 27 studies and 1968 patients compared gaseous con-
trast TCD with TEE and found the weighted mean sensitivity to be 97% and speci-
ficity to be 93% [37]. The vast majority of existing studies utilize the MCA as the 
vessel insonated in their evaluation.

In situations where TCD of the MCA cannot be performed due to an insufficient 
transtemporal window, insonation of the BA through a transoccipital window is a 
viable and reliable alternative. In a study by Del Sette and colleagues (2007) com-
paring the right MCA to the vertebrobasilar circulation, the vertebrobasilar circula-
tion achieved a sensitivity of 83.7% and a specificity of 100% [35]. This improved 
to 100% sensitivity and specificity for only medium and large shunts. A similar 
study by Guo et al. (2016) showed no significant difference between the VA and 
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MCA, both achieving excellent sensitivity and specificity [38]. TCD of the verte-
brobasilar circulation is thus a practical, cost-effective, and highly accurate means 
of diagnosing a clinically significant PFO.

27.9  Subclavian Steal Syndrome

Proximal high-grade steno-occlusive disease of the pre-vertebral subclavian artery 
(SA), most commonly due to atherosclerotic vascular disease, can lead to a phe-
nomenon known as subclavian steal syndrome. In subclavian steal syndrome (SSS), 
exertion of the arm that is supplied by the stenotic SA results in a drop in SA pres-
sure distal to the lesion. This results in redirecting flow from the contralateral VA via 
the BA in a retrograde direction down the ipsilateral VA and away from the posterior 
cerebral circulation. Occasionally, this flow pattern may even be seen at rest. Most 
often SA stenosis is clinically silent and may be found incidentally with an observed 
blood pressure difference in the upper extremities (the left SA is affected in a 4:1 
ratio compared to the right). Clinical consequences of subclavian steal include arm 
ischemia, which is most common, and vertebrobasilar ischemia which occurs more 
often in patients with concurrent cerebrovascular lesions. Symptoms may include 
dizziness and vertigo, ataxia, drop attacks, and deficits associated with the cranial 
nerves; however, symptoms often persist after correction of SA stenosis or improve-
ment in retrograde VA flow, suggesting in many cases the steal is not the cause of 
presenting symptoms [39].

Duplex ultrasonography can diagnose SA stenosis with a peak systolic velocity 
>240 cm/s being predictive of a >70% stenosis [40]. It can also assess the extracra-
nial VA for flow reversal, which has been shown to be intermittent in 30% and per-
manent in 65% of patients with >80% SA stenosis. TCD can further evaluate the 
direction of flow in the BA and this may be more predictive of symptoms as patients 
who have antegrade flow in the BA are less likely to be symptomatic. Less than 25% 
of patients with retrograde flow in the VA were found to have a corresponding rever-
sal of flow in the BA [41]. If the symptomatic vertebral artery waveform appears 
normal or shows only absent diastolic flow proceed with provocative maneuvers 
such as raising the arm, squeezing a ball, or inflating and deflating a blood pressure 
cuff on the affected side. In patients with confirmed symptoms attributable to SA 
stenosis and demonstrable retrograde vertebral and basilar flow, therapeutic options 
such as stenting or surgery can be considered.

27.10  TCD: Multimodal Monitoring

Multimodality monitoring has become an important tool in the management of criti-
cal ill patients in the Neuro ICU. Information gathered from intracranial pressure 
(ICP) monitors, jugular bulb oximetry, brain tissue oximetry, cerebral microdialy-
sis, near infrared spectroscopy, and electroencephalography often guides clinical 
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management. TCD may be considered a component of multimodality monitoring in 
the Neuro ICU, either supplementing information gleaned from these other moni-
tors or serving as a surrogate for invasive neuromonitoring. TCD may provide non- 
invasive estimations of cerebral perfusion pressure (CPP) and ICP and can describe 
cerebral hemodynamics including cerebrovascular reactivity and cerebral pressure 
autoregulation [42]. These measurements are largely derived from anterior circula-
tion TCD assessments and are beyond the scope of this chapter. Cerebral autoregu-
lation and vasomotor reactivity are important parameters in severe brain injury and 
are described briefly.

Cerebral pressure autoregulation represents the relationship between CBF and 
CPP. Autoregulation is a physiologic mechanism that serves to reduce the variation 
in CBF when CPP varies between 50 and 150 mmHg. The cerebral vessels take time 
to react to spontaneous physiological perturbations (changes in CPP, PaCO2, PaO2) 
or induced ones (breath holding, Valsalva maneuver). Fast responses reflect 
mechano- elastic properties of the cerebrovascular bed, such as cerebrovascular 
resistance and compliance [42]. Slow responses reflect cerebral autoregulation. 
TCD allows non-invasive measurement of both the static and dynamic autoregula-
tory response. Static autoregulation is calculated by augmenting blood pressure, 
typically with pressors, while recording MCA flow velocities and MAP. The esti-
mated CVR is CVRe = MAP/FV [42]. The static rate of autoregulation (SRoR) is 
the ratio of percent change in CVRe to MAP, or CPP if ICP is available [42]. An 
SRoR of 100% suggests perfect autoregulation, while an SRoR of 0% connotes 
complete failure of autoregulation [42]. Dynamic autoregulation is tested by mea-
suring the time to recovery of flow velocities after a rapid but transient decrease in 
mean blood pressure. This may be accomplished by the leg cuff test wherein a 
modified blood pressure cuff is placed around one or both thighs and inflated to 
50 mmHg above the systolic pressure for 3 minutes. Deflation produces an abrupt 
drop in blood pressure. The time it takes for blood pressure and mean flow velocities 
to normalize is measured and fitted to a series of curves in a validated algorithm 
[43]; this determines the rate of dynamic cerebral autoregulation or autoregulation 
index (ARI). The threshold between good and disturbed autoregulation is an ARI 
of 5 [44].

Vasomotor reactivity (VMR) represents the cerebrovascular response to fluctua-
tions in arterial CO2 concentration with rapid adjustment of cerebrovascular resis-
tance. Hypercapnia or elevated arterial PaCO2 can be provoked in a number of ways 
to evaluate the cerebral blood flow velocity response, the simplest being voluntary 
breath holding, breathing CO2 or pharmacologically with the administration of acet-
azolamide in patients who cannot voluntarily breath-hold. Control of ventilation in 
intubated patients can also be utilized in the ICU. Hypercapnia leads to cerebral 
arteriolar vasodilation, via changes in extracellular pH, and subsequent increase in 
MFV on TCD examination of the upstream larger cerebral arteries which can be 
insonated with TCD [7]. Hypocapnia can conversely be triggered with induced 
hyperventilation and has a vasoconstrictive cerebrovascular response. Vasomotor 
reactivity may become impaired in arterial stenotic diseases and cerebral ischemia 
and can be quantified as the percentage change in MFV. The breath holding index 
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(BHI) is the change associated with a timed breath hold and several studies have 
shown a similar degree of reactivity in the anterior circulation (MCA) and the BA 
following the same change in PaCO2 [45, 46]. Cerebrovascular reactivity can help 
guide the management of patients who may require revascularization procedures 
and has been shown to predict a higher rate of annual distal cerebral ischemic events 
in patients with ICA stenosis and impaired VMR [47].

The application of vasomotor reactivity exclusively to the posterior circulation is 
sparse. Park and colleagues evaluated a small cohort of patients with occlusive vas-
cular disease in the anterior circulation and assessed the BA for VMR as it may 
serve as a critical collateral supply to the impaired anterior circulation in these 
patients. Patients with anterior circulation stenotic disease showed increased base-
line MFV in the BA and impaired VMR [48]. This may represent a novel adjunctive 
assessment, which may guide clinicians in the management of patients with intra-
cranial and extracranial stenotic disease of the anterior circulation.

27.11  TCD: Traumatic Brain Injury

Traumatic brain injury (TBI) has been classified as a serious public health concern 
by the Centers for Disease Control and Prevention. The mainstay of treatment in 
TBI is pre-empting or mitigating secondary injury, as secondary ischemic brain 
injuries are the major prognostic factors after severe TBI. Despite the fact that TBI 
is a very heterogeneous disease, TCD shows considerably promise to guide man-
agement and predict outcomes in both mild and severe forms of injury. Similarly, 
TCD appears useful in both pediatric and adult populations [49, 50].

In mild injury, TCD is largely used to identify patients without intact cerebral 
autoregulation. Cerebral autoregulation denoted by the autoregulation index (ARI) 
is defined as ARI = % ΔeCVR/% ΔMAPe, as noted above [41]. In sports related 
concussion, TCD may demonstrate persistent impairment of autoregulation for up 
to 5 days post-injury, despite a normal clinical exam as defined by the Glasgow 
Coma Score (GCS) [51]. Disturbances of autoregulation may be more associated 
with hemorrhagic lesions than other traumatic lesions [52]. TCD with tilt table test-
ing may identify impairments of cerebral autoregulation in nearly 50% of pediatric 
patients with complicated mild TBI [52]. The vast majority of disturbances are uni-
lateral (70%) although over 30% of those patients with disturbed autoregulation 
exhibit bilateral involvement [53]. In patients with complicated mild TBI (GCS 
13–15), disturbances of autoregulation often persist until after hospital discharge 
[51, 53].

TCD may be used to identify severe TBI patients with cerebral hypoperfusion, a 
significant predictor of long-term functional outcome. Hypoperfusion is typically 
defined by a mean velocity (MFVMCA) of <35 cm/s, end-diastolic velocity (EDVMCA) 
<20 cm/s, and/or pulsatility index (PI) >1.4 [52–54] In severe TBI, patients may 
have cerebral hypoperfusion despite mean arterial pressures in target range [55]. In 
one of the largest TCD studies of 255 severe TBI patients, TCD identified 
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hypoperfusion in 28% of patients, of whom nearly all died [53]. Studies suggest that 
TCD, albeit anterior circulation thresholds, may be used to guide early brain resus-
citation and to define optimal cerebral perfusion pressure targets [55].

Cerebral vasoreactivity (CVR), a measure of hemodynamic reserve, may also be 
assessed by TCD after TBI. As previously mentioned, CVR is assessed by evaluating 
the response to changes in the arterial content of carbon dioxide. Studies show that 
CVR may be impaired as early as 4 days and remain impaired for months after mild 
or concussive injury despite symptom resolution [51]. Importantly, CVR impair-
ment after TBI is associated with gray matter atrophy [55–57], headache [51–53] 
and cognitive deficits [58].

TCD may also be used to assess stroke risk in patients with TBI. Among patients 
with blunt cerebrovascular injury, TCD with MES may be used to predict risk of 
stroke [59]. Patients with known carotid artery dissection and MES by TCD are at 
higher risk for embolism in a dose dependent manner. However, TCD with MES 
appears to be ineffective at monitoring stroke risk from extracranial vertebral inju-
ries [59]. TCD may also be used to assess the risk of arterial narrowing after 
TBI. The incidence of arterial narrowing in the MCAs after TBI is near 30%; over 
50% of patients with evidence of MCA vasospasm experience death or disability 
[54]. BA vasospasm may be particularly important in the cause of secondary brain 
injury in TBI [52].

27.12  TCD: Brain Death Determination

Brain death, or the final clinical expression of complete and irreversible neurologic 
coma, was first described in 1959 and has gone through several iterations of defini-
tion, which vary from country to country, and even among hospitals within a nation. 
The American Academy of Neurology (AAN) defines brain death as a complete 
lack of evidence of responsiveness (coma) with a complete lack of brain stem 
reflexes on clinical assessment and an absent respiratory drive as demonstrated with 
an apnea test [60].

However, in some situations, the exam finding may be inconclusive or ambigu-
ous, or performing a clinical exam may be limited by factors such as facial trauma 
or pre-existing conditions such as post-operative pupil dysfunction. In these cases, 
ancillary testing such as cerebral angiography, electroencephalogram (EEG) and 
transcranial Doppler (TCD) can be used. The AAN endorses TCD with Type A, 
Class II level evidence supporting the modality for the assessment of cerebral circu-
latory arrest (CCA) in support of a clinical diagnosis of brain death. A pooled analy-
sis of 22 studies found the sensitivity of TCD in assessing for CCA to be 90% and 
specificity of 98%; these figures being consistent with published guidelines of the 
American Academy of Neurology [61–63]. TCD as a confirmatory test of cerebral 
circulatory arrest is a viable adjunctive test in the determination of brain death, 
although in some retrospective analyses lower sensitivities have been reported and, 
in that respect, serial testing has been shown to increase sensitivity [64].
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There are limiting factors however, and for TCD to be useful, a reliable signal 
must be found. As part of a complete evaluation, the vertebrobasilar circulation is 
assessed through a suboccipital transcranial window and at the time of TCD the 
patient’s arterial blood pressure should be noted. Early findings in elevated intracra-
nial pressure include a mild decrease in the diastolic flow velocity and an increase in 
the difference between peak-systolic and end-diastolic velocities. The characteristic 
findings of an oscillating flow pattern with a negative diastolic component represent 
an increase in intracranial pressure above diastolic pressure during the process of 
brain death and short systolic spikes are often seen as cerebral perfusion pressure 
approaches zero. Figure 27.2 outlines these findings which are considered to be very 
specific for cerebral circulatory arrest (CCA) [61, 65]. A complete absence of flow 
may not in itself be reliable due to an inadequate window, and in this respect, it 
should be noted that TCD is generally less reliable in patients with prior cranioto-
mies [66]. TCD remains a viable ancillary investigation along with clinical examina-
tion in the determination of brain death but is not viable as the sole determinant.

Kuo and colleagues assessed the time-dependent validity in the diagnosis of brain 
death using TCD. Specific diagnostic patterns described above increased in preva-
lence in the first 24 hours of confirmed brain death reaching a plateau at 36 hours 
[67]. Additionally, the group found consistency of the BA and the middle cerebral 
artery (MCA) in the diagnosis of brain death. However, it should be noted the BA 
had a greater sensitivity, higher positive predictive value, and fewer false negatives, 
lending further credence to the value of TCD of the vertebrobasilar circulation as a 
part of a complete sonographic evaluation in the determination of brain death [67].

27.13  Conclusion

TCD is an important non-invasive tool to monitor cerebral hemodynamics, which is 
an integral part of assessing patients in the Neuro ICU. Although treatment thresh-
olds and outcome evaluations have been largely defined by anterior circulation 

ALTERNATING BIPHASIC FLOW SYSTOLIC SPIKES NO FLOW

Fig. 27.2 Typical waveform observed in the basilar artery confirming cerebral circulatory arrest. 
(Courtesy: Schreiber [69])
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criteria, evidence suggests that basilar artery assessments may provide important 
additional and complementary information to complete the assessment. Not only do 
patients with ischemic and hemorrhagic stroke subtypes benefit from TCD assess-
ment, but also patients with TBI, from mild to severe forms of injury and across the 
age spectrum.

 Algorithm 27.1 TCD/TCCS: Use of Posterior Circulation 
in Diagnosis of Acute Brain injury

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Oxygenation (SpO2 > 94%)?
Normocapnia (PaCO2 35-45 mmHg)?

CONCERN Hemodynamic Stability?
Subclavian Steal Syndrome ? CONCERN

GRADE 1 Right to Left Cardiac Shunt?
Pre-Subclavian Steal CRITICALLY ILL PATIENT I. Brief Unidirectional HITS 

(< 0.01 – 0.03 seconds)
within the Doppler frequency
spectrum (> 3dB) producing

a characteristic sound:
¨chirp¨, ¨Click¨ or ¨whistle¨ ?

I. Reduced antegrade VA Flow ACUTE BRAIN INJURY
GRADE 2

Intermittent / Partial
I. Alternating antegrade flow in

the diastolic phase
EXAMINE THE PATIENT

Posterior Circulation Ischemia ?
II. Retrograde flow in the

systolic phase
II. Depressed mental status? PERFORM
III. Cranial nerve abnormalities? I. Valsalva maneuver

GRADE 3 IV. Dizziness / Ataxia? Does it augment HITS?
Permanent / Advanced V. Nausea / Vomiting? I. Obtain Echocardiogram

and neurovascular imaging
to evaluate further.

I. Retrograde VA Flow

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

SUBOCCIPITAL ACOUSTIC WINDOW

CONCERN CONCERN
Posterior Circulation 
arterial dissection?

Posterior Circulation
arterial Stenosis ?

DIRECT SIGNS INDIRECT SIGNS ≥ 50% STENOSIS
I. Increased CBFV (> 120 cm/s) I. Severely reduced or

absent CBFV
MFV Cutoff:

or I. VA (80 cm/s)
II. > 50% Increase compared
with an unaffected segment

or diminished PI in PCAs

II. Increased PI II. BA (80 cm/s)
III. Increased contralateral

VA CBFV
≥ 80% STENOSIS

MFV Cutoff:
I. VA (110 cm/s)
II. BA (130 cm/s)

CONFIRM WITH VESSEL IMAGING AND MRI  

ABCD Airway-breathing-circulation-disability, CBFV Blood flow velocity, MFV Mean flow veloc-
ity, VA Vertebral artery, BA Basilar artery, PI Pulsatility index, PCA Posterior cerebral artery
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 Algorithm 27.2 Monitoring disease states with posterior 
circulation TCD/TCCS

PERFORM Clinical Status of the Patient
Serial TCD / TCCS ABCD

Suboccipital Acoustic window Oxygenation (SpO2 > 94%)?
ASSESS Normocapnia (PaCO2 35-45 mmHg)?

CBFV and PI Hemodynamic Stability?
CONSIDER

CA and VMR to: CLINICAL FEATURES
Guide Management I. Depressed mental Status?

CRITICALLY ILL PATIENT II. Cranial nerve abnormalities
with concern of high ICP ?ACUTE BRAIN INJURY

CONSIDER III. Brain Ischemia ?
MMM IV. Hyperemia ?
I. ICP EXAMINE THE PATIENT V. Tissue metabolic dysfunction?

II. PbtO2 Posterior Circulation Ischemia ?
III. CBF II. Depressed mental status?

IV. SjvO2 III. Cranial nerve abnormalities? CONSIDER ON ADMISSION
V. CMD IV. Dizziness / Ataxia? TCD / TCCS if:

VI. cEEG V. Nausea / Vomiting? I. Posterior circulation
hypoperfusionVII. NIRS / BIS
CONSIDER

Transcranial Doppler (TCD) Serial TCD/TCCS assessment
Transcranial Color-Coded duplex Sonography (TCCS)

Vertebro-Basilar Circulation

SUBARACHNOID
HEMORRHAGE (SAH)

TRAUMATIC BRAIN
INJURY (TBI)

BRAIN DEATH
DETERMINATION

PERFORM CONCERN ASSESS
TCD / TCCS Elevated ICP ? I. Mechanism of Injury likely to

Cause Brain Death?Suboccipital acoustic window CONSIDER
I. CBFV TCD / TCCS II. Clinical exam consistent

With Brain Death?II. BA / VA Ratio I. Assess PI
VASOSPASM ? II. CBFV

Sonographic Vasospasm INTERPRET
I. CBFV > 60 cm/s

(60% specificity and 100%
sensitivity for BA Vasospasm)

I. High PI with normal CBFV may
suggest early elevations in ICP

CONSIDER
TCD / TCCS

Suboccipital acoustic Window
II. BA / VA ratio > 2.5

(66% Sensitivity and 97%
specificity for decrease 25% in

BA diameter)

I. CBFV
IF CONCERN II. Record ABP

Blunt Cerebrovascular injury to the
Posterior circulation

ASSESS
STAGE 1

III. BA / VA ratio > 3
(92% sensitivity and 97%

specificity for decrease 50% in
BA diameter)

CONSIDER I. Oscillating  doppler waveforms
TCD/TCCS with MES II. PSV forward flow / EDV reversed flow

STAGE 2
I. Systolic spikes

II. Absence of diastolic flow
STAGE 3

I. Disappearance of intracranial Flow

IF CONCERN
Posterior circulation Vasospasm

CONSIDER
Serial TCD/TCCS assessment

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

 

ABCD Airway-breathing-circulation-disability, CBFV cerebral Blood flow velocity, PI Pulsatility 
index, PSV Peak systolic velocity, EDV End-diastolic velocity, MES microemboli signal, BA 
Basilar artery, VA vertebral artery, ABP arterial blood pressure, ICP intracranial pressure, CPP 
cerebral perfusion pressure, CMD cerebral micro-dialysis, CA cerebral autoregulation, VMR vaso-
motor reactivity, CBF cerebral blood flow
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Key Points
 1. Cerebral venous drainage is divided into the deep and superficial venous drain-

age, with most reliably insonated vessels in the deep venous system.
 2. Venous transcranial color-coded duplex sonography (vTCCS) imaging has good 

reliability.
 3. vTCCS has potential utility as a quick, bedside, complementary diagnostic and 

monitoring tool.
 4. Hemodynamic characteristics on vTCCS in cerebral venous sinus thrombosis 

may complement the first diagnostic line by CT or MR imaging.
 5. vTCCS has clinical utility in AVM but also may be useful in ischemic stroke, 

subarachnoid hemorrhage, and intracranial hypertension.
 6. Further studies are needed to determine clinical value of vTCCS.
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28.1  Introduction

Transcranial Doppler (TCD) and transcranial color-coded duplex sonography 
(TCCS) have been widely used in examination and monitoring of extra- and intra-
cranial arterial hemodynamics [1]. Less attention has been paid to the cerebral 
venous counterpart due to early technical limitations and low clinical prevalence of 
known cerebral venous disease. In adults, we were not able to formally study the 
cerebral venous system using sonography until 1991 because of its technical limita-
tions [2]. Although recent technical advances in neurosonology, venous transcranial 
color-coded duplex sonography (vTCCS) does not currently belong to routine clini-
cal examination modalities. However, vTCCS has potential utility as a quick, bed-
side, supplementary diagnostic and monitoring tool notably for cerebral vein and 
sinus thrombosis (CVST) and arteriovenous malformations (AVM), and it has a 
possible clinical value in ischemic stroke, subarachnoid hemorrhage (SAH), and 
raised intracranial pressure (ICP) [3]. This chapter intends to review application and 
clinical usefulness of vTCCS based on available evidence.

28.2  Cerebral Venous System: Anatomy

Relevant and reliably insonated cerebral venous anatomy to sonography consists 
of the deep cerebral venous drainage, contributories of the cavernous sinus, poste-
rior fossa sinuses, inferior petrosal sinus, and vertebral plexus [4]. Beginning ante-
riorly, blood drained from frontal brain regions into anterior cerebral veins forms 
the deep middle cerebral vein (DMCV), which is often located adjacent to the 
middle cerebral artery. The DMCV drains into the basal vein (BV), which runs a 
course distally to the follow in the P2 segment of the posterior cerebral artery 
around the midbrain. Bilateral BVs (also known as the veins of Rosenthal) join 
midline to form the unpaired great cerebral vein (GCV) or the vein of Galen 
behind the pineal gland. Along with the inferior sagittal sinus (ISS), the GCV 
drains mostly into the unpaired straight sinus (SRS) located at the apex of the 
cerebellum tentorium [5].

The SRS flows to the confluens sinuum (COS), where it meets superficial cere-
bral venous drainage that is functionally separated from deep cerebral venous vas-
culature by a venous watershed. Notably of the superficial system, the superior 
sagittal sinus (SSS) drains into the COS and then bifurcates into the transverse 
sinuses (TS), which dives underneath the occipital bone to eventually forms the 
sigmoid sinus and drains into the internal jugular vein. It should be noted that the 
low flow velocities, unfavorable insonation windows, and frequent anatomic varia-
tions of the SSS, COS, and TS make them less detectable vessels on vTUS [6, 7] 
(Fig. 28.1).
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28.3  vTCCS: Ultrasound Investigation Technique

Intracranial venous examination with ultrasound (TCCS) generally begins with 
insonation through the temporal window to identify the mesencephalon as a landmark. 
From there, the deep middle cerebral vein is found adjacent to the middle cerebral artery, 
with venous flow toward the center of the brain, away from the probe. Downward angu-
lation can visualize the sphenoid bone and superior petrosal sinus with flow away from 
the probe, draining into the cavernous sinus that usually cannot be insonated. Upward 
angulation from the mesencephalon can visualize the basal vein of Rosenthal (Fig. 28.2), 
which is slightly cranial from the P2 segment of the posterior cerebral artery.

Brightness mode (B-mode) increases depth so that contralateral structures can be 
insonated. The great cerebral vein (Fig. 28.3) can be found behind the echogenic 
pineal gland and third ventricle. The straight sinus (Fig. 28.4) can be located after 
upward rotation of the transducer to visualize the echogenic cerebellar tentorium. It 
drains away from the transducer toward the confluens sinuum. The contralateral 
transverse sinus (Fig. 28.5) can be seen with downward angulation. Transforaminal 
examination will reveal the vertebral venous plexus and the inferior petrosal sinus 
near the basilar artery, with venous flows directed toward the transducer.

There are no consensus guidelines regarding vTCCS examination, but there are 
several validated TCCS and TCD protocols that use this general approach [8]. 
TCCS is often preferred because it can display vascular anatomy in relation to brain 
parenchyma and not only flow velocities and flow direction as in non-imaging 
TCD. Further signal improvement can be achieved by intravenous administration of 
echo-contrast, which is not commonly used in most TCCS or TCD protocols. 
Established normative data are presented in Table 28.1.

Superior
sagittal sinus

Inferior
sagittal sinus

Internal
cerebral veins

Basal vein
of Rosenthal

Internal
jugular vein

Straight
sinus

Sigmoid
sinus

Occipital
sinus Transverse

sinus

Great
cerebral vein
(Galen vein)

Fig. 28.1 Intracerebral 
venous system anatomy
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Fig. 28.2 Basal vein of Rosenthal

Fig. 28.3 Great Cerebral vein (Galen)
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Fig. 28.4 Straight sinus

Fig. 28.5 Transverse sinus
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28.4  CVST: Venous Ultrasound Findings

Urgent neuroimaging using magnetic resonance imaging (MRI) with venography or 
computed tomography (CT) with venography are the first choice diagnostic tools 
for acute CVST, with digital subtraction angiography as the gold standard [11]. 
Normal sonographic findings in vTCCS cannot positively rule out CVST even if 
contrast enhancers are used; however, vTCCS may serve as a complementary tool 
to MRI or CT [3]. In 1994, increased venous flow signal in bilateral DMCVs was 
first reported in SSS thrombosis, which normalized after anticoagulant therapy [12]. 
Smaller reports have supported changed venous hemodynamics in SSS thrombosis 
though in different vessels [13, 14]. Given the absence of valves in the cerebral 
venous drainage, intracranial veins may serve as collaterals and their flow may even 
reverse [5]. Four sonographic flow characteristics of CVST have been described, 
broadly classified as one direct criterion and three indirect criteria.

The direct criterion involves missing venous flow signals that would theoreti-
cally suggest cut-off flow from thrombosis. However, vTCCS cannot reliably distin-
guish between frequently encountered anatomical variations and occlusive clot. 
Even with echo-contrast TCCS, occluded flow was either aplastic TS or complete 
TS occlusion after MRI confirmation, while residual sonographic signals were 
either hypoplastic vessel or non-occluded TS thrombosis. Examination with vTCCS 
in one study missed one case of complete TS occlusion due to false-positive signal 
from a dural fistula [15]. Clinically, this direct criterion’s sensitivity and specificity 
are too low for practical use.

Table 28.1 Venous flow velocities of healthy adults using TCCS without angle-correction

Vessel Peak systolic flow (cm/s) End diastolic flow (cm/s) Visualization (%)

DMCV 8.5 ± 2.9
8.7 ± 2.9
8.6 ± 1.9

5.7 ± 1.9
5.8 ± 1.9
5.9 ± 1.4

76-91

BV 12.4 ± 4.0
12.2 ± 3.8
11.9 ± 2.9

8.9 ± 3.0
8.6 ± 3.7
7.2 ± 1.8

89-95

SRS 13.1 ± 5.1
12.2 ± 3.8
11.6 ± 2.3

9.4 ± 4.0
8.6 ± 3.7
7.2 ± 1.8

71-83

GCV 10.6 ± 3.7
11.9 ± 3.6
10.2 ± 1.8

7.5 ± 2.8
7.7 ± 2.8
7.4 ± 1.5

89-98

TS 4.9 ± 6.7
14.0 ± 5.9
16.4 ± 4.4

10.4 ± 5.3
9.7 ± 4.8
11.8 ± 3.7

67-69

SSS/CON 10.6 ± 3.6
9.8 ± 3.6
12.2 ± 4.1

6.7 ± 2.6
6.1 ± 2.5
8.7 ± 3.3

52-58

Data within each cell is listed in order from Stolz [8–10]
Percent visualization of veins is presented in range across the three studies
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The three indirect criteria are based on the observations of collateral flow from 
thrombosis. These include path pathologic side-to-side flow differences, increased 
flow velocities, and reversed venous flow direction. Side-to-side differences have been 
observed in paired segments of the DMCV and BV even after normalization of abso-
lute flow rates in TS thrombosis. These differences persisted for an extended period of 
time, and up to 266 days in one patient after diagnosis. Additionally, a compensatory 
increased flow in contralateral TS can be frequently observed in TS thrombosis [16].

Secondly, vTCCS may detect increased flow velocities of collateral flow in 
CVST. Intracranial venous drainage velocity increases have been noted in several 
vessels in SSS thrombosis. However, in the case of the cavernous sinus, increased 
flow velocities of the inflow and outflow tracts of the cavernous sinus may often be 
a normal variant and therefore must be interpreted with caution [3]. Lastly, retro-
grade flow of the BV in patients with SRS occlusion and proximal TS in distal TS 
thrombosis has been reported [16–18].

After CVST treatment, normalization of venous sonographic hemodynamic param-
eters within 90 days were significantly associated with better disability outcomes. This 
correlation persisted after analyzing only patients with initial pathologic venous sonog-
raphy [16]. In other case report evidences, initial severity of venous velocity changes 
was associated with severity of disease, but not directly with outcomes [13].

28.5  vTCCS: Arterial-Venous Malformation Monitoring

Intracranial AVMs are generally thought to be low resistance direct connections in 
which feeding arteries exhibit increased flow [19]. While information on the utility 
of vTCCS on intracranial vascular malformations is limited, some smaller studies 
and case reports have identified altered venous signals that may indicate a hemody-
namically significant shunt [20–22]. After repair, dramatic changes in arterial hemo-
dynamics determined by ultrasound have been often supported, but they are less 
well documented in the venous system [23]. A reduced pulsatility and mean veloc-
ity in the venous return were observed after embolization, suggesting possible real- 
time use of vTCCS intraoperatively [24]. At least in the arterial system, ultrasound 
may provide an adjunctive modality in treatment of AVM; however, venous system 
has not been as extensively studied [25].

28.5.1  Practice Parameters and Performance

Assessment of AVM, pre- and post-treatment, in adults and children and assessment 
of dural venous sinus patency in children are among 16 suggested indications for 
use of TCD [26] endorsed by the US professional organizations including the 
American College of Radiology (ACR), the American Institute of Ultrasound in 
Medicine (AIUM), the Society for Pediatric Radiology (SPR), and the Society of 
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Radiologists in Ultrasound (SRU). These practice parameters provide an educa-
tional tool designed to assist practitioners in providing appropriate care for patients 
and can be used as a framework for TCD performance standards in diagnosis and 
treatment of patients with these venous disorders.

28.6  vTCCS: Potential Utility in Other Neurologic  
Conditions

28.6.1  Malignant Ischemic Stroke

Space-occupying edema in ischemic stroke may affect intracranial venous flow due to 
the compressibility of venous vasculature. In a small study of 21 patients with malig-
nant ischemic stroke, several hemodynamic changes were described within 5 days of 
stroke with midline shift in the contiguous venous drainage of the BVs, GCV, and 
straight sinus (SS) using vTCCS. In fatal cases, significantly decreased ipsilateral BV 
velocities were reported in 5 days, except day 2 post-stroke when compared to norma-
tive data. This second day was thought to be a temporary hyperemic response. 
Interestingly, BV flow velocities displayed an inverse relationship with magnitude of 
midline shift. These velocities gradually downtrended with day 5 velocities signifi-
cantly lower than days 1–3. In survivors, only day 5 showed significantly decreased 
ipsilateral BV velocities compared to healthy controls. Contralateral BV flow veloci-
ties to the stroke were only significantly decreased on day 5 with fatal cases, not in 
those who survived. In the GCV, flow velocities steeply increased after midline shift 
exceeded 1.5 cm in fatal cases. Surviving patients exhibited only slight GCV flow 
changes. Lastly, the SS showed a U-shaped flow curve with peaked increased flow at 
1.5 cm midline shift. Together, these hemodynamic changes suggest a possible clini-
cal value of bedside monitoring for prognostic implications of vTCCS, similar to 
sonographic monitoring of the MCA, although further studies are needed [27, 28].

28.6.2  Subarachnoid Hemorrhage (SAH)

An early prospective study with 66 patients after SAH showed that both elevated 
MCA velocities and high BV flow had better mortality and disability outcomes than 
patients with low BV flow. These hemodynamic changes were noticed on the first 
day after hemorrhage. The authors suggest that patients with higher BV flow had a 
hyperemic state rather than vasospasm. Additionally, the study reports a better cor-
relation between BV flow velocities and total cerebral blood flow than arterial 
hemodynamics and total cerebral blood flow, indicating possible value in indirect 
monitoring of the global blood flow [29].

TCCS has been proven to be reliable in assessing cerebral artery vasospasm after 
SAH typically using blood flow velocity ratios between the MCA and ICA 
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(Lindegaard index) [30]. In the intensive care unit, sonography of extracranial ves-
sels may be difficult; therefore, a recent study analyzed the relation of mean time- 
averaged blood flow velocity and peak systolic velocity of the MCA and BV, called 
an arteriovenous index (AVI). The study suggests an AVI cut-off of >10 for mean 
velocity and >12 for systolic velocity as most accurate for vasospasm after SAH (up 
to 87%). Combined analysis with absolute MCA blood flow velocity and the AVI 
resulted in a slight increase in specificity and positive predictive value, suggesting 
analysis of sonographic hemodynamics using both MCA and BV can yield reliable 
assessments of vasospasm after SAH [31].

28.6.3  Elevated Intracranial Pressure (ICP)

A pilot study examining ICP and intracranial venous hemodynamics using ultra-
sound examined the BV and SS of intensive care unit patients mostly without space- 
occupying focal lesions. Within a certain range (15–40 mmHg), ICP was linearly 
correlated with maximal venous blood flow velocities. An increase above BV basal 
values of up to 5 cm/s was observed in ICP of 16–25 mmHg and up to 14 cm/s in 
25–40  mmHg. Stasis in smaller veins, however, may be an early compensatory 
mechanism in increased ICP, which subsequently leads to venous redistribution to 
larger vessels and detectable hemodynamic changes. Therefore, vTCCS may repre-
sent an early, noninvasive clinical assessment of early ICP dysregulation [32].

More recently, a study in critically ill patients with brain injury requiring inva-
sive ICP monitoring found that SS systolic flow velocity by vTCCS correlated 
strongly with ICP.  Combining SS systolic flow and optic nerve sheath diameter 
yielded even stronger correlation with ICP, suggesting noninvasive sonographic 
technique may identify critically ill patients with intracranial hypertension [33].

28.7  Conclusion

Venous transcranial color-coded sonography (vTCCS) has a great potential to serve 
as a quick and complementary bedside diagnostic and monitoring imaging modal-
ity. The cerebral venous drainage system accessible for vTCCS includes deep cere-
bral veins, contributors of the cavernous sinus, posterior fossa sinus, inferior petrosal 
sinus, and vertebral plexus. While no consensus guidelines have been established 
for vTCCS, several validated TCCS protocols have been published with a good reli-
ability. The normative vTCCS values have been established for the deep middle 
cerebral vein, basal vein, straight sinus, great cerebral vein, transverse sinus, and 
superior sagittal sinus. One direct and three indirect criteria for vTCCS findings 
have been proposed. The direct criterion involving missing venous flow signals that 
suggests venous thrombosis has, however, low sensitivity and specificity. Indirect 
criteria that involve evaluations of collateral flow (pathological side-to-side flow 
differences, increased flow velocities, and reversed venous flow direction) may be 
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more reliable. Given the advantages of TCCS as being a noninvasive, portable, and 
low-cost technology and with improved reliability, TCCS may be an adjunct modal-
ity for the assessments of patients with cerebral venous sinus thrombosis, arteriove-
nous malformation, malignant ischemic stroke, subarachnoid hemorrhage, and 
intracranial pressure dysregulation. The TCCS applications in these conditions have 
been studied only in small series and case reports; therefore, larger investigations 
are needed to further determine their clinical value and impact on patient outcomes.

 Algorithm

Venography or Venography
With Digital Subtraction Angiography

(Gold Standard) 
ABCD
Level of consciousness? (GCS)
Bilateral Pupillary reactivity
Hemodynamic stability?

CVST Confirmed or ruled out Oxygenation?
Headaches? / Seizures?

Inconclusive or unable to perform? DIAGNOSTIC SUSPICION

Cerebral Vein and Sinus Thrombosis
(CVST)

Venous Transcranial Color-Coded duplex Sonography (vTCCS)

INTRACRANIAL VEINS / SINUSES
Transtemporal acoustic Bone Window Deep Middle Cerebral Vein (DMCV) Normal venous flow velocity are Low

[ First election] Basal Vein or Rosenthal vein (BV) Pulse Repetition Frequency (PRF)
should be reduced to adapt to low 

velocities
Mesencephalon Plane Great Cerebral Vein or Galen vein (GCV)

[ Landmark >> Mesencephalon] Straight Sinus (SRS)
Transverse Sinus (TS)

Sphenoparietal sinus / Superior Petrosal sinus

Malignant Ischemic Stroke CVST SAH

Middle Line Shift (MLS) Know the intracerebral drainage of venous and 
sinuses system

Middle Cerebral Artery (
[Compromise venous drainage] Basal Vein (BV)

[ High Flow velocity ]
Side-to-side Flow differences Side-to-side Flow differences ( Hyperemic State ⇒ better outcome
a. Basal Vein (BV) [Collateral Flow from Thrombosis]

[ ↑MLS ⇒ ↓Basal vein flow velocity] a. Flow Differences
b. Great Cerebral Vein (GCV) c. Increase Flow Velocities Arterio-Venous Index (AVI)

[ MLS>1.5 cm ⇒ ↑ Steeply flow velocity]
(Poor prognostic)

d. Reversed venous flow direction Mean Flow velocity
[ MCAMFV / BVMFV

[ Survivors ⇒ ↑ Slight flow velocity] Peak Systolic Flow velocity
c. Straight Sinus (SRS) [ MCAPSV / BVPSV

[ MLS> 1.5 cm ⇒↑ Flow velocity]
(U-shaped flow curve)

Deep Middle Cerebral Vein (DMCV)
Basal Vein or Rosenthal (BV)

MFV > 10
PSV > 12

Intracranial Pressure (ICP)
Dysregulation

Missing venous flow signal?
[suggest cut-off flow from thrombosis]

INTENSIVE CARE UNIT (ICU)

Good accurate for predict
Vasospasm (87%)

Basal Vein (BV)

[↑ICP ⇒↑above basal Flow velocity]

[ 5-14 cm/s]

Straight Sinus (SRS) + ONSD

[↑ICP ⇒↑Flow velocity]

[ Correlation ⇒Increase ONSD]

Clinical Status of the Patient

 

ABCD Airway-breathing-circulation-disability, CVST Cerebral Vein and Sinus Thrombosis, SAH 
Subarachnoid Hemorrhage, MFV Mean flow velocity, PSV Peak flow velocity, ONSD Optic Nerve 
Sheath Diameter, ↑ Increase, MRI Magnetic resonance imaging, CT computed tomography.

D. Yang et al.



493

References

 1. Aaslid R, Markwalder TM, Nornes H. Noninvasive transcranial Doppler ultrasound recording 
of flow velocity in basal cerebral arteries. J Neurosurg. 1982;57:769–74.

 2. Aaslid R, Newell DW, Stooss R, Sorteberg W, Lindegaard KF. Assessment of cerebral auto-
regulation dynamics from simultaneous arterial and venous transcranial Doppler recordings in 
humans. Stroke. 1991;22:1148–54.

 3. Schreiber SJ, Stolz E, Valdueza JM.  Transcranial ultrasonography of cerebral veins and 
sinuses. Eur J Ultrasound. 2002;15:59–72.

 4. Stolz E. Intracranial venous ultrasound. In: Csiba L, Baracchini C, editors. Manual of neuro-
sonology. Cambridge Univ Press; 2016. p. 269–77.

 5. Ono M, Rhoton AL Jr, Peace D, Rodriguez RJ. Microsurgical anatomy of the deep venous 
system of the brain. Neurosurgery. 1984;15:621–57.

 6. Oka K, Rhoton AL Jr, Barry M, Rodriguez R. Microsurgical anatomy of the superficial veins 
of the cerebrum. Neurosurgery. 1985;17:711–48.

 7. Browning H. The confluence of dural venous sinuses. Am J Anat. 1953;93:30–29.
 8. Stolz E, Babacan SS, Bodeker RH, Gerriets T, Kaps M. Interobserver and intraobserver reli-

ability of venous transcranial color-coded flow velocity measurements. J Neuroimaging. 
2001;11:385–92.

 9. Stolz E, Kaps M, Dorndorf W. Assessment of intracranial venous hemodynamics in normal 
individuals and patients with cerebral venous thrombosis. Stroke. 1999;30:70–5.

 10. Stolz E, Kaps M, Kern A, Dorndorf W. Frontal bone windows for transcranial color-coded 
duplex sonography. Stroke. 1999;30:814–20.

 11. Saposnik G, Barinagarrementeria F, Brown RD Jr, et al. Diagnosis and management of cere-
bral venous thrombosis: a statement for healthcare professionals from the American Heart 
Association/American Stroke Association. Stroke. 2011;42:1158–92.

 12. Wardlaw JM, Vaughan GT, Steers AJ, Sellar RJ. Transcranial Doppler ultrasound findings in 
cerebral venous sinus thrombosis. Case report. J Neurosurg. 1994;80:332–5.

 13. Valdueza JM, Schultz M, Harms L, Einhaupl KM. Venous transcranial Doppler ultrasound 
monitoring in acute dural sinus thrombosis. Report of two cases. Stroke. 1995;26:1196–9.

 14. Becker G, Bogdahn U, Gehlberg C, Frohlich T, Hofmann E, Schlief MD. Transcranial color- 
coded real-time sonography of intracranial veins. Normal values of blood flow velocities and 
findings in superior sagittal sinus thrombosis. Stroke. 1995;26:1196–9.

 15. Ries S, Steinke W, Neff KW, Hennerici M. Echo contrast enhanced transcranial color-coded 
sonography for the diagnosis of transverse sinus venous thrombosis. Stroke. 1997;28:696–700.

 16. Stolz E, Gerriets T, Bodeker RH, Hugens-Penzel M, Kaps M.  Intracranial venous hemo-
dynamics is a factor related to a favorable outcome in cerebral venous thrombosis. Stroke. 
2002;33:1645–50.

 17. Baumgartner RW, Gonner F, Arnold M, Muri RM.  Transtemporal power- and frequency- 
based colour-coded duplex sonography of cerebral veins and sinuses. Am J Neuroradiol. 
1997;18:1771–81.

 18. Valdueza JM, Hoffmann O, Weih M, Mehraein S, Einhaupl KM. Monitoring of venous hemo-
dynamics in patients with cerebral venous thrombosis by transcranial Doppler ultrasound. 
Arch Neurol. 1999;56:229–34.

 19. Zhao JZ, Yu LB. The application of ultrasound in the management of cerebral arteriovenous 
malformation. Neurosci Bull. 2008;24:387–94.

 20. Chen YW, Jeng JS, Liu HM, et al. Diagnosis and follow-up of carotid cavernous fistulas by 
carotid duplex sonography and transcranial color Doppler imaging. Ultrasound Med Biol. 
1996;22:1155–62.

 21. Chen YW, Jeng JS, Liu HM, Hwang BS, Lin WH, Yip PK.  Carotid and transcranial 
color-coded duplex sonography in different types of carotid-cavernous fistula. Stroke. 
2000;31:701–6.

28 Intracerebral Venous System: Monitoring by Transcranial Color-Coded Duplex…



494

 22. Zakharkina MV, Chechetkin AO, Krotenkova MV, Konovalov RN. Ultrasound diagnostics of 
a spontaneous arteriovenous fistula of the head and neck. J Ultrason. 2017;17:217–21.

 23. Busch KJ, Kiat J, Stephen M, Simons M, Avolio A, Morgan MK. Cerebral hemodynamics and 
the role of transcranial Doppler applications in the assessment and management of cerebral 
arteriovenous malformations. J Clin Neurosci. 2016;30:24–30.

 24. Murayama Y, Usami S, Hata Y, et al. Transvenous hemodynamic assessment of arteriovenous 
malformations and fistulas. Preliminary clinical experience in Doppler guidewire monitoring 
of embolotherapy. Stroke. 1996;27:1358–64.

 25. Meila D, Lisseck K, Jacobs C, Lanfermann H, Brassel F, Feldkamp A. Cranial Doppler ultra-
sound in Vein of Galen malformation. Neuroradiology. 2015;57:211–9.

 26. American College of Radiologist. ACR-AIUM-SPR-SRU Practice parameter for the perfor-
mance of transcranial Doppler ultrasound. 2017; Res.33.

 27. Stolz E, Gerriets T, Babacan SS, Jauss M, Kraus J, Kaps M. Intracranial venous hemodynamics 
in patients with midline dislocation due to postischemic brain edema. Stroke. 2002;33:479–85.

 28. Asil T, Uzunca I, Utku U, Berberoglu U. Monitoring of increased intracranial pressure result-
ing from cerebral edema with transcranial Doppler sonography in patients with middle cere-
bral artery infarction. J Ultrasound Med. 2003;22:1049–53.

 29. Mursch K, Wachter A, Radke K, et al. Blood flow velocities in the basal vein after subarach-
noid haemorrhage. A prospective study using transcranial duplex sonography. Acta Neurochir. 
2001;143:793–9.

 30. Lindegaard KF, Nornes H, Bakke SJ, Sorteberg W, Nakstad P. Cerebral vasospasm diagnosis 
by means of angiography and blood velocity measurements. Acta Neurochir. 1989;100:12–24.

 31. Connolly F, Schreiber SJ, Leithner C, Bohner G, Vajkoczy P, Valdueza JM. Assessment of 
intracranial venous blood flow after subarachnoid hemorrhage: a new approach to diagnose 
vasospasm with transcranial color-coded duplex sonography. J Neurosurg. 2017;15:1–7.

 32. Schoser BG, Riemenschneider N, Hansen HC. The impact of raised intracranial pressure on 
cerebral venous hemodynamics: a prospective venous transcranial Doppler ultrasonography 
study. J Neurosurg. 1999;91:744–9.

 33. Robba C, Cardim D, Tajsic T, et al. Ultrasound non-invasive measurement of intracranial pres-
sure in neurointensive care: a prospective observation study. PLoS Med. 2017;14:e1002356.

D. Yang et al.



495© Springer Nature Switzerland AG 2022
C. N. Rodríguez et al. (eds.), Neurosonology in Critical Care, 
https://doi.org/10.1007/978-3-030-81419-9_29

Chapter 29
Arteriovenous Malformation (AVM) 
and Arteriovenous Fistula in the ICU: 
Contributions of Transcranial Doppler 
(TCD/TCCS) to Diagnosis

Eva Bartels

Key Points
 1. Arteriovenous malformations (AVMs) or fistulas can also be the cause of intra-

cranial bleeding with headaches, intracerebral hemorrhage, and focal seizures 
are possible manifestations.

 2. The hemodynamic phenomena caused by AVMs can be detected by transcranial 
Doppler sonography (TCD/TCCS). The most important parameters are the max-
imum and mean arterial flow velocities (MFV), the pulsatility index of the 
Doppler spectrum, and the cerebrovascular reserve capacity (autoregulatory 
reserve).

 3. The sonographic diagnosis (TCCS) of an AVM is not based on an exact anatomic 
presentation of the pathological structures, but on the ability of the color-coded 
Doppler signal to show the pathological flow phenomena in real time.

 4. The following flow values can serve as guidelines: maximal systolic blood flow 
velocity >140 cm s−1, end-diastolic blood flow velocity >100 cm s−1, and pulsa-
tility index <0.6.

 5. The use of echo contrast agents can increase the diagnostic success rate, particu-
larly for those located in an unfavorable temporal acoustic bone window.

 6. Errors can occur in the transcranial duplex sonography diagnosis of AVMs when 
there are convolutes of elongated arteries. Multiple color signals in the vascular 
loops can give the appearance of a malformation.

 7. Transcranial color-coded duplex sonography (TCCS) is a valuable, noninvasive 
method for the diagnosis of intracranial vascular malformations and the assess-
ment of the hemodynamic situation.
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29.1  Introduction

Intracranial hemorrhage can occur as a complication of various vascular diseases 
and make treatment in an intensive care unit necessary. The bleeds can be epidural, 
intra- or subdural, subarachnoid, or intracerebral. Using ultrasound to visualize 
intracerebral hematomas or the vasospasm typically seen following the subarach-
noid hemorrhage of a ruptured intracranial aneurysm is described in other chapters 
of this book. Arteriovenous malformations or fistulas can also be the cause of intra-
cranial bleeding. The aim of this chapter is to present their characteristic appearance 
in color-coded duplex sonograms.

29.2  TCD/TCCS: Arteriovenous Malformation (AVMs)

An arteriovenous malformation (AVM, synonym arteriovenous angioma) is a con-
genital malformation with familial predisposition [1]. Headaches, intracerebral 
hemorrhage, and focal seizures are possible manifestations of an AVM. The first 
symptoms can appear in young adults [2]. Magnetic resonance imaging (MRI), MR 
angiography (MRA), computerized tomography (CT), CT angiography (CTA), and 
digital subtraction angiography (DSA) are currently used to make the final diagnosis.

An arteriovenous angioma consists of a pathological connection between the 
arterial and venous system bypassing the capillary bed [3]. The hemodynamic phe-
nomena caused by this can be detected by transcranial Doppler sonography (TCD) 
[4–6]. The most important parameters are the maximum and mean arterial flow 
velocities (MFV), the pulsatility index of the Doppler spectrum, and the cerebrovas-
cular reserve capacity (autoregulatory reserve) [7, 8].

The cerebrovascular reserve capacity can be determined by CO2 reactivity or 
with the acetazolamide (Diamox®) test. The apnea test [9] can be used for an initial 
evaluation. Autoregulation is reduced in arteriovenous malformations, since the 
vessels in the angioma are already maximally dilated [10, 11].

In conventional transcranial Doppler sonography, the Doppler signal is only 
evaluated using indirect criteria, that is, flow direction, depth of the detected signal, 
position of the probe, and perhaps response to compression. This can lead to diffi-
culties in assigning the signals to the individual basal arteries. With transcranial 
color-coded duplex sonography (TCCS), the Doppler signal can be assigned to the 
anatomical site under visual control, which allows a better assessment of pathologi-
cal cerebrovascular processes [12].

There are fundamental methodological differences between color-coded duplex 
sonography and other imaging techniques such as MRI and MRA in the visualiza-
tion of arteriovenous malformations. The sonographic diagnosis of an AVM is not 
based on an exact anatomic presentation of the pathological structures, but on the 
ability of the color-coded Doppler signal to show the pathological flow phenomena 
in real time [13, 14].
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The center of an AVM is a nidus around which are located numerous vascular 
loops of afferent and efferent vessels. Their caliber is abnormally large, and they can 
form arteriovenous short circuits. They drain through one or several veins, which 
are characterized by a typical arterial Doppler spectrum [15]. After switching to 
color-coding, individual vascular loops are revealed by the multicolor pattern 
induced by the aliasing phenomenon caused by the increased flow velocities. The 
colors vary over the entire range from turquoise to dark blue, black and red to light 
yellow. Using different sectional planes through the angioma, one can recognize the 
various vascular loops in the malformation and identify those with blood flow 
toward and those with flow away from the transducer by the abrupt color shift from 
red over black to blue and vice versa (Fig. 29.1).

a

c

b

Fig. 29.1 Visualization of an extensive basal arteriovenous malformation with color-coded duplex 
sonography
An arteriovenous malformation located bilaterally in the basal brain region in a 65-year-old patient 
with epileptic seizures
(a) Multicolored signal due to aliasing, which coincides with the vascular convolutes of the mal-
formation and are immediately recognizable
(b) Typical Doppler spectrum of the arteriovenous malformation. Low pulsatility with an elevated 
diastolic flow velocity due to the low vascular resistance is characteristic of an AVM
(c) Computer tomographic image of the arteriovenous malformation in the axial plane
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Positioning the sample volume under visual guidance in different areas of the 
vascular convolution reveals a typical Doppler spectrum with markedly increased 
flow velocities and with a disturbed flow. Due to the reduced peripheral resistance 
in an angioma, the diastolic component of the Doppler spectrum is increased more 
relative to the systolic component, which leads to the typical low pulsatility index.

The hemodynamic changes are more pronounced the closer the transducer is to 
the angioma. For this reason, it is not possible to define the exact hemodynamic 
criteria that define an artery supplying an angioma. The following flow values can 
serve as guidelines [12]:

• Maximal systolic blood flow velocity >140 cm s−1.
• End-diastolic blood flow velocity >100 cm s−1.
• Pulsatility index <0.6.

An important finding is a lateral difference in the arterial flow velocities of 
greater than 20% which can indicate a steal mechanism. Using these parameters, 
one can also determine which other arteries of the circle of Willis located outside 
the angioma are involved in its blood supply. The most important indirect diagnostic 
criterion is not the absolute value of the flow velocity but the relationship between 
the maximal systolic and the end-diastolic velocities, which is indicated by the pul-
satility of the Doppler spectrum, that is, in the resistance or pulsatility index.

The pulsatility of the Doppler spectrum is also decisive in the examination of the 
brain supplying arteries in the neck, since the flow velocities alone can be in the 
normal range.

The location plays a large role when visualizing arteriovenous malformations 
[16]. In a 6-year prospective study, we employed sonography to assess 54 patients 
with an intracranial AVM confirmed by angiography. We were able to confirm the 
results of the digital subtraction angiography in 42 of the 54 patients (77.8%) by 
sonography [17]. The results of our study showed that AVMs located in the basal 
regions (temporo-, parieto-, and frontobasal) were particularly easy to visualize 
with an 88.9% success rate. They lie in the axial plane, which is a good location for 
transcranial duplex sonography. The vascular convolutes can often be immediately 
detected by their multicolored appearance. Subcortical (frontal, parietal, occipital) 
or cerebellar AVMs are more difficult to visualize for technical reasons because they 
lie outside the field accessible by the beam.

The size of an AVM plays a less important role than a favorable location when it 
comes to visibility in ultrasound imaging. In our patient collective, the smallest 
AVM visualized in the axial plane had a diameter of 1.3 cm. Subcortical and cere-
bellar angiomas are more difficult to image even if their diameter is greater. 
Employing the axial diencephalic or coronal plane can prove useful in such cases 
[18]. The use of echo contrast agents can increase the diagnostic success rate, par-
ticularly for those located in an unfavorable temporal acoustic bone window 
[19–24].

Transcranial Doppler sonography is convenient for postoperative follow-up 
examinations [25, 26]. Hemodynamic changes can be detected more clearly postop-
eratively or following embolization using transcranial color-coded duplex 
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ultrasonography [27, 28]. If it is not possible to directly image an AVM, an indirect 
diagnosis can be made by visualizing the arteries feeding the angioma. As men-
tioned above, the typical hemodynamic pattern of these vessels, that is, high flow 
velocities and low pulsatility are more pronounced the closer to the angioma the 
examination is (Fig. 29.2).

a

c

b

Fig. 29.2 Arteriovenous malformation with imaging of the vessels supplying the angioma
A 43-year-old patient with a right parieto-occipital, subcortical arteriovenous malformation
(a) The AVM cannot be directly imaged. The Doppler spectrum of the feeding middle cerebral 
artery is pathologically altered. Indirect indications of its involvement in the supply to the subcorti-
cal AVM are elevated flow velocities (systolic ca. 300 cm s−1, diastolic ca. 180 cm s−1), and a 
lowered resistance index (RI = 0.43) in the imaged arteries. In addition, an aliasing phenomenon 
due to the increased flow velocities with markedly increased flow volume
(b) The hemodynamic changes are less pronounced in the posterior circulation than in the right 
middle cerebral artery. The Doppler spectrum of the right posterior cerebral artery also exhibits a 
slight increase in the flow velocity and a lower pulsatility as a sign that the posterior circulation is 
involved in the supply to the AVM
Red arrow in Figs. (a, b): The aliasing phenomenon is still discernable after extending the color 
scale, which indicates an increased flow velocity in the imaged vessel
(c) Magnetic resonance image of the right parieto-occipital AVM
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29.3  TCD/TCCS and Arteriovenous Malformation: Pitfalls

Errors can occur in the transcranial duplex sonography diagnosis of AVMs, for 
example, when there are convolutes of elongated arteries. Multiple color signals in 
the vascular loops can give the appearance of a malformation. This error can be 
avoided by a careful analysis of the Doppler spectrum.

Differentiating AVMs from vascularized tumors is not difficult because the 
tumor arteries are not as highly perfused, and there is no indication of the increased 
flow volume seen in angiomas.

29.4  TCD/TCCS: Arteriovenous Fistula

An arteriovenous fistula can either be inborn or can occur after a direct injury of the 
vessel wall. As in AVMs there is a pathological short circuit between the arterial and 
venous system bypassing the capillary bed. The characteristic hemodynamic 
changes are an increased flow volume, increased systolic and end-diastolic flow 
velocities, and a decreased peripheral flow resistance, which is manifested as a low 
resistance index. The flow in the efferent veins is distinctly pulsatile and essentially 
arterialized.

29.4.1  Carotid-Cavernous Fistula (CCF)

Carotid-cavernous fistula is a trauma-related abnormal communication between the 
internal carotid artery and the cavernous sinus. The typical hemodynamic changes 
and the color-coded duplex sonography findings are shown in Fig.  29.3. A high 
frequency bruit, typically a machine-like murmur, is characteristic of a fistula. The 
orbital veins are highly perfused in an intra- to extracranial direction, and the venous 
Doppler spectrum is arterial in character. Clinical signs are a pulsatile proptosis and 
chemosis. Paresis of the external eye muscles and impaired vision are secondary 
ocular effects, while the steal effect of a high flow through the fistula can cause 
hypoperfusion of the ipsilateral hemisphere.

29.4.2  Dural Arteriovenous Fistulas

Dural arteriovenous fistulas are abnormal connections between dural arteries and 
veins, which are primarily supplied by the external carotid artery. They occur close 
to the skull, which makes them difficult to image with transcranial color-coded 

E. Bartels



501

duplex sonography. The sonographic diagnosis is made indirectly based on extra-
cranial changes in the branches of the external carotid artery, particularly the occipi-
tal artery, that indicate a more cranially located decrease in vascular resistance with 
increased flow volume. The veins draining the fistula exhibit a Doppler spectrum 
more typical of arteries. A dural arteriovenous fistula can present as a pulse- 
synchronous tinnitus with or without focal deficits. It can be treated by endovascular 
embolization [29].

a

c

b

Fig. 29.3 Right carotid–cavernous fistula in a 45-year-old patient with traumatic brain injury
A pathological connection between the cavernous sinus and the carotid artery causes an increased 
flow volume in the involved vessels
(a) Sonographic findings before embolization. The fistula is revealed in the sonogram by a con-
spicuous mosaic pattern. The increased shunt volume manifests itself in a characteristic flow phe-
nomenon in the Doppler spectrum of the orbital veins, and in the typical audible bruit, the so called 
“machine-noise”. Inspection showed a pulsating exophthalmus
(b) Angiogram of the carotid-cavernous fistula (Diagnostische und interventionelle Neuroradiologie, 
Universitätsmedizin Göttingen)
(c) Sonographic findings after extracranial closure of the right internal carotid artery. After an 
attempt at complete occlusion of the fistula by endovascular embolization was unsuccessful, blood 
flow in the fistula was interrupted by extracranial closure of the right internal carotid artery. 
Transorbital ultrasound only shows a minimal fistula flow signal
Arrow: Orbit
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29.5  Conclusion

Transcranial color-coded duplex sonography (TCCS) is a valuable, noninvasive 
method for the diagnosis of intracranial vascular malformations and the assessment 
of the hemodynamic situation. It should not be used for screening, but as method 
complementary to other imaging techniques such as MRI, MRA, and CT. TCCS is 
well suited for noninvasive follow-ups after surgery or embolization. Decisions on 
further therapeutic measures with vascular malformations are based on digital sub-
traction angiography, still the preferred diagnostic method.

References

 1. Yokoyama K, Asano Y, Murakawa T, Takada M, Ando T, Sakai N, Yamada H, Iwata H. Familial 
occurrence of arteriovenous malformations of the brain. J Neurosurg. 1991;74:585–98.

 2. Berlit P, Berg-Dammer E, Nahser HC, Kühne D.  Zerebrale arteriovenöse Malformationen 
(AVM). Diagnostik, Klinik und Therapie. Nervenarzt. 1994;65:226–37.

 3. McCormick WF. The pathology of vascular (“arteriovenous”) malformations. J Neurosurg. 
1994;24:807.

 4. Hassler W.  Hemodynamic aspects of cerebral angiomas. Acta Neurochir. 1986;37(suppl): 
1–136.

 5. Lindegaard KF, Grolimund P, Aaslid R, Nornes H. Evaluation of cerebral AVM’s using tran-
scranial Doppler ultrasound. J Neurosurg. 1986;65:335–44.

 6. Nornes H, Grip A.  Hemodynamic aspects of cerebral arteriovenous malformations. J 
Neurosurg. 1980;53:456–64.

 7. Kremkau FW. Sonography. In:  Principles and instruments. 9th ed. Elsevier; 2016.
 8. Kaps M, v. Reutern G-M, Stolz E, v. Büdingen HJ. Sonografie in der Neurologie. Thieme; 2017.
 9. Widder B, Görtler MW.  Duplexsonographie der hirnversorgenden Arterien. 7. Auflage. 

Springer; 2004.
 10. Batjer HH, Devous MD Sr. The use of acetazolamide-enhanced regional cerebral blood 

flow measurement to predict risk to arteriovenous malformation patients. Neurosurgery. 
1992;31:213–7.

 11. Diehl RR, Henkes H, Nahser HC, Kühne D, Berlit P.  Blood flow velocity and vasomotor 
reactivity in patients with arteriovenous malformations. A transcranial Doppler study. Stroke. 
1994;25:157–80.

 12. Bartels E.  In: 2nd, editor. Color-Coded Duplex Ultrasonography of the Cerebral Vessels/
Atlas and Manual; Farbduplexsonographie der hirnversorgenden Gefäße/Atlas und Handbuch. 
Schattauer Stuttgart; 2018.

 13. Becker GM, Winkler E, Hoffmann E, Bogdahn U. Imaging of cerebral arteriovenous malfor-
mations by transcranial colour-coded real-time sonography. Neuroradiology. 1990;32:280–8.

 14. Baumgartner RW, Mattle HP, Schroth G.  Transcranial colour-coded duplex sonography of 
cerebral arteriovenous malformations. Neuroradiology. 1996;38:734–7.

 15. Bartels E. Aneurysms and Arteriovenous Malformations (AVMs). In: Bogdahn U, Becker G, 
Schlachetzki F, editors. Echoenhancers and Transcranial Color Duplex Sonography. Blackwell 
Berlin; 1998. p. 276–97.

 16. Bartels E.  Evaluation of arteriovenous malformations with transcranial color-coded duplex 
ultrasonography. Does the location of an AVM influence its ultrasonic detection? J Ultrasound 
Med. 2005;24:1511–7.

E. Bartels



503

 17. Bartels E, Knauth M. Möglichkeiten und Grenzen der transkraniellen Farbduplexsonographie 
bei der Darstellung intrakranieller arteriovenöser Malformationen. Fortschr Röntgenstr. 
2006;178:64–70.

 18. Bartels E. The axial imaging plane – the main domain of the transcranial color-coded duplex 
ultrasonography? Eur J Ultrasound. 2002;16:47–57.

 19. Uggowitzer MM, Kugler C, Riccabona M, et al. Cerebral arteriovenous malformations: diag-
nostic value of echo-enhanced transcranial Doppler sonography compared with angiography. 
AJNR Am J Neuroradiol. 1999;20:101–6.

 20. Schreiber SJ, Franke U, Doepp F, et al. Doppler sonographic measurement of global cerebral 
circulation time using echo contrast-enhanced ultrasound in normal individuals and patients 
with arteriovenous malformations. Ultrasound Med Biol. 2002;28:453–8.

 21. Droste DW, Boehm T, Ritter MA, Dittrich R, Ringelstein EB. Benefit of echocontrast-enhanced 
transcranial arterial color-coded duplex ultrasound. Cerebrovasc Dis. 2005;20:332–6.

 22. Bartels E. Contrast ultrasound in cerebrovascular disease and stroke management. In: Lencioni 
R, editor. Enhancing the Role of Ultrasound with Contrast Agents. Springer; 2006. p. 131–44.

 23. Seidel G, Meairs S.  Ultrasound contrast agents in ischemic stroke. Cerebrovasc Dis. 
2009;27(suppl 2):25–39.

 24. Sidhu PS, Cantisani V, Dietrich CF, Gilja OH, Saftoiu A, Bartels E, et al. The EFSUMB guide-
lines and recommendations for the Clinical Practice of Contrast-Enhanced Ultrasound (CEUS) 
in non-hepatic applications: update 2017. Ultraschall Med. 2018;39:2–44.

 25. Batjer HH, et  al. Evidence of redistribution of cerebral blood flow during treatment for an 
intracranial arteriovenous malformation. Neurosurgery. 1989;25:599–605.

 26. Petty GW, Massaro AR, Tatemichi TK, Mohr JP, Hilal SK, Stein BM, Solomon RA. Transcranial 
Doppler ultrasonographic changes after treatment for arteriovenous malformations. Stroke. 
1990;21:260–6.

 27. Klötzsch C, Henkes H, Nahser HC, Kühne D, Berlit P. Transcranial color-coded duplex sonog-
raphy in cerebral arteriovenous malformations. Stroke. 1995;12:2298–301.

 28. Bartels E. Transcranial color-coded duplex ultrasonography in routine cerebrovascular diag-
nostics. In: Bartels E, Bartels S, Poppert H, editors. New trends in neurosonology and cerebral 
hemodynamics – an update. Perspectives in medicine 2012, vol. 1. München: Elsevier; 2012. 
p. 325–30.

 29. Arning C, Grzyska U, Lachenmayer L. Lateral cranial dural fistula. Detection with Doppler 
and duplex ultrasound. Nervenarzt. 1997;68:139–46.

29 Arteriovenous Malformation (AVM) and Arteriovenous Fistula in the ICU…



505© Springer Nature Switzerland AG 2022
C. N. Rodríguez et al. (eds.), Neurosonology in Critical Care, 
https://doi.org/10.1007/978-3-030-81419-9_30

Chapter 30
Stroke Prognosis: Monitoring 
the Hemodynamics and Blood Pressure 
by TCD/TCCS

Ricardo Varela, José Coelho, Sara Bernardo-Castro, Fernando Silva, 
and João Sargento-Freitas

Key Points
 1. Recanalization, reperfusion, collateral circulation influence neuronal resistance 

to ischemia.
 2. After recanalization, cerebral blood flow (CBF) should be assessed for 

hyperperfusion.
 3. Blood pressure management in acute stroke is dependent on recanalization status.
 4. Neurosonological techniques can provide continuous assessment of the patients’ 

hemodynamic status.

30.1  Introduction

An updated definition of stroke for the twenty-first century establishes that central 
nervous system infarction be defined as a brain, spinal cord, or retinal cell death attrib-
utable to ischemia, based on neuropathological, neuroimaging, and/or clinical evi-
dence of permanent injury [1]. Fortunately, long gone is the notion that stroke represents 
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an unmodifiable illness by its nature, and acute therapeutic approaches represent the 
mainstay approach to this infirmity. In an oversimplistic way, we could settle that the 
mainstay of acute stroke therapy is to reverse the neurological deficit by reopening the 
culprit vessel by endovascular procedures or intravenous fibrinolysis. Furthermore, the 
clinical course of stroke may include either spontaneous improvements or deteriora-
tion related to dynamic changes in brain perfusion. These changes may include spon-
taneous thrombolysis, hyperperfusion, reocclusion, microembolism, thrombus 
propagation, or collateralization [2]. The intricate complexity of these mechanisms 
helps understand the impact of the other approved therapeutic action: admission to a 
stroke unit. This represents the holistic approach of targeting treatments to specific 
needs of each individual patient and at a specific time point. Acute classic semiological 
assessment falls short in this setting, and active vasculature status may be acquired 
with current imaging modalities, which include digital subtraction angiography (DSA), 
contrast-enhanced CT angiography (CTA), and magnetic resonance angiography 
(MRA). However, these methods are impractical and difficult to obtain serially. In this 
setting, it is becoming widely accepted that transcranial Doppler (TCD) is an alterna-
tive noninvasive, nonionizing, and inexpensive method of assessing patterns of cere-
bral circulation that could help to achieve the previously stated acute stroke aims. 
Furthermore, its bedside availability, convenience to the patient, and serial or even 
continuous monitoring options reinforce its clinical value in an emergency scenario.

The single value of each hemodynamic assessment is limited taking into account 
the main clinical picture of an acute stroke patient. The primary clinical challenge 
lays in the active correlation of clinical scenario (age, time of symptoms, vascular 
syndrome), acute therapy, recanalization status, and general hemodynamic and oxy-
gen delivery variables such as blood pressure and peripheral oxygen saturation.

We aim in this chapter to highlight further the acute hemodynamic status assess-
ment and management that current stroke therapy demands, reinforcing the value of 
TCD assessment in this comprehensive approach. A comprehensive clinical case will 
also be presented reinforcing the real-world application of the described concepts.

30.2  Concepts on Stroke Hemodynamics

30.2.1  Collateral Circulation

The extracranial (carotid and vertebral arteries) and intracranial arteries (composing 
the circle of Willis) represent a dynamic system intrinsically designed to compen-
sate for dynamic changes, acute or chronic, to its normal flow. The latter is repre-
sented by an integrated activation of a collateral system hierarchically composed of 
primary (such as anterior and posterior communicating arteries) and secondary 
pathways (such as ophthalmic artery and leptomeningeal vessels).

Collateral circulation is a crucial element for preserving cerebral blood flow in 
the setting of acute or chronic vessel occlusion [3]. Several studies have established 
the importance of collateral flow in predicting stroke outcome by correlating the 
degree of collateral circulation with infarct volume and functional status [4].
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Conventional angiography sets the gold standard by providing the most accurate 
information about the circle of Willis and leptomeningeal collaterals status [5], 
although it may be easily stated that its applicability is limited by its availability, 
invasive nature, and associated risks of this diagnostic procedure. TCD appears to 
be an excellent alternative to DSA, in fact, this accessible, reliable, noninvasive, 
replicable, and dynamic tool is quite useful in the indirect assessment of collaterals 
and is, therefore, recommended by the American Academy of Neurology for the 
evaluation of the collateral pathways in the condition of an internal carotid artery 
(ICA) occlusion [6].

TCD can be useful in assessing the previously described primary and secondary 
systems in addition to others related to posterior circulation stroke syndromes, 
mainly flow changes enrolling the basilar and vertebral arteries.

We describe each of the arterial segments and flow pattern modification in 
response to hemodynamic insults in distinct arterial vessels below and in Table 30.1.

Table 30.1 Summary of collateral mechanisms in response to different occluded vessels

Occluded 
artery

Collateral 
pathway Vessel TCD findings

ICA AComA MCA ↓ ipsilateral MFV and pulsatility; normal 
contralateral values. No change in the MFV by 
compression of the ipsilateral CCA; ↓MFV with 
compression of the contralateral one

ACA Reversed flow in the proximal segment of the 
ipsilateral. 1.2↑ of contralateral MFV. No change in 
the MFV by compression of the ipsilateral CCA; 
↓MFV with compression of the contralateral one

PComA ICA 
and 
PCA

Consistent flow sign directing flow from P1-PCA 
into ICA

BA Accelerated flow in all its course with PSV usually 
over 70 cm/s

PCAs Asymmetry between their PSV with an increased 
velocity ipsilateral to the culprit side

OA OA Retrograde flow moving away from a transorbital 
placed probe, with a low pulsatility index at a 
40–60 mm depth

MCA Leptomeningeal 
vessels

ACA 
and 
PCA

Increased flow velocity and decreased flow 
resistance at the ACA and PCA ipsilateral to 
occluded vessel

BA PCAs BA Inversion of the distal BA demonstrated in 
suboccipital window

PCA Inversion of one or both P1 segments of PCAs
ICA Similar vertical systolic flow acceleration indicating 

anterior circulation flow origin at the top of the BA
Proximal 
Subclavian 
artery

VA VA Retrograde blood flow from the ipsilateral VA into 
the subclavian artery distal to the occlusion. The 
contralateral VA feeds this reversed flow
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30.2.1.1  Collateral Flow Through the Anterior Communicating 
Artery (AComA)

First, it should be stated that TCD is unable to individually assess the AComA due 
to its small diameter and length. Thereby, TCD can only determine flow findings 
related to the anterior cerebral artery cross-filling via the AComA [7]. Taking into 
account the previous criteria, a high correlation was found between DSA and TCD 
when assessing the AComA [8].

30.2.1.2  Collateral Flow Through the Posterior Communicating 
Artery (PComA)

The PComA is responsible for connecting the posterior and anterior cerebral arterial 
systems. Increasing degrees of internal carotid artery (ICA) stenosis will increase 
flow from the P1 segment of posterior cerebral artery (PCA), through the PComA 
into the distal, post-stenotic ICA, with reported sensitivity of 79% and specificity of 
86% in the setting of over 70% ICA stenosis and absent reliable flow changes under 
that [7, 9–11].

The AComA appears to be activated firstly in the setting of a proximal anterior 
occlusion/stenosis in relation to the PComA resulting in an increased sensitivity of 
flow changes from the first related to the later [12, 13]. Additionally, it was also 
described that a single PComA collateral support constitutes a sign of deteriorated 
cerebral perfusion. Hence, a small or absent PComA can be considered as a signifi-
cant risk factor for watershed infarction [14].

30.2.1.3  Collateral Flow from a Reversed Ophthalmic Artery (OA)

The OA is reversed in the setting of ICA occlusion or severe stenosis (>80%) 
proximal to the OA origin [15]. Adding the previous findings to a delayed systolic 
flow acceleration in the ipsilateral MCA reinforces the degree of suspicion for an 
ICA stenosis/occlusion, making it quite likely by the simultaneous detection of at 
least one first-order collateral channel (AComA or PComA). Supratrochlear flow 
assessment, occasionally easier than OA evaluation, is also a reliable marker for 
ICA disease and is equally reversed in the setting of its occlusion/high degree 
stenosis.

As a second-order collateral system, OA flow reversal often happens in the set-
ting of an impaired or suboptimal cerebral perfusion and possibly impaired intracra-
nial vasomotor reactivity, which, globally, encompasses a poor prognosis. Therefore, 
a reversed OA flow in the setting of asymptomatic stenosis may place the patient in 
a higher risk group for future ischemic events [15].
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30.2.1.4  Collateral Flow from Leptomeningeal Vessels

In the setting of proximal MCA occlusion, the single reliable mechanism to com-
pensate for the perfusion deficit relies on the leptomeningeal vessels arising from 
the ACA and PCA. It is readily understood that the distal pressure lowering from the 
MCA branches creates a gradient between the ones that are distal to the ACA and 
PCA; therefore, establishing a hemodynamic drive to the opening of this collateral 
system that, because of the more prominent number of cortical arterial anastomoses, 
appears to be more useful for the former vessel (ACA) than for the latter.

An understanding of this mechanism is vital to integrate how TCD can help to 
assess the effectiveness of this collateral system, in the way that it somehow works 
with induction markers of its establishment, mainly an increased flow velocity and 
decreased flow resistance at the ACA and PCA. This mechanism is the foundation 
of the somehow vague concept of flow diversion (FD). The ambiguity derives 
mainly from the discrepancy across the literature regarding the affected or nonaf-
fected side used as reference. As the comparison of affected MCA flow and ipsilat-
eral ACA may overestimate the FD, the comparison of both ACAs, using as cut-off 
a discrepancy over 30%, appears to be a good predictor of FD [16].

Leptomeningeal circulation appears to be an independent predictor of stroke out-
come, where patients with FD are more likely to have a good outcome (defined as a 
modified Rankin score between 0 and 2), and TCD can provide a noninvasive and 
reliable evaluation of its effectiveness [17].

30.2.1.5  Collateral Flow from Reversed Basilar Artery (BA)

Acute BA occlusion is an ominous disease with potentially disastrous results. BA 
flow reversal happens in the setting of a proximal BA occlusion creating a pressure 
gradient between the anterior and posterior cerebral arterial systems, therefore mov-
ing the system from the increased pressure side (anterior) to the one in deficit by the 
PCA’s. This phenomenon can happen not only in the setting of a proximal BA 
occlusion but also, expectedly to a lesser extent, in a critical bilateral vertebral dis-
ease [18]. This collateral flow detection is quite useful in the setting of assessing a 
continuing perfusion of vital brain structures and is associated with lower stroke 
severity and better outcome after acute proximal BA occlusion [19].

30.2.1.6  Collateral Flow from Reversed Vertebral Artery (VA)

The most common cause of VA artery reversal happens as a surrogate marker of 
proximal subclavian occlusion or stenosis as a compensatory mechanism to ensure 
the distal patency of this arterial segment. This was first described by Contorni and 
Reivich in 1960 as the subclavian steal syndrome [20, 21]. In this setting, the 
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obstruction is bypassed by retrograde blood flow from the ipsilateral VA into the 
subclavian artery distal to the occlusion, and the contralateral vertebral artery feeds 
this reversed flow. If there is a joint pathology of the contralateral VA, other collat-
eral circulation can arise from external carotid branches (occipital artery) that anas-
tomose with muscular branches of the VA.

30.2.2  Recanalization

With the diffusion of different acute stroke therapies, which include intravenous or 
intra-arterial procedures, came the need for a real-time assessment of the vascular 
status of acutely treated stroke patients. As it will be developed further, despite 
some misuse across the literature, recanalization and reperfusion have different 
meanings although, commonly in ideal post-treatment conditions, they may overlap.

For the matter of this chapter, we will define recanalization as the restoration of 
vessel patency at the site of the occlusion.

As we may expect, a myriad of imaging techniques shares the ability to demon-
strate this hemodynamic status, mainly DSA, CTA, or magnetic resonance angiog-
raphy (MRA). It is also stated as a common grounding factor that they also work by 
non-longitudinally assessing stroke patients by means of its availability, cost, and 
practicality. In this context, TCD emerges as the ideal noninvasive, real-time bed-
side tool for evaluation of cerebral vessels, despite initially being demonstrated for 
endovenous thrombolysis [2], TCD preserved its ability to assess patients treated 
with other modalities, mainly endovascular procedures as they had broad and unani-
mous approval.

As defined for thrombolysis, TIBI score ranges from 0 to 5, being 0 synonym of 
flow absence and 5 of normal blood efflux, as defined elsewhere (stroke reference). 
Emergent TIBI classification by TCD correlates with initial stroke severity, clinical 
recovery, and mortality in stroke patients submitted to endovenous fibrinolysis. 
There is also a positive and significant correlation between flow-grade improvement 
and clinical benefit. In the thrombectomy era, TIBI score retained its clinical signifi-
cance by demonstrating an overall accuracy of 89% and a sensitivity/specificity of 
88/89% when predicting recanalization status against DSA, used as the gold stan-
dard [22].

30.2.3  Reperfusion

As stated before, recanalization and reperfusion are not absolute synonyms despite 
the potential overlap. In fact, reperfusion refers to anterograde perfusion of patent 
microvasculature supplying a target tissue after recanalization. One could easily 
argue that a tissue is also perfused through collateral supply working in a retrograde 
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manner; therefore, angiographic reperfusion distinctly involves perfusion of distal 
territory in an anterograde manner following recanalization.

As described, tools and scoring systems designed to characterize reperfusion 
need to encompass different variables that extrapolate recanalization status, as ide-
ally, they should address collateral flow, be readily applicable, reproducible, and 
encompass a prognostic significance and a correlation with clinical outcome [23].

As an intrinsic part of mechanical thrombectomy, DSA offers the most compre-
hensive when assessing the previous variables, as it allows evaluation of the occlu-
sion site, potentially the length of the vessel harboring the clot, extent of collateral 
supply, as well as post-intervention characterization of vessel patency, rate of blood 
flow, reperfusion territory, distal occlusion/embolization, and early venous shunting.

Ideally, a DSA acute stroke scoring system should easily encompass the previous 
variables. Despite the establishment of different scoring systems including the TIMI 
score [24], the Mori reperfusion scale [25], the Qureshi scale [26], and the most 
currently used TICI scale [27], a definite system is still lacking. One of the most 
notable features lacking in the latter is the lack of a collateral flow scoring system, 
which has a demonstrated relation with clinical outcome [28]. One could bypass 
this by also using the American Society of Intervention and Therapeutic 
Neuroradiology/Society of Interventional Radiology Collateral Flow Grading 
Scale, but the integration of different scoring systems in an emergency setting as the 
one elicited by stroke approach makes its clinical diffusion more challenging.

30.2.4  Hypoperfusion

Throughout the twentieth century, prevailed the concept that embolization and 
hypoperfusion were entirely independent and different hemodynamic stroke mecha-
nisms. Even now, the boundaries between them appear to be more established then 
what, in fact, they appear to be.

Regarding hypoperfusion, clearly, in all circumstances, a prolonged failure to 
deliver oxygen and sugar-rich blood to brain tissue causes cell death. This may hap-
pen by the blockage of a microscopic-sized penetrating artery causing severe local 
decreased perfusion to the small region supplied by the obstructed penetrating 
artery, which constitutes the nuclear founder of small vessel disease pathology, or 
by blockage of a distal branch of an intracranial artery by embolic material, which 
causes infarction of the limited tissue supplied by that branch and represents the 
primary mechanism of embolism.

The culprit mechanism by which a hypoperfusion resulting from a diminished 
blood flow at a distance from vulnerable brain tissue resulting, for instance, from a 
stenotic carotid disease does not seem so clear as the previous ones [29]. Grounding 
this argument is the established notion that most patients with severe stenosis or 
occlusion of the carotid or vertebral arteries in the neck do not develop severe 
strokes. Adding to this, the ICA occlusion is often asymptomatic and the annual rate 
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of stroke in patients with even severe asymptomatic ICA occlusive disease is only 
2–3% [30].

The ongoing concept that hypoperfusion and embolization probably interact syn-
ergistically is further reinforced by the common knowledge that non-embolic 
carotid artery dissection is associated mainly with transient focal symptoms and that 
the definite ones are overall linked to an embolus traveling intracranially. As previ-
ously established, this is probably linked by the hemodynamic adapting mecha-
nisms encompassed by the ECA (by the ophthalmic artery), ACA, AComA, PCA, 
PComA, and BA as explained in the collateral section of this chapter. Further evi-
dence from a synergistic interaction between hypoperfusion and embolization 
comes from the fact that HITS, or high-intensity transient signals, as collected by 
DTC in the setting ICA atheromatous disease, tend to have a direct connection 
between their number and stenotic severity [31].

As an epiphenomenon of embolization, HITS, and MCA stenosis share the same 
connection pattern, as demonstrated by Wong et al. where patients with severe MCA 
stenosis had more than twice the frequency of HITS detection compared to those 
with slight to moderate stenosis [32]. The necropsy evidence that the watershed 
regions of patients with severe carotid stenosis are composed mainly of infarcted 
brain tissue infiltrated by cholesterol crystals and white platelet emboli further rein-
forces this concept [33], as the evidence that most patients with watershed lesions 
have any type of embolic source [34]. The previous evidence, at least, settles the 
ground for a plausible doubt regarding the not so by chance co-occurrence of hypo-
perfusion mechanisms and embolization, as they appear to act synergically in the 
stroke genesis.

30.2.5  Hyperperfusion, Cerebral Hyperperfusion Syndrome, 
and Cerebral Reperfusion Injury

Failure to improve after an intravenous or intra-arterial procedure may happen even 
in the setting of a documented recanalization. As seen before, different and dynamic 
variables play a crucial role in the interface between vessel reopening and clinical 
benefit, namely, hypoperfusion or no perfusion, for instance. Counterintuitively, the 
non-improvement scenario is not only fed by an absent hemodynamic response, as 
a matter of fact, clinical worsening may happen in the setting of excessive and 
uncontrolled blood supply into a vascular unit.

Throughout the medical literature, one may find hyperperfusion, cerebral hyper-
perfusion syndrome, and cerebral reperfusion injury used interchangeably. Despite 
the lack of absolute consensus, one can argue that they may represent a continuum 
between recanalization and no clinical benefit or even worsening status.

Cerebral hyperperfusion has been described as a sudden rapid rise in cerebral 
blood flow in excess of metabolic demand. One strict approach defines hyperperfu-
sion as an increase in CBF relative to preocclusion values (>100%). This definition 
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is useful in elective surgery with adequate workup, but it is often impractical in a 
post-acute stroke, as pre-ischemic CBF measurements are almost always absent. 
Here, a practical approach may define hyperperfusion as a significant increase in 
CBF relative to the homologous area of the contralateral hemisphere [35]. Isolated 
hyperperfusion may be asymptomatic as immediately documented in 20–40% of 
the patients submitted to carotid endarterectomy [36]. When becoming symptom-
atic, hyperperfusion may manifest as cerebral hyperperfusion syndrome, which is 
characterized by an ipsilateral headache, hypertension, seizures, and focal neuro-
logical deficits, and if not treated properly, it can result in severe brain edema, intra-
cerebral or subarachnoid hemorrhage, and death [37].

Despite some overlapping throughout medical literature, cerebral reperfusion 
injury appears to be an even more general entity as it is defined as a biochemical 
cascade causing further worsening of ischemic brain tissue that concomitantly 
reverses the benefits of restoring cerebral circulation following systemic throm-
bolysis or mechanical thrombectomy for acute ischemic stroke [38]. The hyperper-
fusion and hemorrhagic transformation may configure subsets of reperfusion 
injury, but other clinical elements take place in this setting as no-reflow phenom-
enon (no reperfusion despite recanalization); leukocyte, reactive oxygen species, 
complement activation and platelet-mediated injury; and blood-brain barrier 
disruption.

Clinicians must be aware of these dynamic events in acute stroke setting, as they 
may be determinant in clinical outcome.

30.2.6  Acute Hypertensive Response

Acute hypertensive is defined as the elevation of blood pressure relative to normal 
or premorbid levels that occurs within the first 24  hours of symptom onset in 
patients with acute ischemic stroke. The 2003 World Health Organization (WHO)/
International Society of Hypertension (ISH) statement [39] settles a highly sensi-
tive definition of acute hypertensive response, as “systolic ABP >140 mm Hg or 
diastolic ABP of >90 mm Hg demonstrated on 2 recordings taken 5 minutes apart 
within 24 hours of symptom onset” can be seen in approximately 75% of patients 
with acute ischemic stroke. The authors argue that such a definition should prevail 
as a uniform standard across literature, not necessarily being associated with a 
modulation of therapeutical approaches, and potentially conditioning an overrepre-
sentation of this phenomenon with reports of over 60% of patients with acute 
stroke [40].

Despite its ubiquity, the acute hypertensive response appears to be an indepen-
dent prognostic factor, as demonstrated in a systematic review of 18 studies that 
demonstrated that patients with stroke and high initial ABP were at a 1.5- to 5.0-fold 
increased risk of death or dependency and clinical deterioration [41].
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Taking into account the classic vascular risk factors that act as a preamble for 
stroke, one could argue that the acute hypertensive response is merely a reflection of 
inadequately treated or undetected chronic hypertension [42], but several concomi-
tant evidence highlights the specific nature of intrinsic hypertensive stroke mecha-
nisms: New-onset high blood pressure happens in as much as 20% of patients with 
acute stroke [43]; spontaneous reduction of blood pressure (by an average of 
20/10 mm Hg) within 10 days after the acute event without any specific antihyper-
tensive therapy [44]; spontaneous reduction of blood pressure is often observed 
after vessel recanalization [45].

Classically, the relationship between systolic ABP and clinical outcome was 
described as U or J shaped, with both high and low values of ABP being indepen-
dent prognostic factors for poor outcome [46]. Such an assumption was made disre-
garding recanalization status; therefore, in an increasingly growing acute stroke 
endovenous and intra-arterial therapy era, our center tried to further explore the 
relationship between clinical outcome and blood pressure in recanalized and non- 
recanalized patients. After enrolling 674 acute stroke patients submitted to either 
endovenous, intra-arterial, or a combination of both treatment with <24 h vessel 
status assessment, we concluded that systemic ABP in the first 24 hours after isch-
emic stroke influences functional outcome in patients with acute stroke depending 
on the recanalization state. In the non-recanalized group, a J-shaped association is 
observed. However, in the recanalized group, the association is linear, and low ABP 
is associated with the best outcome [47].

30.3  Methods to Assess Acute Stroke Hemodynamics

30.3.1  Neurosonology

Neurosonologists are often tempted to overemphasize the role of TCD/TCCS study 
in stroke patients in a perpetual talk that compares the virtues of Christian Doppler 
works to the ones from René Laennec and his historical creation. In fact, in vascular 
neurology field, by the merits of its ubiquity, ease of use, noninvasiveness, and 
every-time use, TCD may configure our clinical equivalent to the stethoscope.

In a simplified approach, one could state that the culprit stroke vessel may, at any 
time of its clinical course, be occluded, entirely or partially compensated by collat-
eral flow despite being occluded, partially or totally recanalized in a spectrum that 
may include hypo, normal, or hyperperfusion. One may comprehensively argue that 
a strict hemodynamic approach falls short in the complexity of tissue pathology 
related to stroke, but in what relates to acute stroke care and therapeutical approach, 
this live hemodynamic longitudinal assessment reveals as a critical element to the 
chain of decision (Fig. 30.1).
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30.3.2  Magnetic Resonance Imaging

MRI is more time consuming and less available than CT but has significantly higher 
sensitivity and specificity in the diagnosis of acute ischemic infarction in the first 
few hours after onset. In acute stroke setting, an MRI protocol may be designed as 
a set of individual image acquisitions that each have different signal contrast weight-
ings, assembled with the goal of detecting pathology comprehensively. Invaluable 
clinical information may derive from an MRI acute stroke application, as possible 
active ischemia, hemorrhage, and occluded vessels, and insight regarding the size 
and location of the core infarct as well as the extent of surrounding tissue that poten-
tially can be salvaged (the ischemic penumbra) [48].

A conventional acute stroke MRI protocol comprehends diffusion-weighted 
imaging (DWI), fluid-attenuated inversion recovery (FLAIR), MRA, perfusion- 
weighted imaging (PWI), and T2-weighted imaging. Different imaging behaviors 
are expected according to the time of symptom onset, site of occlusion, infarcted 
tissue extension, collateralization, and hemodynamic complications [49].

The following table summarizes the main concepts behind each of the imaging 
acquisitions in the acute stroke phase (Table.30.2).
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Fig. 30.1 intends to highlight the core hemodynamic concepts and its neurosonological correlates 
relevant to the active assessment of acute stroke patients. Schematic representation of the possible 
hemodynamic evolutions after acute ischemic stroke
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Despite financial and time-to-perform limitations, MRI in the acute stroke 
appears to be highly valuable. The time from symptom onset evocable by the 
DWI&FLAIR profile concept was recently explored in the WAKE-UP trial—MRI- 
guided thrombolysis for stroke with unknown time of onset [50]—which concluded 
that in patients with acute stroke with an unknown time of onset, “intravenous 
alteplase guided by a mismatch between diffusion-weighted imaging and FLAIR in 
the region of ischemia resulted in a significantly better functional outcome and 
numerically more intracranial hemorrhages than placebo at 90 days.”

30.3.3  Cerebral Autoregulation in Stroke

As seen in other chapters of this book and above, cerebral autoregulation (CA) plays 
a crucial part in the viability of brain tissue after an acute ischemic stroke, trying to 
assure the maintenance of flow velocities in response to blood pressure variations.

There are several strategies to evaluate CA, that simplistically are all based in the 
concept of quantifying cerebral blood flow during induced or spontaneous blood 
pressure changes. Examples of externally modulated variations are a quick deflation 
of bilateral thigh cuffs, Valsalva maneuver, hand grip, or sit-to-stand method. 

Table 30.2 Summary of the main features of each MRI sequence and its interpretation in the 
context of acute ischemic stroke

MRI 
sequence Clinical and imagiological concepts

T1&2- 
weighting

Lacks sensitivity to the immediate effects of cerebral ischemia

DWI Highly sensitive to ischemia; increased signal in minutes following vessel 
occlusion, highlighting early cytotoxic edema and sodium-potassium pump early 
failure in the setting of acute ischemia; four to five times more sensitive for 
detecting acute stroke than is non-contrast CT(49)

FLAIR Increased signal within 3 hours of stroke onset; Combination of DWI and FLAIR 
signal interpretation may estimate time from symptom onset in an unknown 
setting

MRA Non-invasive method to screen for vessel occlusions, stenosis, or malformations; 
Non-contrasted, 3DTOF (three-dimensional time-of-flight angiography), and 
contrasted modalities, CE-MRA (contrast-enhanced magnetic resonance 
angiography), may be used, but not interchangeably, as the first provides an easier 
and safer acquisition, but has less contrast and is more sensitive to flow 
hemodynamics change; the latter provides a better image from intra and 
extracranial vessel and may provide “beyond the lumen” information, as in 
symptomatic atherosclerotic plaques

PWI Semi-quantitative perfusion maps are obtainable from this examination that 
estimate cerebral blood volume, the mean transit time (MTT, the average time 
required by the bolus of contrast agent to cross the capillary network), the cerebral 
blood flow; combined with DWI provide information about the ischemic core and 
penumbra

T2 Acute hemorrhage detection with equivalent accuracy to CT; Microbleeds, 
indicative of multiple types of microangiopathy, detection
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Response to vasodilatory stimulus as acetazolamide or CO2 is more specific for 
evaluating endothelial function.

The autoregulatory index (ARI) assessed using the thigh cuff maneuver approxi-
mates the rate of recovery of cerebral blood flow compared with 10 rates. When ARI 
is less than 4, it is considered that cerebral autoregulation is impaired.

The mean flow velocity and the arterial blood pressure can be used to measure 
CA in frequency domain—transfer function analysis (TFA).

Mx is calculated as the correlation coefficient between slow spontaneous fluctua-
tions of cerebral perfusion pressure and cerebral blood flow velocity. One strategy 
to estimate noninvasively Mx is by using finger plethysmograph arterial blood pres-
sure with simultaneous transcranial Doppler [51]. In this technique, TCD assumes a 
fundamental task as it can evaluate cerebral blood flow velocity.

30.3.4  Other Neuroimaging Techniques

The use of cerebral perfusion CT in the context of acute ischemic stroke to deter-
mine the volume of irreversible lesion is advancing, with increased clinical applica-
bility drawn from recent endovascular trials (DAWN and DEFFUSE-3) where this 
exam was used to guide indication for thrombectomy outside conventional time- 
based decision windows [52, 53].

Cerebral perfusion CT interpretation is simplistically based in three parameters:

 (a) Cerebral blood flow (CBF)—defined as the volume of blood passing through a 
given amount of brain tissue per unit of time.

 (b) Cerebral blood volume (CBV)—defined as the volume of blood in a given 
amount of brain tissue.

 (c) Mean transit time (MTT)—corresponds to the average time, in seconds that red 
blood cells spend within a determinate volume of capillary circulation.

With these parameters, it is possible to define the infarct core and the penumbra 
area of salvageable tissue. The concept is based on autoregulation, since in the set-
ting of acute occlusion, there is a compensatory cerebral vasodilatation. This results 
in a normal value or even an elevation of the cerebral blood volume while the cere-
bral blood flow is reduced. In opposition, irreversible tissue presents both decrease 
in CBF and CBV indicating the inability of the tissue’s microvessels to vasodilate 
in response to the hypoperfusion (CBF reduction) thus causing reduced CBV. These 
new reperfusion trials used an automatic software to read the perfusion CT. This 
software was named RAPID and had the objective of standardizing the evaluation 
of the core lesion: Ischemic core is defined as the volume of tissue that shows a 
severely reduced cerebral blood flow (<30% of that in normal tissue), whereas a 
perfusion delay of more than 6 seconds represents hypoperfused tissue or tissue at 
risk. The two trials both used the concept of ischemic core based on RAPID quanti-
fication and differed slightly on the definition of tissue at risk. In the DAWN trial, 
this was assed based on NIHSS and patients’ age, whereas DEFUSE-3 used a 
strictly neuroimaging definition based on the volume of tissue with perfusion delay. 
It has the advantage of being applicable to MRI DWI studies.

30 Stroke Prognosis: Monitoring the Hemodynamics and Blood Pressure by TCD/TCCS



518

The concepts behind the perfusion techniques are related to the physiologic 
response of brain tissue to acute occlusion. In this setting, there is an immediate reduc-
tion of flow in the affected brain tissue. This results in a reduction of the cerebral blood 
flow defined above. Cerebral autoregulation promotes vasodilatation to compensate 
the flow reduction, resulting in normal or higher levels of cerebral blood volume.

PET scan has allowed to understand the flow and metabolic thresholds critical 
for the maintenance of brain function and morphology. This concept is no more than 
the concept of penumbra presenting in other imaging studies [54, 55].

Near-infrared spectroscopy is a technique that allows the evaluation of brain 
oxygenation. It was recently validated in acute stroke setting [56].

30.4  Integration of Blood Pressure, Stroke Hemodynamics, 
and Clinical Decisions

Up to 84% of patients presenting with acute ischemic stroke in emergency room 
have high blood pressure [40]. Historically, a U-shaped relationship was docu-
mented between outcomes and the admission ABP in the acute setting [46]. In other 
words, very low ABP is associated with worst outcomes presumably due to reduced 
flow in penumbral areas, whereas very high ABP is associated with increased risk 
of hemorrhagic transformation. In other words, a very low BP value is associated 
with worse outcomes due to reduced flow in the penumbra zone; whereas a high 
ABP value is associated with a higher risk of hemorrhagic transformation. However, 
with the increased use of intravenous and endovascular reperfusion therapies, as 
well as the possibility of assessing vascular status, the understanding of the effects 
of ABP on stroke is evolving. In fact, more recent studies demonstrated that the 
impact of systemic ABP in the first 24 hours after ischemic stroke is dependent on 
recanalization status, with recanalized patients showing a linear association between 
systolic blood pressure and clinical outcome [47, 57] whereas non- recanalized 
patients show the classical curvilinear association (Fig. 30.2).
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Fig. 30.2 Association of Blood Pressure (BP) and clinical outcome according to recanalization. 
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The valuable use of transcranial ultrasound in the setting of acute ischemic stroke 
is largely established [58]. This allows to verify the recanalization status, the exis-
tence of collateral flow, and the existence of hyperperfusion in the symptomatic 
artery. Patients with successful recanalization who deteriorate should be assessed 
for hyperperfusion syndrome [59]. Specifically, the early use of neurovascular ultra-
sound can identify patients with hyperperfusion syndrome before being clinically 
evident. This may allow a more aggressive blood pressure approach.

The above examples demonstrate the major advantage of using TCCS in the set-
ting of acute ischemic stroke.

30.5  Clinical Vignette

30.5.1  Case 1

A 72-year-old man presented to the emergency room with global aphasia, right 
hemianopia, and right hemiparesis (NIHSS: 18) that had started 1 hour before. In 
the cerebral CT, ASPECTS was 10. Since there were no absolute contraindications, 
rtPA bolus was administered. A cerebral angio CT was performed revealing an 
absent flow in the M1 segment of the left middle cerebral artery and excellent lep-
tomeningeal collaterals.

While performing rtPA perfusion, endovascular thrombectomy was performed, 
and after 45 minutes, a final TICI of 3 was obtained. He was admitted to the stroke 
unit. A carotid and transcranial ultrasound was performed at 12 hours after symp-
tom onset and a left middle cerebral arterial hyperflow was observed (Fig. 30.3). At 
that time, blood pressure was 175/102 mmHg. Intravenous beta-blocker was started 
to maintain systolic blood pressure below 140 mmHg, and patient was left in rest 
with head elevation at 45°. The next day hyperflow was still present and the previ-
ous described measures were maintained. At day 2, there was a symmetric flow 
between the left and right M1 segment of cerebral middle artery. A control CT 
demonstrated only minor reperfusion injury with petechial intralesion hyperdensi-
ties (type 1 hemorrhagic infarction, according to the ECASS II definition) [60].

Fig. 30.3 Flow velocities after thrombectomy of the left middle cerebral artery (PI: 1.29; Mean 
velocity: 84 cm/s) and right middle cerebral artery (PI:0.75; Mean velocity: 45.7 cm/s) respectively

30 Stroke Prognosis: Monitoring the Hemodynamics and Blood Pressure by TCD/TCCS



520

This case highlights the importance of TCD in a stroke unit both acutely and dur-
ing follow-up. The demonstration of an elevated flow velocity in the whole MCA 
after successful recanalization indicates the impairment of autoregulatory mecha-
nisms with potential to cause reperfusion injury. As such, measures to address 
hyperperfusion (still without clinical symptoms) were initiated (bed elevation and 
aggressive blood pressure control). Notably, if the elevated velocities were regis-
tered only in a short segment of the MCA, this finding would probably be associated 
with residual thrombus or intracranial stenosis (also to be clarified in subse-
quent exams).

30.5.2  Case 2

A 53-year-old woman patient presenting to the emergency room for headache asso-
ciated with palpebral ptosis with onset on the previous day. In the neurological 
examination, it was noted a left Horner sign, mild right hemiparesis, and difficulty 
naming objects. A cerebral CT was performed with no acute changes. A cervical 
and transcranial ultrasound was performed, identifying a high resistance flow in the 
left common carotid artery and a pencil-tapering occlusion of the ipsilateral internal 
carotid artery (ICA), suggestive of dissection. The transcranial ultrasound revealed 
permeability of all arteries, with an asymmetric flow between middle cerebral arter-
ies (Fig. 30.4a). Systemic blood pressure was 135/84 mmHg. She was admitted to 
the stroke unit and maintained in supine position and endovascular fluids were 
administered to raise blood pressure. She recovered in a few hours. She repeated 
ultrasound assessment that maintained occlusion of ICA, with a higher systolic 
peak velocity in the symptomatic MCA, that was still asymmetrical and maintained 
a low resistance flow (Fig. 30.4b). She was kept on bed rest. At day 7, transcranial 
ultrasound revealed a symmetrical flow velocity in the MCAs with a small pulsatil-
ity reduction in the left MCA (Fig. 30.4c, d). At this time, head position was gradu-
ally elevated and she started getting up after a few days. This case represents the 
importance of ultrasound in accessing cerebral hemodynamics and adapts our strat-
egies for blood pressure and positioning management in the context of different 
hemodynamic status, specifically due to its unique possibility of continuous 
reassessments.

30.6  Conclusion

The real-time visualization of recanalization status, and the presence of hyperperfu-
sion, allows for an optimization of acute stroke hemodynamics. In Fig. 30.5, we 
present a proposed algorithm for the management of acute stroke hemodynamics.

R. Varela et al.
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a

b

c

d

Fig. 30.4 (a) Left middle cerebral artery with a low flow and a low resistance, consequence of a 
dissection of ipsilateral internal carotid artery. (b) Next day after the exam shown in Fig. 30.5. A, 
we can verify a better flow velocity yet with a low resistance index. (c) Middle cerebral artery with 
normal flow and normal resistance. (d) Right middle cerebral artery that was identical during the 
three evaluations. PI: 1.10: Mean velocity 78 cm/s
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Chapter 31
Acute Ischemic Stroke in ICU: Monitoring 
of Arterial Recanalization After 
Endovascular Treatment (EVT) 
by Transcranial Doppler (TCD/TCCS)

José I. Suárez

Key Points
 1. TCD/TCCS is an important complementary tool in the evaluation and manage-

ment of patients with acute ischemic stroke.
 2. The most important indications for the use of TCD/TCCS in acute ischemic 

stroke are the detection of arterial occlusions, collateral circulation, arterial ste-
nosis, microembolic signals, and re-occlusions or arterial rethrombosis after 
post-thrombolysis or post-thrombectomy reperfusion.

 3. The addition of TCD/TCCS can lead to changes in therapeutic behavior in 20% 
of cases with acute ischemic stroke.

 4. Sonothrombolysis is not recommended in the management and treatment of 
patients with acute ischemic stroke.

 5. TCD/TCCS is a useful diagnostic test when sufficient resources are not available 
for the acquisition of advanced diagnostic images or when patients present with 
clinical instability that makes transfer very difficult.

 6. The reliability of the TCD/TCCS depends on the operator and a good acous-
tic window.
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31.1  Introduction

Transcranial Doppler and transcranial color-coded duplex sonography (TCD/
TCCS) are common tools and have has become fundamental elements of the arma-
mentarium in diagnostic and research of neurocritical care and stroke units [1]. 
TCD/TCCS are noninvasive ultrasound clinical diagnostic methods, which allow 
determining the speed and direction of local blood flow in the proximal segments of 
the larger intracranial arteries. As is well known, and analogous to other methods 
based on ultrasound, the results and interpretation of these depend largely on the 
operator, and as a corollary, it is important to ensure good training and expertise to 
obtain reliable results. In most hospitals and academic centers, TCD is operated by 
technicians or trained medical personnel, and the results are interpreted by vascular 
neurologists or radiologists specialized in the subject.

The greatest usefulness of TCD/TCCS is in the management and therapeutic 
decision-making of patients with cerebrovascular diseases or alterations of the 
intracranial dynamics that entail important alterations of the cerebral blood flow 
(CBF). All the initial TCD/TCCS validation studies have used cerebral angiogra-
phy, an invasive method that is not without important risks, as a gold standard and 
reference in the evaluation of the diameter and permeability of the cerebral arteries 
and in the measurement of the different degrees of stenosis [2–4]. It follows that 
TCD/TCCS offer significant advantages for daily clinical practice, among which 
the following could be listed:

 A. The TCD/TCCS examination can be carried out at the patient’s bedside as the 
equipment is portable.

 B. Studies can be repeated as required.
 C. Continuous monitoring of cerebral blood flow velocities (CBFV) is possible.
 D. TCD/TCCS are cheaper than cerebral angiography and associated with minimal 

risks to the patient.
 E. Does not require intravenous contrast (when the acoustic bone window is 

accessible).

It is also relevant to present the limitations of TCD/TCCS:

 A. The results depend on the operator. The operator’s expertise is important as in 
many techniques.

 B. It can only measure the CBFV in the most proximal segments of the cerebral 
arteries. However, changes in the morphology of the CBF velocity waves may 
suggest distal stenosis or obstruction.

 C. It is difficult to obtain reliable results in patients with poor acoustic window.

Finally, it should be noted that other diagnostic modalities, such as CT angiogra-
phy, also present limitations in the evaluation of the most distal segments of the 
cerebral vasculature.

In this chapter, we will describe in a practical way the possible indications for TCD/
TCCS monitoring in patients who require medical attention after ischemic stroke and 
emphasize the cases in which endovascular therapy is necessary (Table 31.1).

J. I. Suárez
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31.2  TCD/TCCS in Acute Ischemic Stroke

TCD/TCCS may be very useful in the evaluation of patients with acute ischemic 
stroke. The most important findings are the presence of arterial occlusions, collat-
eral circulation, arterial stenosis, microembolic signals, and re-occlusions or arterial 
re-thrombosis after post-thrombolysis or post-thrombectomy reperfusion.

31.2.1  Acute Cerebral Infarction

TCD/TCCS can serve as an aid to traditional diagnostic imaging tests in the diagno-
sis and treatment of large caliber cerebral artery occlusions, especially in hospitals 
with limited resources. A middle cerebral artery occlusion can be detected with a 
sensitivity and specificity of more than 90% [5]. Although TCD/TCCS have a lower 
sensitivity than CT angiography for the detection of thrombosis of the terminal seg-
ment of the carotid and basilar arteries (33–75%), it is equally specific to CT for the 
identification of middle cerebral artery occlusion (99–100%).

During the first 4.5 hours of management of patients with ischemic stroke, TCD/
TCCS may be an important complement to more advanced imaging techniques. It 
has been shown that TCD/TCCS can lead to changes in therapeutic behavior in 20% 
of cases [6]. For example, TCD/TCCS can detect thrombosis of the middle cerebral 
artery not adequately visualized in CT angiography.

31.2.2  Detection of Microembolic Signals

TCD/TCCS plays an important role in the diagnosis of paradoxical embolism in 
patients with patent foramen ovale and arteriovenous pulmonary vascular bed fistu-
las as described in other chapters of this book. To summarize, the test consists of the 
injection of an ultrasonic contrast medium, usually agitated saline, while the patient, 
in a dorsal decubitus position, is asked to perform a Valsalva maneuver. If there is a 
reversal of blood flow from right to left, the TCD/TCCS transducer will detect 
microembolic signals in the middle cerebral arteries (Table 31.2).

It has been observed that TCD/TCCS is as good as other diagnostic methods for 
the detection of the patent ovale foramen [7, 8].

Table 31.1 Common 
indications of TCD/TCCS 
monitoring in patients with 
acute ischemic stroke

Evidence of cerebral artery occlusion
Detection of microembolic signals
Confirm reperfusion during thrombolysis or endovascular 
therapy
Monitor the permeability of cerebral arteries
Diagnosis of cerebral artery stenosis

31 Acute Ischemic Stroke in ICU: Monitoring of Arterial Recanalization…
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TCD/TCCS has a higher sensitivity, though less specificity, than echocardiography 
and allows for a 15–25% additional diagnosis. In other pathologies where microem-
bolic signals can be detected, such as cardioembolic phenomena or carotid stenosis, 
TCD can be used to monitor these patients [9–11]. It has been shown that up to 43% of 
patients with symptomatic carotid stenosis present microembolic signals, as opposed 
to 10% of patients with asymptomatic lesions. In addition, the presence of microem-
bolic signals is an important predictor of stroke 1 year after its discovery by TCD/
TCCS even in patients with asymptomatic lesions. The CARESS study (Clopidogrel 
and Aspirin for Reduction of Emboli in Symptomatic Carotid Stenosis) showed that in 
43.8% of patients with symptomatic carotid stenosis and those receiving antiplatelet 
therapy with aspirin and clopidogrel, microembolic signals could be detected, while in 
those who only received aspirin, the frequency was 73% [12]. Similar reductions have 
been reported in patients after endarterectomy [13]. The results of the CARESS study 
(Clopidogrel and Aspirin for Reduction of Emboli in Symptomatic Carotid Stenosis) 
showed that in 43.8% of patients with symptomatic carotid stenosis and those receiv-
ing antiplatelet therapy with aspirin and clopidogrel microembolic signals could be 
detected, while in those who only received aspirin, the frequency was 73% [12]. 
Similar reductions have been reported in patients after endarterectomy [13].

31.2.3  Monitoring During Thrombolysis or Endovascular  
Therapy

Thrombolytic and endovascular therapies with thrombectomy are established as the 
most effective for improving the clinical outcomes of patients with ischemic stroke 
[14, 15]. The role of TCD/TCCS is primarily in the detection of middle cerebral 
artery occlusion, its reperfusion, and re-occlusion, monitoring of microembolic sig-
nals, and documentation and follow-up of cerebral artery stenosis. Initial results 
from clinical trials using sonothrombolysis, the idea that TCD increases the fibrino-
lytic effect of rt-PA, demonstrated favorable effects in patients with acute ischemic 
stroke [4]. However, more recent clinical trials have shown neutral results with 
respect to clinical improvement, death, and adverse effects compared to the control 
groups. The use of sonothrombolysis is not recommended in the latest treatment 
guidelines for patients with acute ischemic stroke [15].

This author recommends the use of TCD/TCCS at the beginning of the evalua-
tion of the patient with acute ischemic stroke to document the initial findings and 
once treatment is received, intermittent evaluation is continued to ensure that the 
state of the cerebral vessels has not changed.

Table 31.2 Characteristics of 
microembolic signals (MES) 
detected by TCD/TCCS

Characteristic acoustic sound
High intensity amplitude and at least 3 decibels greater 
than the basal spectrum
Transient signals of short duration and usually less than 
300 milliseconds
Unidirectional signals
Detected within the flow spectrum
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31.3  Conclusion

TCD/TCCS may be very useful in the evaluation of patients with acute ischemic 
stroke. The role of TCD/TCCS is primarily in the detection of middle cerebral artery 
occlusion, its reperfusion and re-occlusion, monitoring of microembolic signals, 
and documentation and follow-up of cerebral artery stenosis.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)?
Bilateral Pupillary reactivity?
Hemodynamic Stability?

Microembolic Signals
(MES)

Oxygenation?
FAST?

Characteristic acoustic sound
High Intensity amplitude

Transient signals (<300 ms) NIHSS
Unidirectional Signals

Detected within the flow direction
ACUTE ISCHEMIC STROKE

CTA with CTP or
MRA with DW-MRI with or

Without MRP

Non-Contrast Brain CT-Scan Exclude ICH
Magnetic Resonance Imaging (MRI)

TREATMENT ELEGIBILITY
IV Thrombolysis?

Mechanical Thrombectomy?

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

CERVICAL ARTERIES APPROACH INTRACRANIAL ARTERIES APPROACH
BILATERAL 

Carotid Vessels
Anterior and Posterior Circulation

A. Non-affected Side
1. Presence of plaques Normal Velocities
2. Plaque composition Normal Spectral Doppler Waveform
3. Vascular Stenosis / Occlusion B. Affected Side
4. Vascular dissection Compare with Non-affected side

Doppler Waveform (TIBI)

RECANALIZATION MONITORING
Onset – Speed – Timing – Degree 

1. Waveform changes (TIBI)
2. Appearance of MES
3. Flow velocity Improvement (constant angle of insonation)
4. Signal Intensity and Velocity improvement
5. ≥ 30% Pulsatility index and amplitude of Peak systolic velocity  

FAST Facial-Arm-Speech-Time, CTA Computed tomography angiography, MRA Magnetic reso-
nance angiography, DW-MRI Diffusion Weighted-Magnetic resonance imaging, MRP Magnetic 
resonance perfusion, ICH Intracerebral hemorrhage,TIBI Thrombolysis in Brain ischemia, MES 
Microembolic signals
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Chapter 32
Transcranial Doppler (TCD) 
and Transcranial Color-Coded Duplex 
Sonography (TCCS): Defining Collateral 
Cerebral Blood Flow

Maher Saqqur

Key Points
 1. TCD/TCCD may have an important role in defining collateral blood flow (CF) 

in stroke patients and monitoring of CBF.
 2. It is a noninvasive technique and can be utilized repeatedly allowing for changes 

in the blood flow dynamics as treatment is delivered.
 3. The criteria of CBF on TCD and TCCD have been developed and verified.
 4. TCD/TCCD is unique monitoring tool of CBF in an acute stroke setting.
 5. TCD/TCCD has an evolving role as monitoring tool of therapeutic efficacy in 

CBF augmentation.

32.1  Introduction

An acute occlusion of the blood flow to the brain leads to rapid and irreversible 
neuronal injury. The duration of the occlusion and the extent of collateral flow are 
two of the most important determinants of tissue viability following an acute stroke. 
Thrombolysis with intravenous (IV) recombinant tissue plasminogen activator (rt- 
PA) was first shown to be effective in an acute stroke in the mid-1990s and is the 
most important advance in the management of acute stroke [1–3]. Recently, several 
major trials utilizing interventional mechanical thrombectomy in properly selected 
patients with an acute stroke have shown that reperfusion and restoration of blood 
flow can be offered beyond the time window used for IV rt-PA trials [4–8]. In all 
trials with IV rt-PA or with mechanical thrombectomy, the response to treatment has 
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been variable with some patients showing excellent recovery, while in others, there 
was very little or no improvement. The presence of good pial collaterals is one of 
the most important factors contributing to a better outcome in patients with a suc-
cessful recanalization [5].

In the endovascular treatment for small core and anterior circulation proximal 
occlusion with emphasis on minimizing computed tomography (CT) to recanaliza-
tion time (ESCAPE) trial, the presence of moderate to good collateral flow (CF) 
defined as the filling of 50% or more of the ipsilateral MCA pial arterial circulation 
on CT angiography (CTA) when compared to contralateral hemisphere pial vessels 
was one of the major criteria for inclusion in the study [5]. Several additional studies 
have also shown that collateral blood flow plays a major role in predicting outcome 
and saving the arterial bed until the artery is opened with IV thrombolysis or 
mechanical thrombectomy [9–13].

There are several imaging modalities that can be utilized in defining collateral 
blood flow at baseline in patients with acute ischemic stroke [14]. Digital subtrac-
tion angiography offers the best means for the detection of the pial collateral vessels 
in patients with acute stroke, but because of its invasive nature, it did not gain wide-
spread popularity. New imaging techniques, especially CTA, can be proven very 
useful in identifying the pial collaterals [15–19]. CTA, however, is a “snap shot in 
time,” making it difficult to be utilized as a monitoring tool in an acute stroke setting.

Magnetic resonance imaging/MR angiography (MRI/MRA) of the brain has 
been utilized in defining collateral blood flow in the acute stroke setting [20]. For an 
example, the Flair hyperintensity and magnetic resonance angiography have been 
used to grade collateral status and its relation to outcome [21, 22]. The distal hyper-
intense vessels have a serpentine appearance and might be an indicator of slow ret-
rograde collateral flow [23–25]. However, MRI and MRA are not available in all 
centers, time consuming and still snap shot in time.

Transcranial Doppler ultrasound (TCD) is an excellent bedside monitoring tool 
that has the ability to provide noninvasive continuous monitoring of the arterial 
status while the patient is being treated with IV rt-PA [26–30]. TCD can, in real 
time, very quickly determine if an occlusion is present [27, 31–33] or if recanaliza-
tion has been achieved [29, 30, 34]. In addition, there is some suggestion that con-
tinuous TCD monitoring may augment the t-PA-induced arterial recanalization 
effect with a trend toward an increased rate of recovery from the acute stroke 
[35, 36].

The role of TCD and transcranial color-coded duplex sonography (TCCS) in 
understanding the flow dynamics following an acute ischemic stroke is evolving 
[37–42]. In this review, we highlighted the role of TCD and TCCS in detecting col-
lateral flow following an acute ischemic stroke. We also highlighted if the use of 
TCD and TCCS is helpful in decision-making regarding the type of treatment 
offered to the patients and if this predicts outcome and long-term prognosis in an 
acute stroke setting.
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32.2  Anatomy of Collateral Blood Flow

There are three principal anatomical features that underlie the collateral perfusion to 
the brain. The first one consists of extracranial to intracranial collateral communica-
tion mainly seen in the presence of internal carotid severe stenosis or occlusion. One 
of the important collateral circuits includes flow through the ophthalmic (retrograde) 
and superficial temporal arteries to the intracranial vessels, normally supplied by the 
internal carotid artery [43]. In the posterior circulation, many anastomoses do exist 
between the vertebral arteries and the muscular branches at the cervical level. The 
anterior and posterior spinal arteries also communicate with branches of the proxi-
mal intracranial arteries supplying the medulla and pons [44]. Another type of col-
lateral is the persistent trigeminal artery, which is a fetal arterial communication 
between the basilar and cavernous carotid arteries. This provides collateral flow in 
the presence of basilar artery occlusion [45]. Only the ophthalmic artery can be 
imaged by the TCD and TCCS, whereas the rest of the CF are difficult to image.

The second type of collateral blood flow is the circle of Willis CF. This is unique 
collateral system because there are four major arteries coalesce to form an equaliz-
ing distributor, the circle of Willis, which can redistribute blood flow in the event of 
a sudden occlusion of a parent vessel. The anatomy of the circle of Willis varies 
between patients and is an important determinant of how well blood flow diversion 
can occur in the presence of an arterial occlusion. Roughly 50% of individuals have 
a normal or complete configuration of the circle of Willis. Common variations are, 
in order of frequency, atretic or string-like anterior or posterior communicating 
arteries, triplication or duplication of vessels, and a fetal origin of one or both pos-
terior communicating arteries [46]. The presence of any of these abnormalities, par-
ticularly atretic communicating vessels, can seriously compromise ability to 
compensate for sudden occlusions [44]. This type of collateral can be imaged well 
with TCCS and measured with TCD with confidence. However, there is quite bit of 
variety in imaging based on the type of anomaly present.

The third type of collateral blood flow is the leptomeningeal or pial anastomoses 
which potentially provide arterial blood supply to the cortical surface [9, 14, 47]. In 
these vessels, blood can flow in both directions as a function of the hemodynamic 
and metabolic needs of the two territories that they connect. The leptomeningeal 
anastomoses linking distal sections of the major cerebral arteries are small arteriolar 
connections (~50–400 μm) that allow retrograde perfusion of the adjacent territories 
[46, 47]. They are important routes for collateral flow, especially in times of acute 
vascular occlusion. These arteriolar anastomoses join the middle cerebral artery 
(MCA) with both the anterior cerebral artery (ACA) and posterior cerebral artery 
(PCA). Anastomoses from the ACA potentially supply the superior or anterior divi-
sions of the MCA, with most collateral flow of posterior or inferior divisions of the 
MCA arising from the PCA. These pial collaterals are difficult to image with TCCS 
but can be measured indirectly by TCD.

32 Transcranial Doppler (TCD) and Transcranial Color-Coded Duplex Sonography…
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32.3  Defining Collateral Blood Flow (CF) on TCD/TCCS

A number of studies have reported on the role of TCD in defining changes in CF in 
the presence of cervical internal carotid artery (ICA) critical stenosis or occlusion 
[39, 42]; however, data on the utility of TCD in evaluating the blood flow dynamics 
in patients with acute proximal MCA occlusion is limited [41, 48]. In general, in the 
absence of an acute or chronic extra cranial or intracranial arterial occlusion, the CF 
cannot be imaged on TCCS or measured by TCD. Other imaging techniques (DSA, 
CTA, and MRA) are also handicapped in evaluation of the pial collateral status as 
these vessels are in a remnant state in the absence of an acute or chronic arterial 
occlusion [14, 49]. However, when an extracranial or intracranial occlusion or ste-
nosis occurs, a gradient develops in the flow of blood between two arterial beds that 
have anastomosis [9, 50]. This results in the opening of collateral vascular channels 
that can be insonated by routine TCD and imaged by TCCS.

Four types of CF can be defined on TCD and TCCS: primary CF, secondary CF, 
extracranial source of CF, and other types of collateral blood flow [9, 43, 51, 52].

32.4  Primary CF (Circle of Willis Collateral)

32.4.1  Anterior Cross Filling [Anterior Communicating Artery 
(AcomA)] (Fig. 32.1, Panel a–c)

Anterior communicating artery is one of the main cross filling collateral of the cir-
cles of Willis between the bilateral anterior cerebral arteries. It does play major role 
as an anterior circulation collateral in the presence of ICA critical stenosis or occlu-
sion or terminal ICA occlusion by shifting blood flow from contralateral donor 
ACA to the ipsilateral reverse ACA into the ipsilateral MCA. Several anomalies can 
be seen in the AcomA ranging between normal and absent AcomA [53]. Other 
AcomA anomalies include duplication, triplication, oblique course, hypoplastic, 
plexiform, dimple, and fused AcomA. In the case of azygous ACA artery, the right 
and left anterior cerebral arteries joined together to form a single trunk, which 
entered the median fissure. The detection of congenital abnormalities in the circle of 
Willis is important. Hypoplasia or the absence of the AcomA can compromise blood 
flow to the affected hemisphere and may lead to higher risk of stroke due to ICA 
critical stenosis or occlusion [60, 61].

The presence of anterior cross filling collateral (AcomA) is one of the diagnostic 
criteria of ICA stenosis or occlusion on TCD [27, 41, 54–56]. The first sign of ICA 
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Fig. 32.1 Anterior Communicating Artery signature (AcomA) on Transcranial Doppler and 
Power M Mode Doppler; Panel (a) Anterior Communication Artery signature through the temporal 
window at 70–80 mm depth (stenotic signal away from the probe on the donor side); Panel (b): 
AcomA flow through the orbital window at depth 60–70 mm (stenotic signal toward the probe on 
the recipient side); Panel (c): Collateral blood flow through anterior communicating artery in the 
presence of internal carotid artery critical stenosis: (a) delayed flow acceleration of ipsilateral 
middle cerebral artery (MCA), (b) ipsilateral reverse anterior cerebral artery (ACA) flow, (c) 
AcomA flow, (d) normal flow in the contralateral MCA, (e) donor ACA

a

b
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critical stenosis or occlusion on TCCS is the reversal of ipsilateral A1 ACA due to 
anterior cross filling through AcomA from the donor ACA [57] (Fig. 32.1, Panel c).

The AcomA is a small vessel and is not easily be defined on routine TCD. In 
addition, especially when very small, it may not be functional in many individuals 
with normal cerebral circulation. Interestingly, in the presence of critical ICA steno-
sis or occlusion, there is an increase in the flow of blood through the AcomA as it 
becomes the collateral route of blood supply to the ipsilateral MCA and ACA mak-
ing it easier to insonate [41, 51, 58]. In addition, AcomA can be defined on power 
M mode TCD through the temporal window as a stenosis signal at midline at a 
depth of 70–75 mm or at a depth of 60–65 mm through the orbital window [59] 
(Fig. 32.1, Panel a, b).

On TCCS, the AcomA has the shape of hourglass. The diameter is smaller in the 
midsection of the artery than at the junction of A1 segment [57]. On TCCS, the 
threshold’s diameter, allowing for anterior cross flow through the primary collateral 
arteries of the circle of Willis, is below 1 mm, whereas the threshold for functional 
AcomA collateral is 0.4 and 0.6 mm [62].

The TCCS with common carotid artery (CCA) compression test allows a real- 
time evaluation of the AcomA CF [63]. CCA compression test can be performed to 
evaluate the presence of functional AcomA or PcomA in the absence of ICA disease 
[56]. Functional AcomA is defined on the CCA compressing test by reversal of the 
blood flow in the A1 ipsilateral to the compressed CCA, combined with an enhanced 
blood flow velocity in the contralateral A1 ACA. Both A1 ACA segments can be 
evaluated by compressing the bilateral CCA vessels.

b

cc

d

e
a

Fig. 32.1 (continued)
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The CCA compression test can be applied low in the neck just proximal to the 
sternal head of the clavicle for a maximum of four cardiac cycles. It is important to 
rule out any significant atherosclerotic disease in the CCA prior to preforming the 
test, mainly to avoid dislodging plaque during the test [57, 62, 64].

The diagnostic accuracy of AcomA on TCD and TCCS has been tested in several 
studies. Muller et.al did correlate the CF on TCD with cerebral angiography in the 
presence of ICA disease [41]. The TCD sensitivity of identifying AcomA was 95%, 
and specificity, 100%. On TCCS, the sensitivity and specificity for TCCS evaluation 
of AcomA cross-flow were 100% in one study [64]. In another one, the sensitivity 
of TCCS for the detection of AComA CF in patients with occlusive carotid artery 
disease was 98%, specificity was 100%, positive predictive value was 100%, and 
negative predictive value was 98% [63].

The technical recommendations for defining AComA CF on TCD/TCCS and 
PMD TCD are summarized in (Table 32.1) [27, 31, 41, 63, 64].

32.4.2  Posterior Communicating Artery (PcomA) (Fig. 32.2, 
Panel a, b)

The PcomA does originate embryonically from the ICA and connects with the 
PCA. It plays a major role as a posterior collateral blood flow in the presence of ICA 
critical stenosis or occlusion or basilar artery occlusion. The PcomA varies exten-
sively in length, diameter, and course. In one autopsy study, the PcomA has a mean 
outer diameter of 1.2 mm and a mean length of 12.6 mm [65]. In 33% of the cases, 
the vessel exists only unilaterally, and in more than 50%, abnormalities such as 
aplasia, hypoplasia, or duplication are demonstrable [66].

On TCD, the blood flow in the PcomA is usually low resistance and directed 
toward the probe and located posterior to the ICA bifurcation when insonated 
through the temporal window (it is consistently detected at the depth of 58–68 mm) 
[27, 31] (Fig. 32.2, Panel a). It can also be visualized through the orbital window on 
power M Mode (PMD) TCD at the depth of 70–80 mm (Fig. 32.2, Panel b). Its flow 
can be directed toward or away from the problem depending on the location of the 
arterial occlusion. However, one of the major challenges in identifying PcomA sig-
nal is differentiating between PComA, terminal ICA, and compensatory velocity 
increase in the posterior cerebral artery (PCA).

In the presence of terminal ICA occlusion beyond the PcomA branching from 
the ICA, the PcomA flow will usually be away from the probe when insonating 
through the orbital window since the flow through the siphon ICA will be diverted 
toward the posterior circulation instead of the anterior circulation due to complete 
distal ICA occlusion after the PcomA branch (Fig. 32.2, Panel b). Whereas flow will 
be toward the probe through the temporal window in the presence of cervical ICA 
critical stenosis or occlusion since the PcomA will be functioning as a posterior 
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Table 32.1 TCD and TCCS criteria for collateral blood flow

Type of CF TCD TCCS PMD

AcomA
(Fig. 32.2 Panel 
a–c)

1. Elevated A1 ACA MFVs 
on donor side (iACA > 
iMCA) or (iACA MFVs 
≥1.2 times cACA MFV) + 
stenotic-like flow at depths 
72–78 mm directed away 
from donor side.
A normal or low MFV in 
A1 ACA of recipient side 
with or without A1 flow 
reversal [27, 31].
2. The CCA compression 
test demonstrate drop in 
the iMCA MFV to the 
occulted ICA side [64].

Reverse iACA on 
obstructed ICA side. If 
iACA was missed, iMCA 
decreased during manual 
compression of the 
contralateral CCA
[63, 64]

Blue (donor side) and 
red (affected side) 
stenotic signal with 
turbulence flow at 
depth 75–80 mm 
through the temporal 
window aiming 
anterior

PcomA
(Fig. 32.2 Panel 
e, f)

1. Stenotic signal at depth 
55–70 mm via the 
transtemporal approach 
when the sonographer 
switches from ICA 
bifurcation posteriorly to 
locate the PCA
2. PSV in P1 PCA > mean 
value + 2 SD of normal; 
(C) Ratio of PSV iP1 to 
PSV P2 PCA > mean ratio 
+ 2 SD of normal
3. Ratio of iP1 PSV to c/l 
P1 PSV > mean ratio + 2 
SD of normal
4. PSV BA > mean value + 
2 SD of normal [64].
5. Anterior to posterior 
collateral (BA occlusion), 
flow is directed away from 
the probe, whereas 
posterior to anterior 
collateral (ICA critical 
stenosis or occlusion), flow 
is directed towards the 
probe

1. Color-coded signal of 
the vessel between the 
ICA and the 
precommunicating 
segment of the PCA
2. Evidence of a pulsatile 
Doppler signal within the 
supposed vessel [68]

Blue (donor side) and 
red (affected side) 
stenotic signal with 
turbulence flow at 
depth 55–70 mm 
through the temporal 
window aiming 
midline
Red signal or blue 
signal through orbital 
window at depth 
80–85 mm
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Table 32.1 (continued)

Type of CF TCD TCCS PMD

Reverse BA 1. Detecting low resistance 
flow signal toward the 
probe through the 
transforaminal window at 
depth 80–110 mm
2. Absent, minimal, 
dampened or blunted blood 
flow signal at proximal BA 
(depth 80–90 mm) 
indicative of proximal BA 
occlusion [77].
3. High-resistance 
antegrade blood flow in 
both vertebral arteries
4. Transmitted signals in 
the PComA and/or the BA 
in response to CCA 
tapping in the neck
5. Detection of Doppler 
signal through temporal or 
orbital window, PcomAs 
signals towards the 
posterior circulation (away 
from the probe)

1. Color-coded signal of 
vessel with flow towards 
the probe at depth 
80–100 mm though 
transforaminal window
2. Evidence of a pulsatile 
Doppler signal within the 
supposed vessel

Red signal at depth 
80–100 mm through 
transforaminal 
window

LMCs Indirectly measured by 
flow diversion to iACA or 
iPCA.
(iACA or iPCA >30% 
analogous artery of 
contralateral side) and low 
resistance (pulsatility index 
<1.2)

1. Color-coded signal of 
vessel with flow away 
from the probe at depth 
<30 mm though temporal 
window
2. Evidence of a pulsatile 
low resistance Doppler 
signal within the 
supposed vessel

Low resistance blue 
signal in the distal 
<30 mm depth on 
PMD might be an 
indicative of LMC 
through temporal 
window

Reverse OA 1. Low pulsatility flow 
directed away from the 
probe via transorbital 
window at 40–60 mm 
depth
2. Additional findings may 
include no substantial 
difference in MFVs 
detected in the OA and 
ICA siphon, high velocities 
in the ICA siphon, 
suggesting either a 
high-grade proximal ICA 
and/or siphon stenosis, and 
no flow signals at depths 
≥60 mm, suggesting an 
ICA occlusion proximal to 
OA origin

Color-coded signal of 
vessel with flow away 
from the probe at depth 
40 to 60 mm though 
orbital window and 
confirmed with 
conventional Doppler 
sampling

Low resistance blue 
signal (flow away 
from probe) at depth 
40 to 60 mm though 
orbital window

(continued)
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circulation collateral from the basilar artery (BA) to the anterior circulation due to 
cervical ICA occlusion before the PcomA branching (Fig. 32.2, Panel a).

If PcomA cannot be visualized or measured directly on TCD, it can be defined 
indirectly as shown by Reinhard et al. [67]. In their study, they defined PcomA indi-
rectly by the presence of increased flow velocity of 50% in the P1 segment of PCA 
ipsilateral to the ICA stenosis when compared to the contralateral P1 PCA.

On TCCS, the arterial threshold diameter allowing for PcomA collateral flow 
through the circle of Willis lies between 0.4 and 0.6 mm [57]. In addition, quite often 

Table 32.1 (continued)

Type of CF TCD TCCS PMD

Lenticulostriate 
Perforator’s 
collaterals

A low-resistance flow at 
proximal M1 MCA in the 
presence of abnormal or 
absent distal M1 or M2 
MCA signals
Flow is away from the 
probe and below the 
baseline on traditional 
TCD

Color-coded signal of 
vessel with flow away 
from the probe at depth 
45 to 55 mm though 
temporal window and 
confirmed with 
conventional Doppler 
sampling as low 
resistance flow

Low resistance blue 
signal at depth 45–55 
through temporal 
window

Reverse VA Difference in BP between 
arms of ≥20 mmHg. At 
rest: systolic flow reversal 
(alternating flow signal or 
absent diastolic flow) in 
the “stealing” VA as well 
as a low resistance flow in 
the donor VA
BP difference between the 
arms is 10–20 mmHg and 
the steal waveforms are not 
present at rest or flow 
reversal is incomplete. 
Hyperemia test: reversal of 
VA flow during systole or 
entire cycle

Intermittent red 
signal in the middle 
of low resistance blue 
signal through the 
transforaminal 
window

Cerebellar 
collaterals

Low resistance flow toward 
the probe were picked up 
at depth 75–80 mm and 
80–90 mm when the probe 
in the lateral position 
through transforaminal 
window

Color coded signal 
(toward the probe at 
depth 75–80 mm and 
80–90 mm through 
transforaminal window

Red signal at depth 
75–80 mm and 
80–90 mm through 
transforaminal 
window

MCA middle cerebral artery, M1 MCA M1 branch, M2 MCA M2 branch, ACA anterior cerebral 
artery, PCA posterior cerebral artery, P1 PCA P1 branch, P2 MCA P2 branch, BA basilar artery, 
VA vertebral artery, CCA common carotid artery, ICA internal carotid artery, OA ophthalmic artery, 
AComA Anterior communicating artery, PComA posterior communicating artery, LMCs 
Leptomeningeal collaterals, MFV mean flow velocity, PSV peak systolic velocity, iMCA ipsilateral 
MCA, iACA ipsilateral ACA, cACA contralateral ACA, CF collateral flow, PMD power M mode 
Doppler, SD standard deviation, BP blood pressure
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the diameter of the PcomA is slightly larger than the AcomA on TCCS. But in general, 
several studies have shown that communicating arteries with diameter of <0.5 mm 
should be considered as hypoplastic vessels and difficult to image with TCCS [57].

On TCCS, the functional patency of the PcomA is defined by a peak systolic 
velocity (PSV) increase of 20% in the PCA P1 ipsilateral to the compressed 

a

b

Fig. 32.2 Posterior Communicating Artery signature (PcomA) on Transcranial Doppler and 
Power M Mode Doppler: Panel (a) PcomA signature through the temporal window at depth 
50–60 mm (Stenotic signal toward the probe on the affected side); Panel (b) Retrograde PcomA 
Signature through the orbital window in the presence of terminal internal carotid artery occlusion 
(Stenotic blue signal at depth >80 mm)
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CCA. This value is twice as much as would be expected from normal variations 
seen with physiological activities and related to measurement error [56]. The PSV 
increase is always measured over the highest peaks on the Doppler spectrum. If the 
PSV increase in the PCA P1 is less than 20%, the PcomA will be defined as hypo-
functional. Velocity measurements are taken proximally in the A1 and P1 with the 
sample volume set as narrow as possible. It is recommended that measurements in 
the P1 are taken as close as possible to the top of the basilar artery since this is more 
informative of the P1 PCA feeding segment to the PcomA than the distal PCA.

One of the pitfalls of TCCS is a misdiagnosis of the anterior choroidal artery for 
the PcomA. This was less likely because this vessel, which originates close to the 
PcomA just below the ICA bifurcation, is very small (mean OD, 0.78 mm).

The sensitivity of TCD for the detection of CF via the BA through the PcomA 
in the presence of ICA stenosis or occlusion was 87% and specificity was 
95% [41].

The sensitivity of TCCS for detection of collateral flow through the PcomA in 
patients with occlusive carotid artery disease was 84%, specificity was 94%, posi-
tive predictive value was 94%, and negative predictive value was 84% [63].

The technical recommendations for defining PComA CF on TCD TCCD and 
PMD TCD are summarized in Table 32.1 [64, 68].

32.4.3  Reverse Basilar Artery Sign and Other Form 
of Posterior Circulation Collateral

TCD can be used to detect BA occlusion in an acute stroke setting [27]. It can detect 
flow reversal in the distal part of the BA. This finding is an indicative of collateral-
ization of flow through the posterior communicating arteries and accounts for lower 
national institute of health stroke scale (NIHSS) at baseline and better outcome at 
3 months.

The normal signal of the basilar artery is usually away from the probe via the 
trans-occipital window at depth 80–110  mm. In the presence of proximal BA 
occlusion, a pressure gradient developed between carotid anterior circulation and 
bilateral PCAs and superior cerebellar arteries through the BA blood flow. This 
leads to flow reversal from the ICA through the PcomAs bilaterally to the BA in 
order to supply blood to the “distal bed” of the occluded BA. A similar mechanism 
to improve basilar flow can also develop in the presence of acute bilateral verte-
bral artery occlusions [69]. Reversal BA sign has also been described in the pres-
ence of subclavian steal syndrome due to subclavian artery stenosis or 
occlusion [70].

The presence of good posterior circulation collateral blood flow is an important 
determinant for better outcome with interventional and clot retraction [71–73]. The 
collateral flow to the distal basilar artery comes from the PcomA and this can be 
insonated with TCD. This “reverse basilar artery sign” as seen on TCD is indicative 
of good outcome as shown in several studies [74].
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Ribo et  al. found that patients with reversed BA flow showed lower NIHSS 
scores on admission (median 4 vs. 15.5, P  =  0.009), on discharge (2 vs. 21.5, 
P = 0.03) and did not experience neurological deterioration during hospital stay 
(n = 0 vs. 4, P = 0.05) in comparison to patients with BA occlusion who did not have 
this sign [74]. In addition, there was a trend toward better outcome at 3 months in 
their study’s sample (mRS 1 vs. 4, P = 0.07). They concluded that the detection of 
reversed flow in the distal BA with Power M Mode TCD is associated with lower 
stroke severity and better outcome after acute basilar artery occlusion.

There are several types of posterior circulation collaterals that can be seen in the 
presence of BA stenosis or occlusion [75]. Alqadri et al. classified the reverse BA 
sign into different grading system:

 1. Grade I represents the presence of retrograde filling of the basilar artery through 
PCA with filling of the superior cerebellar artery.

 2. Grade II represents the presence of retrograde filling of the basilar artery through 
the PCA but no filling of the superior cerebellar artery.

 3. Grade III is when there are bilateral anastomoses of cerebellar arteries or PCAs.
 4. Grade IV is when there are unilateral anastomoses of cerebellar arteries or 

PCAs [75].

Unfortunately, routine TCD is not capable of looking into these variables and 
TCCS through sub-occipital window might play this role in the future.

Along with reverse BA sign, other variables like increased flow as collateral 
blood supply in the presence of other type of occlusion can be seen. Zhong et al. 
studied the increased flow in the basilar artery instead of the reversal BA. They 
found that increased peak systolic velocity in the BA aside from intrinsic BA steno-
sis was seen frequently in the presence of ICA or VA stenosis and was suggestive of 
good collateral blood flow [76].

The technical recommendations for defining reversal BA sign are summarized in 
Table 32.1 [77].

32.5  Leptomeningeal or Pial Collateral Blood Flow in Acute 
Stroke (Fig. 32.3, Panel a, b).

The leptomeningeal collaterals (LMCs) are an important source of blood flow to the 
ischemic brain during acute stroke secondary to occlusion of the proximal MCA or 
terminal ICA [5, 78–81]. In the presence of anterior circulation proximal arterial 
occlusion (MCA or terminal ICA), the perfusion pressure in the distal arterial bed 
drops significantly in comparison to the ipsilateral ACA or PCA. This leads to pres-
sure gradient between these vessels that facilitate the opening of leptomeningeal 
collateral channels. The speed with which the ischemic tissue progresses to infarc-
tion is directly depended on LMCs. Patients with poor collaterals show imaging 
signs of irreversible ischemic tissue injury very early compared to patients with 
good collaterals where the injury may not be evident for hours after the insult [14]. 
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a

b

Fig. 32.3 Panel (a) (a) CT angiogram axial sections; (b) Cerebral Angiography: left internal 
carotid injection; demonstrating the vessels insonated at the depths of 20–40 mm on Transcranial 
Doppler (TCD); (c) the green and orange horizontal bars demonstrates the depths of 30–40 mm 
and 20–30 mm respectively on TCD. Panel (b) Right terminal internal carotid artery occlusion, no 
ipsilateral anterior cerebral artery flow diversion but patient has Leptomeningeal collaterals (LMC) 
at the depth of 31 mm and 40 mm. R right, L left, MCA middle cerebral artery, ACA anterior 
cerebral artery 
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The correct identification of the LMCs allows for planning of reperfusion therapies 
and for proper patient’s selection for endovascular treatment [5]. The presence of 
good LMCs also allows for fewer patients to develop thrombolysis-related intrace-
rebral hemorrhage (ICH) [82]. The extent of LMCs can only be identified in the 
presence of a proximal large vessel intracranial occlusion. It is best identified with 
conventional digital angiography, CTA, or MRA [16, 24, 83].

TCD/TCCS may be helpful in the bedside evaluation of LMCs in acute stroke. 
Whereas LMCs cannot be visualized directly on routine TCD, they can be evaluated 
indirectly by measuring changes in the diverted blood flow to the ipsilateral ACA 
and PCA that probably supply the LMCs [32, 51, 79]. Kim et al. studied the relation 
between flow diversion (FD) into the ipsilateral ACA and PCA and leptomeningeal 
collateral circulation in the presence of proximal MCA occlusion [79]. They defined 
flow diversion as ipsilateral ACA or PCA flow velocity >30% higher than the analo-
gous artery on the contralateral side with low resistance (pulsatility index <1.2). 
They found that the sensitivity of flow diversion to ACA or PCA in detecting LMCs 
was 81%, specificity 76.7%, positive predictive value 70.8%, and negative predic-
tive value 85.2% in comparing to gold standard cerebral angiography. In addition, 
Kim et al.’s study found that flow diversion showed good correlation with the pres-
ence of LMCs in patients with MCA stenosis (r = 0.568, P < 0.001). Zareie et al. did 
correlation between flow diversion to ACA in acute ischemic stroke and infarct core 
on CT perfusion [84]. They found that the presence of flow diversion to ACA (30% 
increase in flow velocity in comparison to contralateral ACA) and good collateral 
flow on computed tomography angiography were both independent predictors of 
admission infarct core volume and 24 hours infarct volume on CT perfusion.

The main limitation of TCD/TCCS in such situations is if the ipsilateral ACA or 
the PCA are hypoplastic. In such situations, the increased flow velocity may be 
misinterpreted as collateral flow whereas it is more of dominant ACA or PCA flow. 
In the presence of dominant ACA or PCA vessel, usually the blood flow will be 
increased normally to supply both hemispheres. However, this shortcoming can be 
overcome by putting the TCD finding into clinical contest of acute MCA stroke 
syndrome.

TCD studies may also be helpful in the study of LMCs in patients with chronic 
occlusion of the neck arteries. Reinhard et al. studied the spontaneous LMCs in the 
presence of cervical carotid disease. They found that a mean flow velocity increase 
of >30% in the P2 segment of the PCA ipsilateral to the ICA stenotic side compared 
with the P2 segment of the contralateral PCA was an indicator of good LMC and, at 
the same time, a reduced pulsatility with a side-to-side difference of more than 30% 
[67]. They did avoid the ACA flow diversion since there was higher chance of the 
presence of hypoplastic ACA than PCA flow.

The technical recommendations for defining LMCs on TCD and TCCS are sum-
marized in Table 32.1.
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32.6  Extracranial Source of Collateral Blood Flow (CF)

32.6.1  Reverse Ophthalmic Artery (Fig. 32.4)

In normal conditions, the flow direction of ophthalmic artery (OA) is antegrade 
since the internal carotid artery feeds it. In the presence of critical ICA stenosis or 
occlusion, OA becomes a collateral channel from the external carotid artery to the 
internal carotid artery and imaged by TCD as reverse OA sign. A reversal of flow in 
the OA reflects opening of collateral vessels and was first described by Moniz et al. 
among patients with ICA disease. This sign can be identified easily with TCD [85]. 
The transorbital approach is used for insonation of the OA and carotid siphon [86]. 
This window can be reliably insonated in all patients unlike the transtemporal bone 
window, which may be absent in up to 15%.

The OA can be insonated through the orbital window at a depth of 40–60 mm 
(Fig. 32.4). However, at shallower depths (<40 mm), interpretation of the imaging 
can become less reliable as the readings may be from the insonation of OA branch 
arteries.

A previous transcranial color duplex ultrasonography study in the non-acute set-
ting suggested that a reversed OA flow is specific in predicting ICA stenosis greater 
than 80% [87]. A single gate spectrogram study of reversed OA flow revealed 48% 
sensitivity and 100% specificity for identifying ICA stenosis greater than 70% [88]. 

Fig. 32.4 Normal and reversed Ophthalmic Artery (OA) on Power M Mode (PMD) and spectro-
gram. Reversed OA flow through the orbital window: Low pulsatility flow directed away from the 
probe (blue signal) via transorbital window at 40–60 mm depth. The signal is obtained through the 
orbital window by aiming the probe medially
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In a study from our group, reversed OA sign was evident on TCD monitoring in 
70.5% of the cases with ICA occlusion [27].

Wilterdink et al. studied a battery of seven TCD findings in patients with various 
degree of ICA stenosis (reversed ipsilateral OA, reversed flow in the ipsilateral 
ACA, elevated flow velocity (> 80  cm/s) in the contralateral ACA, absence of 
Doppler signal in the ipsilateral OA or carotid siphon, and diminished pulsatility 
index or flow acceleration in the ipsilateral MCA). They found that reversed OA and 
absent OA had the highest specificity (100%) among these parameters with 48% 
and 3% sensitivity, respectively, for ICA stenosis >70% [88]. However, the combi-
nation of reversed OA sign with the other TCD parameters had a much higher sen-
sitivity (95%) than any one investigatory measure alone. Finally, Kisler et al. studied 
TCD criteria for hemodynamically significant ICA stenosis based on residual lumen 
diameter calculated from en bloc endarterectomy specimens [89]. They found that 
for the transorbital approach, the strongest indicator of a residual lumen diameter 
<1.5  mm was the reversed flow in the ipsilateral OA and a >50% peak systolic 
velocity difference between the carotid siphons (distal ICAs) in patients with unilat-
eral ICA origin stenosis.

Our group demonstrated the utility of the TCD orbital window at depth of 
50–60  mm for identifying a reversed OA in acute stroke setting with higher 
specificity (100%) and sensitivity (75%) for ICA occlusion or critical stenosis 
than the previous studies [59]. In addition, we did demonstrate a unique TCD 
finding that when the OA flow direction is antegrade, the MFV and PI could 
discriminate patients who have critical carotid stenosis or occlusion. The patho-
physiology is related to the arterial flow patterns. When the ICA is occluded, 
antegrade flow through the OA is from the anterior and/or posterior communicat-
ing arteries which provides low-volume and low-pressure flow resulting in a low 
MFV and PI.

It is important to remember that the reverse flow in the OA can change over time. 
A longitudinal study of collateral flow patterns in the circle of Willis and OA in 
patients with symptomatic ICA occlusion, completed by Rutger et al. [90], showed 
that most of patients with unilateral ICA occlusion had reversed OA sign in the first 
6 months after the ischemic event. In the follow-up investigation of these patients, 
this percentage decreased significantly.

Few studies have shown that the OA flow is a major contributor to cerebral cir-
culation [91]. However, other studies suggested that the reverse OA flow is the last 
resort of collateral blood flow circulation in ICA disease [92, 93] and that it may be 
an indicator of a poor long-term prognosis [94].

The technical recommendations for defining reverse OA sign on TCD/TCCS and 
PMD are summarized in Table 32.1.

Common sources of error include shallow or deep OA insonation, vessel iden-
tification problems (vein, branching and anastomosing arteries in the orbit), ICA 
dissection with considerable residual flow, terminal ICA occlusion distal to the 
OA origin, and retrograde filling of the ICA siphon with normal OA direction. 
Furthermore, a normal OA direction does not rule out the proximal ICA stenosis.
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32.7  Other Types of Cerebral Collaterals that Can 
Be Measured by TCD/TCCS

32.7.1  Reverse Vertebral Artery

The direction and pattern of flow in the vertebral artery (VA) can be very helpful in 
determining the presence of collaterals in the posterior circulation. The transforami-
nal window is used for the insonation of the VA and the BA. Insonation performed 
at a depth of 75 mm depth to locate the terminal VA and BA. Insonation of the BA 
is performed distally along its course (range 80–100 mm), followed by assessment 
of the more proximal left and right VAs at depths of 50–80 mm by lateral probe 
positioning. The normal signal of VA is usually low resistance flow away from 
the probe.

The presence of subclavian artery or innominate artery severe stenosis or occlu-
sion results in a reversal of the blood flow in the VAs to feed the subclavian artery 
distal to the stenosis or occlusion (subclavian steel syndrome) [95–97]. A few cases 
have been documented where a reversal of the BA flow was also seen as a collateral 
blood flow from the anterior circulation that diverted to the distal subclavian arterial 
bed. This occurred most often in the presence of contralateral VA stenosis or hypo-
plasia [70, 98]. However, Harper et al. have demonstrated that the intracranial ante-
rior circulation flow via the BA is an infrequent contributor to the collateral blood 
flow in the distal subclavian artery stenosis or occlusion. The majority of blood is 
diverted from the unaffected vertebral artery [98]. Rarely, especially in the presence 
of contralateral hypoplastic or occulted VA, collateral blood flow can develop from 
the external carotid artery branches including the occipital, thyrocervical, and cos-
tocervical trunks through the muscle branch to the ipsilateral VA [97]. However, 
these branches cannot be insonated by TCD or TCCS.

TCD can be very useful in the diagnosis of subtle subclavian steal syndrome. The 
“provocative ischemia test” is ischemia induced in the arm ipsilateral to the site of 
subclavian steal by the inflation of a brachial blood pressure cuff to supra-systolic 
pressure for 1–3 minutes. After the 3-minute period, the cuff is deflated while the 
ipsilateral vertebral and basilar artery velocities’ waveforms are monitored for 
30 seconds to 1 minute to document any changes in the velocity or direction of the 
blood flow in comparison to baseline. In normal circumstances, no change in the VA 
or BA flow is noted. Whereas, in the presence of subclavian artery stenosis or occlu-
sion, a reversal VA or BA flow will be noted.

The severity of subclavian artery stenosis can be estimated based on the TCD 
findings. In the presence of mild to moderate subclavian artery stenosis, VA 
flow may be normal. In the presence of moderate subclavian artery stenosis, 
systolic deceleration of the VA or reversal of flow direction during the systolic 
period is evident. In addition, reversal of VA flow may be seen only during the 
provocative ischemia testing. Finally, in the presence of severe stenosis or 
occlusion of subclavian artery stenosis, the VA flow is reversed during the entire 
cardiac cycle.
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The technical recommendations for defining reverse OVA signs on TCD/TCCS 
and PMD are summarized in Table 32.1.

32.7.2  Cerebellar Collaterals (Fig. 32.5)

Cerebellar collaterals through the augmentation of blood flow in the SCA AICA and 
PICA vessels usually developed in the presence of chronic BA occlusion [99]. TCD/
TCCS and PMD-TCD may be helpful in determining the existence of such collater-
als [75, 99].

The technical recommendations for defining cerebellar collaterals on TCD/
TCCS and PMD are summarized in Table 32.1.

32.7.3  Lenticulostriate Perforator’s Collaterals (LPC) 
(Fig. 32.6)

The presence of lenticulostriate collateral arteries is well described in the presence 
of Moyamoya disease as well as in the presence of proximal MCA occlusion as flow 
diversion to the perforators [27, 100].

Fig. 32.5 Power M Mode/Transcranial Doppler showed mid basilar artery (BA) occlusion: cere-
bellar collateral arteries are seen at depth 84 mm (most likely from anterior inferior cerebellar 
artery branch)
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The technical recommendations for defining LPC on TCD/TCCS and PMD are 
summarized in Table 32.1.

32.8  The Limitations of Routine TCD/TCCS in Defining 
Collateral Blood Flow

TCD is very useful in defining blood flow in large vessels. However, there are situ-
ations where TCD may not allow for evaluation of the local circulation and blood 
flow. TCD is of limited value in the presence of poor or absent temporal window.

The role of TCCS is well established in defining CF in patients with limited temporal 
window. The images of TCCS can be enhanced by using echo contrast material [101]. 
Ghan et al. showed that echo-enhanced TCCS enables the study of collateral blood flow 
through the communicating arteries of the circle of Willis with high sensitivity and 
specificity in patients with obstructions of the internal carotid artery and limited acous-
tic bone windows [101]. They found that the echo-enhanced TCCS detected the collat-
eral blood flow through the anterior communicating artery in 16 of 18 patients 
(sensitivity 89%, 95% CI: 65–99%). For the posterior communicating artery, sensitivity 
was 11/14 (79%, 95% CI: 49–95%) and specificity was 15/16 (94%, 95% CI: 70–100%).

In addition, TCCS combined with (CCA) compression tests allows real-time 
evaluation of the collateral ability of the circle of Willis as mentioned above [57, 63, 
102, 104].

Hoksbergen et al. did study the CF on TCCS with the CCA compression test in 
correlation to autopsy [57, 103]. In their study, the CCA test was performed in the 

Fig. 32.6 Right Middle Cerebral Artery occlusion with flow diversion in the Anterior cerebral 
artery and lenticulostriate Perforator’s collaterals (LPC) seen at depth 50 mm as low resistance 
blood flow below baseline
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absence of ICA critical stenosis or occlusion [56]. They found that the threshold 
diameter allowing for cross-flow through the primary collateral arteries of the circle 
of Willis is between 0.4 and 0.6 mm on TCCS.

32.9  The Role of TCD/TCCS as Monitoring Tool 
of Collateral Blood Flow

In an acute ischemic stroke (AIS) setting, TCD and TCCS can play a major role in 
defining and monitoring arterial occlusion and CF and as a monitoring tool of CF 
during the augmentation therapy.

32.9.1  TCD/TCCS as a Diagnostic Tool of Arterial Occlusion 
and Collateral Flow in an AIS

TCD and TCCS is a better tool than other imaging modalities for the monitoring of 
CF in an acute stroke setting [105–111]. After defining an arterial occlusion, CF can 
be quickly defined and monitored during thrombolysis.

For an example, in the presence of proximal MCA occlusion, TCD and TCCS can 
easily define the type of flow at the occlusion site and flow diversion to the ipsilateral 
vessels in few minutes as long as the patient has adequate temporal windows [26, 38].

In the presence of ICA occlusion, usually the TCD test takes longer since more 
CF vessels need to be defined (AcomA, PcomA, reverse ACA, reverse OA) [112].

In the presence of VB occlusion, the diagnostic accuracy varies based on the 
position of the patient and if he is on ventilator or not where it is difficult to flex the 
neck in order to obtain good sub-occipital window imaging. The main CFs that can 
be monitored is the reverse BA, reverse VA, and possible cerebellar collateral.

In Table 32.2, we summarized the recommended TCD and TCCS protocol to 
perform in an acute stroke setting to define arterial occlusion and CF based on the 
type of occlusion.

32.9.2  TCD/TCCS Predicts Outcome in an AIS Based 
on Collateral Flow

TCD and TCCS have unique role in monitoring the CF in an acute stroke setting 
noninvasively and this can play role in predicating clinical outcome and final infarct 
volume in an acute ischemic stroke based on CF finding on TCD as it showed in 
several studies [14, 18, 37, 38, 113–115]. In addition, the presence or absence of 
good CF in an acute ischemic stroke does predict response to IV thrombolysis and 
risk of hemorrhagic transformation after IV thrombolysis [18].
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Labiche et al. examined 75 patients with proximal MCA on TCD pre-IV rt-PA 
and for up to 2 hours thereafter to determine the recanalization rate [37]. They found 
that patients with detectable residual flow signal at the occlusion site before the 
administration of IV rt-PA bolus were twice as likely to have complete recanaliza-
tion (41%) compared with those with no detectable residual flow (19%). This earlier 
reperfusion was associated with reduced infarct volume and improved clinical 
outcome.

Kim et al. showed that patients with proximal MCA occlusion and flow diversion 
to both the anterior and posterior circulation had a greater early recovery when 
treated with IV rt-PA than the ones without flow diversion [79].

Our group has previously studied the role of residual blood flow at the occlusion 
site measured by the TIBI grading system in predicting short- and long-term out-
come in IV rt-PA-treated patients [38]. We found that the pretreatment residual flow 
at the intracranial occlusion predicts the likelihood of complete recanalization, time 
of recanalization, and long-term clinical outcome. The lack of detectable residual 
flow at the occlusion’s site is indicative of less chance of achieving recanalization 
and recovery with systemic thrombolysis. The findings in the present study are in 
keeping with the observations from our previous research. Patients who had aug-
mentation of their residual blood flow at the occlusion’s site had better outcome 
compared to those without similar augmentation. We proposed that the presence of 

Table 32.2 The recommended TCD and TCCS protocol to perform in an acute stroke setting to 
define collateral flow (CF) based on the type of occlusion

Type of arterial occlusion CF on TCD TCCS PMD

Proximal MCA Flow diversion to iACA, iPCA
LPC
LMC

Cervical ICA Reverse OA
AcomA
PcomA
Donor ACA
Reverse iACA

Terminal ICA Absent OA
AcomA
PcomA (from post circulation to anterior circulation)
LMC

BA PcomA (from anterior circulation to posterior circulation)
Reverse BA
Cerebellar collaterals (through SCA AICA and possible PICA)

VA Reverse VA
Cerebellar collateral (through PICA)

SCA stenosis Reverse iVA at rest or during hyperemia test

MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, BA basilar 
artery, VA vertebral artery, PICA posterior inferior cerebellar artery, AICA anterior cerebellar 
artery, SCA superior cerebellar artery, ICA internal carotid artery, OA ophthalmic artery, AComA 
Anterior communicating artery, PComA posterior communicating artery, LMCs Leptomeningeal 
collaterals, LPC lenticulostriate Perforator’s collaterals, iMCA ipsilateral MCA, iACA ipsilateral 
ACA, iVA ipsilateral VA, PMD Power M Mode, CF collateral flow
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residual blood flow at the occlusion site most likely feeds into the lenticulostriate 
arteries as a form of collateral blood flow or the distal ischemic bed beyond the clot.

Defining CF noninvasively in an acute stroke setting is very critical in planning 
further interventional therapy [6, 15, 80, 116]. For an example, in the presence of 
proximal arterial occlusion on TCD and lack of good CF, this is an indicative of 
poor chance of response to mechanical therapy as shown in several studies [13, 80, 
117]. Whereas in the presence of proximal arterial occlusion with good CF on TCD 
is an indicative of a good response to interventional therapy. This hypothesis needs 
to be tested in future prospective studies with multiple imaging modalities.

In addition, several studies have shown that the hemodynamic of CF in an acute 
stroke is not of static condition and varies with the timing from stroke onset and 
might lead to collateral failure [118]. These changes in the collateral blood flow, 
which sustain brain viability distal to arterial occlusion, may impact infarct evolu-
tion and final infarct volume [119]. TCD is an ideal tool in that case since the CF 
can be monitored on a continuous base and not just a snap shot in time. Future stud-
ies are needed where CF can be monitored in an acute ischemic stroke and define 
the term of collateral failure on TCD as a major cause of clinical deterioration and 
enlargement of the infarct volume.

32.9.3  TCD/TCCS as a Monitoring Tool for Therapeutic 
Augmentation of CF in AIS Setting

Lately, there has been an evolving interest in developing new modalities of treat-
ment by enhancing CF in an acute stroke setting with the main aim of avoiding 
collateral failure and save the distal ischemic bed until the artery open [120–122]. 
One of the major challenges is finding a homodynamic imaging modality that can 
monitor the CF during augmentation. It needs to be at bedside, noninvasive, and 
able to be repeated frequently. TCD is an ideal in this condition as long as the CF 
measurements are consistent, accurate, and not operator dependent.

One of the examples regarding TCD role in monitoring treatment’s efficacy in 
enhancing CF is the role of TCD in the NeuroFlo™ device. The NeuroFlo™ device 
is an intravascular catheter that partially restricts the lumen of the abdominal aorta 
in stroke patients who failed to respond to thrombolysis [120, 123, 124].

In our small study, we demonstrated that TCD could measure changes in blood 
flow while the NeuroFlo™ device is being inflated in the abdominal aorta [123]. In 
this study, patients with neurological deficits following thrombolysis were treated 
with partial aortic occlusion. TCD was used to measure arterial flow velocities at 
baseline, before, and during balloon inflation at the occlusion site.

We showed that if there is an increase in blood flow at the occlusion site during 
the procedure, this might predict better recovery (Fig. 32.7). Patients in whom MFV 
increased by at least 35% at the site of occlusion had good clinical outcome at 
90 days. In contrast, the change in MFV at the occlusion site in patients with poor 
outcome was always <15%.
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In our study’s sample, three patients developed anterior cross filling collaterals 
(anterior communicating artery) during the procedure, and two of them had good 
long-term outcome.

Our case series suggests several potential mechanisms whereby the NeuroFlo™ 
device may increase blood flow to the ischemic tissue:

 1. Augmenting the blood flow through the lenticular striatal arterial collaterals: The 
affected MCA EDV was augmented during the balloon inflation, which may be 
an objective measure of enhanced flow through the lenticular striatal collaterals. 
In our case series, this was indicative of good outcome.

 2. Augmenting the blood flow at the site of the clot: The MFV at the occlusion’s 
site was augmented during balloon inflation, which may suggest enhancement of 
blood flow to the distal bed beyond the clot.

 3. Augmenting the blood flow through the circle of Willis collateral (AcomA 
and PcomA).

Fig. 32.7 Two examples of patients with terminal internal carotid artery (TICA) occlusion that 
treated with intravenous (IV) tissue plasminogen activator (tPA), then intra Aorta Balloon proce-
dure (IABP) as augmentation collateral blood flow method
Panel (A) Patient had left TICA occlusion: He underwent IV tPA then IABI collateral blood flow 
procedure with good long-term outcome (3  months mRS = 0). Anterior communicating artery 
(AcomA) collateral blood flow developed during the IABI procedure with augmentation in the 
blood flow at the occlusion site. MFV Mean flow velocity, mRS modified Rankin scale
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 4. The NeuroFlo™ device may enhance the blood flow through the leptomeningeal 
collateral by augmenting the contralateral MCA blood flow or ipsilateral ACA or 
PCA blood flow.

Out study provides a very good example where TCD measurements of CF were 
used as a surrogate marker of the successful collateral flow augmentation in an acute 
stroke setting [123]. The invasive nature of our NeuroFlo™ device might make it 
more applicable as an adjunct therapy in the future interventional treatment for aug-
menting collateral tool in an acute stroke setting. Ideally, adjunct TCD can help 
monitor the efficacy of this model of treatment.

There are several noninvasive tools that have been tested regarding enhancing 
cerebral blood flow. One of these tools is the external counterpulsation device 
(ECP), which is a noninvasive method of improving the brain’s perfusion. It oper-
ates by applying ECG-triggered diastolic pressure of approximately 250 mm Hg to 
the lower extremities by means of air-filled cuffs. The diastolic augmentation of the 
blood flow and the simultaneously decreasing systolic afterload therefore increases 
blood flow to the heart, brain, and kidneys [125]. This device has been tested lately 
in a randomized crossover trial of ECP treatment consisted of 35 daily 1-hour ses-
sions and it did show that ECP-induced brain perfusion augmentation may subse-
quently result in a favorable outcome when applied early week 1–7 after ischemic 
stroke than later [122]. The possible mechanism is that ECP may increase collateral 
perfusion either by releasing vasodilating factors, such as nitric oxide, or by factors 
related to angiogenesis, such as vascular endothelial growth factors [126]. This 
model of treatment has never been tested with TCD or TCCS and is worthwhile 
considering for future trials.

32.10  TCD AND TCCS Role in Subacute Stroke

TCD and TCCS can play a role in defining CF in the subacute stroke setting mainly 
by predicting stroke recurrence and clinical outcome.

First, defining CF on TCD and TCCS by itself in subacute stroke can play role in 
predicting short and long-term outcome in the presence of arterial occlusion. 
Previous studies have shown that the presence of CF on cerebral angiography is 
associated with less risk of stroke or TIA in the presence of ICA stenosis [127]. In 
addition, the development of border zone stroke in the presence of ICA critical ste-
nosis or occlusion does correlate with the presence of CF mainly AcomA and 
PcomA [127–129].

From that prospective, defining CF on TCD can help in predicting outcome in the 
presence of ICA stenosis or dissection.

For an example, in the presence of ICA dissection, the presence of CF can pre-
dict outcome as shown in Silvestrini et al.’s study [130]. In their study, TCD was 
used to investigate collateral blood vessels in a study of 66 patients with cervical 
arterial dissection. Flow velocity was systematically measured within the ophthal-
mic, anterior, and posterior communicating arteries. Good collateral status was 
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reported if two or all three vessels were recruited within 24 h of the stroke onset. 
The researchers used TCD to judge collateral status within 24 h of a stroke second-
ary to carotid dissection and showed how this noninvasive technique could help to 
establish the long-term prognosis in such patients. Forty of 66 patients had good 
collaterals, and less than 5% of these patients had a score on the modified Rankin 
scale of more than one at 90 days, compared with 77% of patients with poor col-
laterals. Patients with good collaterals were younger, were more likely to be men, 
and had a lower NIHSS at time of admission than those with poor collaterals.

Second, in patients with TIA or stroke associated with internal carotid artery 
(ICA) occlusion, the risk of (recurrent) stroke before the era of rigid control of vas-
cular risk factors was reported to be 5–6% per year [131]. This risk was estimated 
to be two times higher in patients in whom hemodynamic compromise was demon-
strated [132]. TCD and TCCS do play role in evaluating cerebral autoregulation in 
the presence of ICA stenosis or intracranial stenosis [60, 67, 133]. The hemody-
namic reserve can be estimated by measuring cerebrovascular reactivity induced by 
breathing CO2 and pressure autoregulation by analyzing spontaneous slow fluctua-
tion in arterial pressure and MCA blood flow velocity.

In the presence of ICA critical stenosis or occlusion, autoregulation of the distal 
intracranial vasculature will maximally dilate the cerebral arterioles to maintain 
cerebral blood flow to compensate for the proximal occlusion. With further reduc-
tion in cerebral perfusion pressure and maximally dilated arterioles, the cerebral 
blood flow will also decrease and potentially increase the risk of stroke. A recent 
meta-analysis on cerebrovascular reserve capacity and the risk of future stroke in 
symptomatic and asymptomatic patients with carotid stenosis or occlusion demon-
strated an association between CO2 reactivity and the risk of future ischemic events 
[134]. In addition, the CO2 reactivity correlates well with the presence of white 
matter disease as it is shown in one study [135].

There have been two main approaches to measuring cerebral vasomotor reactiv-
ity (VMR). One approach attempts direct cerebral blood flow measurements of the 
brain tissue with flow sensitive imaging techniques such as positron emission 
tomography, nuclear medicine techniques, CT perfusion, or MR perfusion before 
and after a vasodilator stimulus. The second approach involves transcranial Doppler 
measurement of flow velocities (typically in the middle cerebral artery) distal to a 
lesion both before and after a vasodilator stimulus with the increased flow velocity 
considered a surrogate for CVR. Vasodilator stimuli include increasing levels of 
CO2 (such as with breath-holding or inhalation of CO2 gas mixtures) and pharmaco-
logical challenge with acetazolamide [136–138].

Vernieri et al. did evaluate the relationships between type and number of collat-
eral pathways, cerebral vasomotor reactivity (VMR), and outcome of patients with 
carotid occlusion [139]. In their study, the cerebral VMR to hypercapnia was evalu-
ated by means of the breath-holding index (BHI) at the beginning of the observation 
period. The index is obtained by dividing the percent increase in mean flow velocity 
(MFV) that occurs during breath-holding by the length of time (30 seconds) that 
subjects hold their breath after a normal inspiration (Eq. 32.1):
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MFVat the end of breath holding rest MFV rest MFV

sec

− −( ) 
×

/

/100 oonds of breath holding− .  
(32.1)

They did evaluate the presence of following CF: reverse OA, AcomA, and 
PcomA. In their sample, patients with normal VMR and full collateral development; 
in this group, no patient experienced an ischemic event. On the other hand, an 
impaired VMR and increased probability of experiencing a stroke were found in 
patients without collateral pathways. The annual risk of ipsilateral stroke in this 
group was 32.7%. Patients with one or two collateral pathways showed a different 
VMR ranging from normal to strongly reduced BHI values. The ipsilateral stroke 
event risk was 17.5% in patients with one collateral vessel and 2.7% in patients with 
two collateral pathways. In these cases, the risk of cerebrovascular events occurring 
during the follow-up period was significantly related to VMR.

The VMR was not only reduced in the presence of extracranial ICA steno- 
occlusive disease but also in the presence of intracranial disease as shown by Lee 
et al. [134]. They measured the VMR in the presence of MCA stenosis, by using the 
BHI with MCA MFV measurement at depth 50–60 mm on TCD. In their study, the 
MFV of MCA were recorded at 10 s before rebreathing (pre-MFV) and at a steady 
state (post-MFV) where end-expiratory CO2 levels reached a plateau of 45% 
or more.

The VMR was calculated as percentage MFV changes: (Eq. 32.2)

 
Post MFV pre MFV pre MFV− − −( ) − ×/ 100

 
(32.2)

They found that the VMR was reduced in patients with MCA stenosis without 
ipsilateral ICA stenosis. The decrement of VMR was well correlated with the sever-
ity of stenosis and MCA stenosis per se was an independent predictor of 
reduced VMR.

In conclusion, a novel role of TCD and TCCS, as defining CF in an acute stroke 
setting and monitoring that, is evolving. It is a noninvasive technique and can be 
utilized repeatedly allowing for changes in the blood flow dynamics as treatment is 
delivered in an acute stroke setting. The utilities of defining CF in an acute stroke 
setting plays a role not only in predicting clinical outcome but also in monitoring 
the treatment efficacy of the augmentation of CF. Further studies are needed to sup-
port that novel role.

32.11  Conclusion

TCD/TCCS may have an important role in defining collateral blood flow (CF) in 
stroke patients. It is a noninvasive technique and can be utilized repeatedly allowing 
for changes in the blood flow dynamics as treatment is delivered.
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 Algorithm

EMERGENCY DEPARTMENT (ED)

SUSPECT

Proximal MCA Occlusion

Clinical Status of the Patient
ABCD

Lenticulostriate Perforators Collaterals Level of Consciousness (GCS) ?
TCD Bilateral Pupillary reactivity ?

• Low resistance flow al proximal M1(MCA) Hemodynamic stability ?
in presence of abnormal distal M1/M2 signal Oxygenation ?

• Flow is away from the probe NIHSS ?

TCCS
• Color-coded signal away from the probe DIAGNOSIS Cervical ICA Occlusion
• Depth 45-55 mm (Blue color) Terminal ICA Occlusion

SUSPECT

ACUTE ISCHEMIC STROKE (AIS)

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

Collateral Blood Flow (CF)

TRANSFORAMINAL ACOUSTIC WINDOW
TRANSTEMPORAL ACOUSTIC 

WINDOW
TRANSORBITAL ACOUSTIC

WINDOW

Basilar Artery (BA) Anterior Artery (AcomA) Artery (OA)
TCD (Reversed flow) TCD TCD

• Low resistance flow signal • Elevated A1 ACA MFV on donor side • Low pulsatility blood flow.
• Flow toward the probe • iACA MFV ≥ 1.2 times cACA MFV • Flow away from the probe.
• Depth 80-110 mm + stenotic-like flow at depth 72-80 mm • Depth 40-60 mm.
• High-resistance antegrade blood TCCS • No difference in MFVs detected

flow in both vertebral arteries. • Reverse iACA on obstructed ICA side in the OA and ICA siphon.
• Transmitted signals in PcomA and/or • If iACA missed, iMCA decrease during TCCS

BA >> after CCA tapping in the neck Manual compression of cCCA • Color-coded signal (Blue color)
• Doppler signal: PcomA towards • Reverse iACA flow (Red color) • Flow away from probe

the posterior circulation; TTW or TOW PMD • Depth 40-60 mm.
(away from the probe) • Blue (Donor side) PMD

TCD 
(Proximal Occlusion)

• Red (Affected side)
• Stenotic signal (turbulence flow)

• Low resistance blue signal
• Flow away from probe

• Absent,minimal,dampened or blunted • Depth 75-80 mm • Depth 40-60 mm.
blood flow signal. Posterior Artery (PcomA)

• Depth 80-90 mm (proximal BA) TCD Cerebellar Collaterals
TCCS • Stenotic signal at depth 55-70 mm TCD 

• Color-coded signal with flow toward (posteriorly to locate the PCA) • SCA / AICA / PICA
the probe (Red color) • PSV in P1 (PCA) > mean value + 2SD • Low resistance flow toward the probe

• Depth 80-100 mm • Ratio of iP1 PSV to cP1 PSV > mean • Depth 75-80 mm
PMD ratio + 2 SD of normal • Depth 80-90 mm (Lateral position)

• Red signal • PSV BA > mean values + 2 SD of normal TCCS
• Depth 80-100 mm • Anterior to Posterior collateral flow • Color-coded (Red color)

(BA occlusion) is directed away from probe • Flow toward the probe
Vertebral Artery (VA) • Posterior to Anterior collateral flow (ICA • Depth 75-80 mm

TCD stenosis/occlusion) >> towards the probe • Depth 80-90 mm (Lateral position)
• Insonation depth ≈ 75 mm TCCS PMD
• Proximal LVA & RVA depth 50-80 mm • Color-coded signal of the vessel between • Red signal

(Lateral probe position) the ICA and P1(PCA) • Depth 75-80 mm
• Normal: Low resistance flow away PMD • Depth 80-90 mm (Lateral position)

from the probe • Donor side (Blue color)
• Subclavian Steel syndrome: Reversal

of blood flow in the VA
• Affected side (Red color)
• Turbulence flow at depth 55-70 mm

TCCS BA Occlusion
• Color-coded signal (Red color)

• Intermittent Red signal in the middle

VA Occlusion
PMD

SUSPECT

 

ABCD Airway-breathing-circulation-disability, PMD Power M mode doppler, SD Standard devia-
tion, cCCA contralateral Common carotid artery, iMCA ipsilateral middle cerebral artery, iACA 
ipsilateral anterior cerebral artery, PCA Posterior cerebral artery, PICA Posteroinferior cerebellar 
artery, AICA Anteroinferior cerebellar artery, SCA Superior cerebellar artery, LVA Left vertebral 
artery, RVA Right vertebral artery, iP1 ipsilateral P1 segment, ICA internal carotid artery, A1 seg-
ment of ACA, TTW transtemporal window, TOW Transorbital window
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Chapter 33
Reversed Robin Hood Syndrome 
and Ischemic Stroke: Usefulness 
of Transcranial Doppler (TCD/TCCS) 
to Real-Time Monitoring

Sanjeev Sivakumar and Ryan Hakimi

Key Points
 1. Reversed Robin Hood syndrome (RRHS) is the term used to describe clinical 

manifestations in the presence of sonographic observations on TCD/TCCS of a 
paradoxical decrease in the cerebral blood flow velocity in blood vessels supply-
ing ischemic areas of the brain, during episodes of hypercapnia.

 2. Reversed Robin Hood phenomenon is accompanied by an expected increase in 
cerebral blood flow velocity in the nonaffected cerebral vessels with hypercarbia 
leading to the analogy “rob the poor to feed the rich.”

 3. RRHS most often affects younger male patients with persistent proximal arterial 
occlusions and places them at risk for ipsilateral ischemic stroke.

 4. Spencer’s curve depicts the relationship between mean flow velocity, degree of 
stenosis, and cerebral blood flow.

 5. Vasomotor reactivity (VMR) can be used to risk stratify patients with carotid 
occlusive disease and in poststenotic arterial segments or arteries with residual 
flow due to an acute occlusion. This is most easily assessed using the breath- 
holding index (BHI).

 6. RRHS and hemodynamic steal can be found in 7–14% of patients presenting 
with stroke and who have persisting arterial occlusions. TCD can noninvasively 
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demonstrate the hemodynamic phenomenon and can be used to determine the 
steal magnitude, thereby identifying patients at risk for cerebral ischemia and 
infarction.

33.1  Introduction

In 2007, Andrei Alexandrov and colleagues coined the term reversed Robin Hood 
syndrome (RRHS) based on clinical manifestations that accompany sonographic 
observations of a paradoxical decrease in the cerebral blood flow velocity in blood 
vessels supplying ischemic areas of the brain, during episodes of hypercapnia [1]. 
This phenomenon occurred concurrently, with an expected increase in cerebral 
blood flow velocity in the nonaffected cerebral vessels with hypercapnia. The anal-
ogy “rob the poor to feed the rich” was thus used to term this syndrome. RRHS and 
hemodynamic steal can be found in 7–14% of patients presenting with stroke and 
who have persisting arterial occlusions [2]. RRHS has been described most often in 
younger male patients with persistent proximal arterial occlusions and excessive 
sleepiness (a 1-point increase in the Epworth Sleepiness Scale was independently 
associated with increased likelihood of RRHS of 36%) [2, 3]. RRHS is indepen-
dently associated with ipsilateral ischemic stroke recurrence [4]. This chapter pro-
vides an overview of cerebral vasomotor reactivity and blood flow dynamics in 
pathologic states and sonographic findings seen in RRHS.

33.2  Cerebral Vasomotor Reactivity and Cerebral Blood 
Flow Autoregulation

Alveolar ventilation (AV) is defined by the volume of air per minute that enters the 
respiratory zones and is available for gas exchange [5]. A portion of this volume 
remains in areas of the lung, where gases do not diffuse into the blood stream (dead 
space); thus, alveolar ventilation can be determined using the following equation 
(Eq. 33.1):

AV Respiratory rate RR Volume tidal V Volume dead spacT= ( )× [ ]( – ee VDS )] [ 5
 

(33.1)

Hyperventilation results in an increase in alveolar ventilation. Since alveolar 
ventilation has an inverse relationship with alveolar CO2, as AV increases, the alveo-
lar CO2 levels decrease. [6] Alveolar CO2 has a direct association with partial pres-
sure of arterial CO2 (PaCO2), which reflects a balance between CO2 production and 
elimination. Several factors such as diet, exercise, hormonal activity (thyroid), and 
temperature affect the cellular production of CO2 [5]. The normal PaCO2 values 
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typically fluctuate between 35 and 45 mmHg (4.7–6 kPa) at normal body tempera-
ture and at sea level, with a barometric pressure of 760  mmHg [6]. If the body 
temperature decreases, PaCO2 decreases by about 4.5% for each degree Celsius 
decrease, due to increased solubility of CO2 [7]. At high altitudes, the barometric 
pressure decreases and stimulates AV, thereby decreasing PaCO2 levels [8].

Autoregulation of cerebral blood flow is primarily achieved by changes in the 
arteriolar resistance via dilation and contraction of pial arterioles in response to 
changes in arterial blood pressure, metabolic demand, blood viscosity, and gases [9, 
10]. CO2 reactivity is the ability of cerebral arterioles to dilate or contract in response 
to changes in PaCO2. Cerebral vasodilation occurs when PaCO2 rises above 
44  mmHg, and cerebral vasoconstriction occurs when PaCO2 decreases below 
35 mmHg [11–15]. Overall, vascular reactivity occurs when PaCO2 ranges between 
20 and 60 mmHg [16]. Figure 33.1 illustrates the cerebral autoregulation curves 
depicting CBF according to shifts in PaCO2 [12, 17]. If PaCO2 increases to 
80  mmHg, the resulting cerebral vasodilation can increase CBF by 100–200%, 
which can increase metabolic activity. For every 1 mmHg decrease in PaCO2, CBF 
decreases by 3% and PaCO2 levels between 20 and 25 mmHg are associated with 
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Fig. 33.1 Effects of arterial PO2 and PCO2 on cerebral blood flow. The Monro-Kellie Doctrine 
states that the sum of volumes of the brain, cerebrospinal fluid (CSF) and intracerebral blood is 
constant [19, 20]. Since the cranial cavity has a fixed volume, an increase in the mass of one of 
these compartments (e.g. cerebral edema, hematoma, and tumor) can cause a critical elevation in 
the intracranial pressure (ICP). This elevation in ICP can impair cerebral perfusion and result in 
ischemia. Hypercapnia induces vasodilation, which leads to an increase in CBV and a subsequent 
increase in ICP, while hypocapnia triggers vasoconstriction leading to a decrease in CBV and a 
resultant decrease in ICP. The induction of hypocapnic alkalosis decreases cerebral blood volume 
resulting in a decreased in the volume of cranial contents by means of potent cerebral vasoconstric-
tion. This results in lowering of intracranial pressure. This forms the basis for transient induced 
hypocapnia in the management of intracranial hypertension [21]
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CBF reduction of 40–50% [13, 16]. Normal cerebral blood volume (CBV) is 
3–4 mL per 100 g of brain parenchyma [13]. Any changes in CBV with hypercapnia 
or hypocapnia can be attributed to changes in arteriolar diameter, as veins and capil-
laries do not react to fluctuations in PaCO2 [18].

33.3  Ischemic Stroke: Stenosis, Vasospasm, 
and Vasomotor Reactivity

The TOAST (trial of Org 10,171 in Acute Stroke Treatment) stroke subtype classi-
fication is widely used in clinical trials and practice to delineate the mechanism of 
stroke [22]. This denotes five subtypes of stroke, namely, large-artery atherosclero-
sis, cardioembolism, small-vessel occlusion, stroke of other determined etiology, 
and undetermined etiology. Regardless of stroke etiology, cerebral blood flow in the 
presence of hemodynamically significant stenosis of the intracranial circulation can 
be noninvasively monitored using transcranial Doppler ultrasound. The correlation 
between mean flow velocity (MFV) and stenosis was first described by Spencer and 
Reid but is often referred to as Spencer’s curve (Fig. 33.2) [23, 24].

When the degree of vessel stenosis increases, the velocity increases. Further con-
siderations of hemodynamic changes with arterial stenosis or spasm are described 
in Tables 33.1 and 33.2 [25].

33.4  Vasomotor Reactivity (VMR) and Breath-Holding 
Index (BHI)

Vasomotor reactivity (VMR) is useful for risk stratification in patients with carotid 
occlusive disease and in poststenotic arterial segments or arteries with residual flow 
due to an acute occlusion. VMR testing utilizes one of three approaches: (i) dose- 
controlled CO2 inhalation, (ii) intravenous acetazolamide injection, or (iii) breath- 
holding index (BHI). The changes in CBF with vasodilation and vasoconstriction 
also affect the velocity and waveform morphology in the proximal branches of the 
circle of Willis. The middle cerebral artery (MCA) MFV changes by 3–4% per 
mmHg change in end tidal CO2 [26]. Markus and Harrison described a practical 
method to estimate vasomotor reactivity (VMR), termed breath-holding index 
(BHI) [27]. The VMR is measured by the MFV’s response to 30 seconds of breath 
holding (Eq. 33.2).

BHI MFV MFV MFV sof breath holdinend baseline baseline= ( )× −– / /100 gg( )  
(33.2)
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Fig. 33.2 Spencer’s Curve. (Courtesy Andrei Alexandrov, MD)

Table 33.1 Degree of Vessel stenosis

Degree Length BP TCD (CBFV) Interpretation

STENOSIS ↑ Unchanged Unchanged ↑ FSP
↓ Unchanged Unchanged ↓ FSR

↑ denotes increase, ↓ decrease, CBFV Blood flow velocity, FSP Focal stenosis progression, FSR 
Focal stenosis regression, BP Blood pressure
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where MFVend represents the Doppler mean flow velocity toward the end of breath 
holding and MFVbaseline represents the Doppler mean flow velocity toward the begin-
ning of breath holding.

Assessment of the intracranial response is expressed as a percentage change 
from baseline to poststimulus over baseline, with or without adjustment for time it 
took for this response to develop. Using the BHI, prospective clinical trials have 
shown that impaired VMR can identify patients with asymptomatic carotid stenosis 
or previously symptomatic carotid occlusion who are at higher risk for stroke 
[28, 29].

33.5  Collateral Blood Flow Adaptation to Stenosis 
and Occlusion

In normal cerebral circulation, the cerebral blood flow is maintained at relatively 
constant levels over a wide range of blood pressures in normotensive individuals 
(Lassen curve) via intrinsic autoregulatory mechanisms that modulate vascular 
resistance. Autoregulation is accomplished by metabolic (imbalance between 
supply- demand) or myogenic (vascular smooth vessel response to transmural pres-
sure, Bayliss effect) mechanisms [25]. These mechanisms prevent cerebral hyper-
perfusion during sudden increases in systemic blood pressure. Both VMR and 
cerebral autoregulation can coexist and override one another. Cerebral autoregula-
tion decreases distal vascular resistance when a proximal arterial occlusion devel-
ops. When these distal vessels dilate to a physiological maximum in order to 
compensate for proximal stenosis or occlusion, no vasomotor response is induced 
by breath holding, and a significant drop in systemic blood pressure can cause cere-
bral hypoperfusion and ischemic injury [30].

Blood flow in a bifurcation involved as collateral channels is triggered when a 
lesion is located proximal to its origin and a pressure gradient develops between the 
donor and recipient arteries. Some of the factors which can affect cerebral autoregu-
lation include systemic blood pressure, cardiac output, blood viscosity, platelet 
function, and increased vascular resistance due to tissue edema. When the velocity 
in branching vessel increases with constant velocity in the stem with bifurcations, 
the velocity proximal to clot decreases due to collateral channels “escape hatch,” 
increased resistance. As an example, in case of a distal M1-middle cerebral artery 
(MCA) occlusion, the anterior cerebral artery (ACA) serves as collateral channel to 

Table 33.2 Degree of Vessel Spasm

Length Degree BP TCD (BFV) Interpretation

SPASM ↑ Unchanged Unchanged Unchanged or ↓ DVS
↓ Unchanged Unchanged Unchanged or ↑ FVS

↑ denotes increase, ↓ decrease, BFV Blood flow velocity, DVS Diffuse vasospasm, FVS Focal 
vasospasm, BP Blood pressure
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deliver blood to MCA territory via transcortical collaterals. The lenticulostriate 
arteries deliver blood to internal capsule and distally via ascending branches which 
can act as “escape hatch” for flow proximal to occlusion. Thus, distal M1-MCA 
occlusion may not always cause significant proximal velocity decrease [25].

33.6  Hemodynamic Phenomenon in Reversed Robin Hood 
Syndrome (RRHS)

For a given systemic blood pressure, an increase in the degree of intracranial arterial 
stenosis results in a decrease in vasomotor reactivity [25] (Table 33.3).

A decrease in vasomotor reactivity or intracerebral steal can suggest a failure of 
collateral flow to adapt to a progression in intracranial stenosis. In such situations, 
hypercapnia can lead to a paradoxical reduction in flow velocities distal to a persist-
ing arterial occlusion, while resulting in normal vasodilation and velocity increase 
in the unaffected blood vessels [1]. In such an event, the velocity reduction indicates 
a “steal” phenomenon (reversed Robin Hood phenomenon), where blood flow is 
diverted from vessels that are already affected by ischemia to normal vessels that 
have the capacity to vasodilate. This has been described as the hemodynamic steal 
mechanism that can result in clinical deterioration. The analogy “rob the poor to 
feed the rich” is applicable and led to Alexandrov coining the term reversed Robin 
Hood syndrome. This typically occurs 15–25 seconds from the beginning of breath 
holding (Eq. 33.3).

 
Steal magnitude SM, MFV MFV MFVbaseline baseline% /min( ) = ( )×– 100

 
(33.3)

where MFVmin is the minimal flow velocity at the time of vasodilation and velocity 
increase in unaffected vessels. The steal magnitude can range from −15% to 
−43% [1].

33.6.1  Reversed Robin Hood Syndrome (RRHS): 
Clinical Relevance

Hyperventilation has historically been advocated as a therapy for patients with acute 
stroke, which can reduce intracranial pressure and induce inverse steal in ischemic 
areas of the brain, and to correct acidosis in the zones around ischemic tissue. 

Table 33.3 Intracranial arterial stenosis and vasomotor reactivity

Degree of spasm Blood viscosity Degree of stenosis Clinical result

Unchanged Unchanged ↑ VMR ↓
↑ Increase, ↓ Decrease, VMR vasomotor reactivity
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However, this has not been demonstrated to yield improved outcomes. In patients 
with RRHS, hypercapnia causes a paradoxical reduction in flow velocities distal to 
a persistent arterial occlusion, while producing normal vasodilation and velocity 
increase in unaffected blood vessels. This steal phenomenon suggests exhausted 
vasomotor reactivity and a “failed” vasodilatory reserve. This can predict who is “at 
risk” for cerebral infarction in patients with critical intracranial stenosis or occlusive 
disease who become symptomatic with hypercapnia. Studies have replicated find-
ings of this steal phenomenon with Technetium-99 m hexamethyl propylenamine 
oxime single-photon emission tomography (Tc-99 m-HMPAO-SPECT) with acet-
azolamide challenge demonstrating reduction in cerebral perfusion after acetazol-
amide injection [25, 31].

33.6.2  TCD/TCCS: Real-Time Monitoring

A 2-MHz TCD probe is used to insonate the bilateral transtemporal windows, to 
identify the bilateral MCAs, ACAs, and posterior cerebral arteries (PCAs). The 
transducer is then placed over the suboccipital window to obtain the vertebral arter-
ies and the basilar artery waveforms, followed by insonation of the transorbital win-
dow at 10% reduced power to identify the carotid siphon. The peak systolic velocity 
(PSV), end diastolic velocity (EDV), and the TAMM mean flow velocity of the 
anterior and posterior circulation are calculated across different depths. The PI, 
resistivity index (RI), and markers of downstream resistance in the cerebral circula-
tion are also calculated. Note the depth of insonation of the proximal MCA. The 
transducer is then secured in place at this depth using a hands-free headframe.

Vasomotor reactivity is then assessed by breath-holding index (BHI) during 
simultaneous TCD monitoring of both MCAs using Eq. (33.1). In this equation, a 
patient is subject to minimum of 24 seconds of breath holding; MFVend is measured 
4 seconds after the patient starts breathing. The normal response should consist of a 
mean flow velocity increase from baseline, after 30 sec of breath holding. However, 
the mean flow velocity in the pathological hemisphere with reversed Robin Hood 
phenomenon will demonstrate a paradoxical velocity reduction toward end of vol-
untary breath holding, suggesting an exhausted vasomotor reactivity or failed vaso-
dilatory drive. The steal magnitude can then be calculated using Eq. (33.2).

33.6.3  Illustrative Case

A 54-year-old female with diabetes mellitus and dyslipidemia presented with recur-
rent episodes of left sided weakness. The patient also reported mild headaches and 
lethargy upon awakening which would resolve 1 hour following awakening. Her 
neurological examination was unremarkable, and she did not have any signs or 
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symptoms of obstructive sleep apnea. Her MRA of the head revealed absence of 
flow within the right MCA distribution (Fig. 33.3).

TCD was obtained as part of determination of vasomotor reserve via BHI calcu-
lation (Fig. 33.4).

Additional supporting information was obtained in the form of SPECT scan fol-
lowing injection of IV acetazolamide (Fig. 33.5).

Fig. 33.3 Brain MRA 
revealing absence of flow 
signal in the right MCA 
distribution. (Courtesy: 
Vijay Sharma, MD)
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Fig. 33.4 BHI calculated via TCD demonstrating absence of vasomotor reserve in the right 
MCA. (Courtesy: Vijay Sharma, MD)
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Overall, the patient’s symptoms were referable to loss of vasomotor reserve in 
the right MCA distribution which would manifest as left hemiparesis.

33.7  Conclusion

RRHS and hemodynamic steal can be found in 7–14% of patients presenting with 
stroke and who have persisting arterial occlusions. Transcranial Doppler can nonin-
vasively demonstrate this hemodynamic phenomenon and can be used to determine 
the steal magnitude, thereby identifying patients at risk for cerebral ischemia and 
infarction.

References

 1. Alexandrov AV, Sharma VK, Lao AY, Tsivgoulis G, Malkoff MD, Alexandrov AW. Reversed 
Robin Hood syndrome in acute ischemic stroke patients. Stroke. 2007;38:3045–8.

 2. Alexandrov AV, Nguyen HT, Rubiera M, et  al. Prevalence and risk factors associated with 
reversed Robin Hood syndrome in acute ischemic stroke. Stroke. 2009;40:2738–42.

Fig. 33.5 Acetazolamide-challenged HMPAO-SPECT. Baseline SPECT shows nearly symmetri-
cal metabolic perfusion in both hemispheres (right 50.98%, left 49.02%). However, after acetazol-
amide challenge, markedly reduced metabolic perfusion is noted in the right hemisphere (right 
36.86%, left 63.14%; net perfusion deficit = 28.24%). (Courtesy: Vijay Sharma, MD)

S. Sivakumar and R. Hakimi



579

 3. Barlinn K, Alexandrov AV. Sleep-disordered breathing and arterial blood flow steal represent 
linked therapeutic targets in cerebral ischaemia. Int J Stroke. 2011;6:40–1.

 4. Palazzo P, Balucani C, Barlinn K, et al. Association of reversed Robin Hood syndrome with 
risk of stroke recurrence. Neurology. 2010;75:2003–8.

 5. West JB, Luks AM.  Respiratory physiology: the essentials. 10th ed. Wolters Kluwer: 
Philadelphia; 2016.

 6. Laffey JG, Kavanagh BP. Hypocapnia. N Engl J Med. 2002;347:43–53.
 7. Stoelting RK, Hillier SC.  Acid-base balance. In: Stoelting RK, Hillier SC, editors. 

Pharmacology and physiology in anesthetic practice. Philadelphia: Lippincott Williams and 
Wilkins; 2006. p. 794–802.

 8. Kellogg RH. Altitude acclimatization, a historical introduction emphasizing the regulation of 
breathing. Physiologist. 1968;11:37–57.

 9. Aaslid R, Lindegaard KF, Sorteberg W, Nornes H.  Cerebral autoregulation dynamics in 
humans. Stroke. 1989;20:45–52.

 10. Czosnyka M, Brady K, Reinhard M, Smielewski P, Steiner LA. Monitoring of cerebrovascular 
autoregulation: facts, myths, and missing links. Neurocrit Care. 2009;10:373–86.

 11. Raichle ME, Plum F. Hyperventilation and cerebral blood flow. Stroke. 1972;3:566–75.
 12. Heffner JE, Sahn SA. Controlled hyperventilation in patients with intracranial hypertension. 

Application and management. Arch Intern Med. 1983;143:765–9.
 13. Brian JE Jr. Carbon dioxide and the cerebral circulation. Anesthesiology. 1998;88:1365–86.
 14. Stocchetti N, Maas AI, Chieregato A, van der Plas AA. Hyperventilation in head injury: a 

review. Chest. 2005;127:1812–27.
 15. Curley G, Kavanagh BP, Laffey JG. Hypocapnia and the injured brain: more harm than benefit. 

Crit Care Med. 2010;38:1348–59.
 16. Cold GE.  Cerebral blood flow in acute head injury. The regulation of cerebral blood flow 

and metabolism during the acute phase of head injury, and its significance for therapy. Acta 
Neurochir Suppl (Wien). 1990;49:1–64.

 17. Harper AM, Glass HI. Effect of alterations in the arterial carbon dioxide tension on the blood 
flow through the cerebral cortex at normal and low arterial blood pressures. J Neurol Neurosurg 
Psychiatry. 1965;28:449–52.

 18. Ito H, Ibaraki M, Kanno I, Fukuda H, Miura S. Changes in the arterial fraction of human 
cerebral blood volume during hypercapnia and hypocapnia measured by positron emission 
tomography. J Cereb Blood Flow Metab. 2005;25:852–7.

 19. Monro A. Observations on the structure and functions of the nervous system. William Creech: 
Edinburgh; 1783.

 20. Kellie G. On Death from Cold and on Congestions of the Brain. An account of the appearances 
observed in the dissection of two of three individuals presumed to have perished in the storm 
of the 3rd, and whose bodies were discovered in the vicinity of Leith on the morning of the 
4th, November 1821: with some reflections on the pathology of the brain. Transactions of the 
Medico-Chirurgical Society of Edinburgh. 1824;1:84–169.

 21. Carney N, Totten AM, O'Reilly C, et al. Guidelines for the management of severe traumatic 
brain injury, fourth edition. Neurosurgery. 2017;80:6–15.

 22. Adams HP Jr, Bendixen BH, Kappelle LJ, et al. Classification of subtype of acute ischemic 
stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute 
Stroke Treatment. Stroke. 1993;24:35–41.

 23. Spencer MP, Reid JM. Quantitation of carotid stenosis with continuous-wave (C-W) Doppler 
ultrasound. Stroke. 1979;10:326–30.

 24. Alexandrov AV. The Spencer's curve: clinical implications of a classic hemodynamic model. J 
Neuroimaging. 2007;17:6–10.

 25. Alexandrov AV.  Cerebrovascular ultrasound in stroke prevention and treatment. 2nd ed. 
Hoboken, NJ: Wiley- Blackwell; 2011.

 26. Giller CA, Bowman G, Dyer H, Mootz L, Krippner W.  Cerebral arterial diameters dur-
ing changes in blood pressure and carbon dioxide during craniotomy. Neurosurgery. 
1993;32:737–41; discussion 41–2.

33 Reversed Robin Hood Syndrome and Ischemic Stroke: Usefulness of Transcranial…



580

 27. Markus HS, Harrison MJ. Estimation of cerebrovascular reactivity using transcranial Doppler, 
including the use of breath-holding as the vasodilatory stimulus. Stroke. 1992;23:668–73.

 28. Silvestrini M, Vernieri F, Pasqualetti P, et al. Impaired cerebral vasoreactivity and risk of stroke 
in patients with asymptomatic carotid artery stenosis. JAMA. 2000;283:2122–7.

 29. Vernieri F, Pasqualetti P, Matteis M, et al. Effect of collateral blood flow and cerebral vasomo-
tor reactivity on the outcome of carotid artery occlusion. Stroke. 2001;32:1552–8.

 30. Ringelstein EB, Weiller C, Weckesser M, Weckesser S. Cerebral vasomotor reactivity is sig-
nificantly reduced in low-flow as compared to thromboembolic infarctions: the key role of the 
circle of Willis. J Neurol Sci. 1994;121:103–9.

 31. Sharma VK, Teoh HL, Paliwal PR, Chong VF, Chan BP, Sinha AK. Reversed Robin Hood 
syndrome in a patient with luxury perfusion after acute ischemic stroke. Circulation. 
2011;123:e243–4.

S. Sivakumar and R. Hakimi



581© Springer Nature Switzerland AG 2022
C. N. Rodríguez et al. (eds.), Neurosonology in Critical Care, 
https://doi.org/10.1007/978-3-030-81419-9_34

Chapter 34
Ischemic Stroke in the ICU: Bedside 
Monitoring of the Cerebral Autoregulation 
Status by Transcranial Doppler  
(TCD/TCCS) in the Acute Stage

Pedro Castro and Ricardo Soares-dos-Reis

Key Points
 1. Cerebral autoregulation is regarded as the capability of cerebral flow to regulate 

itself irrespective to cerebral perfusion pressure changes.
 2. Cerebral autoregulation can be measured with pressure manipulation or using 

spontaneous fluctuations of blood pressure (arterial line or plethysmography) 
and cerebral flow velocity (transcranial Doppler).

 3. A headframe is necessary to ensure fixation of the 2-Mhz probes is always 
needed since the slightest probe sliding will affect results.

 4. Transfer function characterizes cerebral autoregulation in frequency domain by 
three parameters: phase, gain, and coherence. Higher coherence, lower gain, and 
phase different from zero represent more effective autoregulatory response.

 5. Cerebral autoregulation is related to hemorrhagic transformation risk, larger 
infarcts, and worse outcome in ischemic stroke.
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34.1  Introduction

Measuring cerebral autoregulation (CA), on par with cerebrovascular reactivity, 
tests different properties of the cerebrovascular system, thus providing a window 
into the ability of the cerebral circulation to react to variations in pressure/flow, 
metabolites, and gases. CA evaluation, in particular, assesses the changes in cere-
brovascular resistance in response to perfusion pressure changes. If CA is impaired, 
systemic arterial blood pressure (ABP) fluctuations are directly transmitted to the 
brain parenchyma, resulting in either hypoperfusion or brain edema [1, 2]. This is 
especially important in the setting of acute ischemic stroke, where there should be a 
balance between perfusing the ischemic penumbra and minimizing the risk of hem-
orrhagic reperfusion [2, 3].

34.2  Cerebral Autoregulation: General Outline

Despite the various methods that can be used to assess CA, only a few can be applied 
during the acute phase of stroke due to the lack of patient cooperation and/or con-
traindications arising from the patient’s clinical situation. At our center, we use con-
tinuous transcranial Doppler (TCD) recording of the M1 segment of the middle 
cerebral artery (MCA) cerebral blood flow velocities (CBFVs), as a CBF surrogate, 
and measure peripheral ABP noninvasively with a Finapres® device (which can be 
replaced by an arterial line, should the patient have one).

We then synchronously record ABP and CBFV continuous beat-to-beat time 
series, during at least 5 minutes, which is then evaluated off-line by dedicate soft-
ware. This approach assumes that the MCA diameter is constant during monitoring, 
which has been shown to be true for this method. Furthermore, to ensure test reli-
ability, CO2 levels should be constant. These can be monitored by capnography 
measurements of end-tidal CO2.

In patients with severe conditions, who carry an intracranial pressure (ICP) cath-
eter, another index  – the pressure-reactivity index (PRx)  – can be derived. This 
obviates the need for TCD monitoring and is outside the scope of this chapter.

34.3  Cerebral Autoregulation Measurement: Method

Evaluations should be carried out in supine resting position with the bed at 0° dur-
ing the 10 minutes of recording. The instrumentation of the patient is carried out as 
follows:

• TCD with 2-MHz monitoring probes are secured with a standard headband; 
CBFVs are recorded bilaterally from the M1 segment of MCA (depth of 
50–55 mm) as shown in Fig. 34.1.
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• TCD display (Fig. 34.2) is inspected to ensure that the envelope of the Doppler 
spectrum correctly outlines maximum velocity and has no artifacts; this is a cru-
cial step to have enough continuous good-quality data to further analyze CA; at 
least 5 minutes of continuous undisturbed TCD CBFV will be needed.

• ABP is continuously monitored with a finger cuff in the unaffected side, as 
shown in Fig. 34.3. Usually, some time is needed to stabilize ABP through the 
automated calibration of the device; keep the patient’s hand or height corrector 
(coupled with the plethysmography device) at heart level.

Fig. 34.1 Setting of a patient to measure CA
The patient lies supine with bed close to 0°. A thin pillow provides comfort to TCD apparatus 
avoiding pain and agitation throughout the monitoring. TCD probes (1) are bilaterally secured with 
a headframe (2). A nasal cannula (3) is also put in place and secured in the headframe. A facial 
mask might be needed in patients breathing through the mouth. Three electrodes (4) are used to get 
a lead-II electrocardiographic line. Note that the height pressure corrector (5) that comes coupled 
with the plethysmography is located at heart level; this corrects possible drifts in ABP caused by 
unwilling hand movement of the patient. Continuous blood pressure measurement with finger 
plethysmography (6), in this case Finometer® device (FMS, Amsterdam, The Nederland), in which 
we can observe the arterial blood pressure curve beat-to-beat

Fig. 34.2 Transcranial Doppler display of BoxX® (DWL, Singen, Germany)
In the upper panels, we observed two spectra (right and left) Doppler signal of a bilateral monitor-
ing of the middle cerebral arteries (MCA). Under the spectrum, there is the envelope (white line), 
from which we can calculate the values of cerebral systolic blood flow velocities (red arrow), dia-
stolic (green arrow) and average for each cardiac cycle. The yellow-bounded miniature represents 
schematically the various cerebral blood flow velocities to be calculated (systolic, diastolic and 
mean). In the lower panels, we can see the appearance of the Power M-Mode mode. Here, the scale 
refers to the depth (mm) and shows the directional flow (by convention the red is towards the probe 
and the blue in the opposite direction of the probe). Among the yellow arrows, the white line cor-
responds to the sampling depth of the upper panel’s flow spectrum
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• Heart rate (HR) is assessed from lead II of a standard 3-lead electrocardiogram 
as shown in Fig. 34.3.

• End-tidal carbon dioxide (CO2) is continuously recorded using a nasal cannula 
attached to a capnograph (Nonin, Amsterdam, the Netherlands). This is not actu-
ally needed to calculate CA indexes, but it is an important physiological  parameter 
that can influence CBFV and its average value should be reported during moni-
toring (Fig. 34.3).

• All data are synchronized and digitized in an analogue-digital converter like 
Powerlab (AD Instruments, Oxford, UK) and stored for offline analysis.

34.4  Cerebral Autoregulation Measurement: Technical Tips

A few technical details are important whenever assessing CA:

• A headframe to ensure fixation of the 2-Mhz probes is always needed since the 
slightest probe sliding will affect results.

• Take your time to stabilize Doppler probes to ensure that the envelope is cor-
rectly determined despite some head movement. It is critical to have a good 
envelope of CBFV curve to minimize artifacts.

• Finger cuffs used with plethysmography will not detect ABP curve properly if 
the hand is cold. You can overcome this by keeping a warm room temperature as 
well as applying a rubber glove filled with heated water or a hot pack (e.g., those 
commonly used for muscle pain therapy) close to the hand with the cuff.

• ABP measurement with plethysmography is usually performed at heart level. If 
the patient is in supine position, this is the same as the brain level. However, if 
the subject is seated, the ABP at brain level will be lower in an amount equivalent 
to the difference of hydrostatic pressure between the cuff and the probe (usually 

40

Expiratory CO2 (mmHg)

0

Fig. 34.3 Capnography nasal line for non-invasive end-tidal CO2 measurement
After an inspiratory stage (white bar), in which the flow in the cannula is not stopped, the device 
detects a sudden increase of carbon dioxide (CO2) after expiration starts, eventually reaching a 
plateau stage in which there is a alveolar equilibrium of PaCO2. Thus, the end-tidal value of CO2 
(EtCO2) approximates the actual value PaCO2
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20 cm H2O, or approximately 15 mm Hg). In practice, you need to measure with 
a common ruler the distance between the finger and the Doppler probe and sub-
tract this to the actual ABP measured. Consider that 1 mm Hg = 1.36 cm H2O.

• Additionally, blood pressure should be assessed with an oscillometric cuff to 
provide standard mean ABP values; this might be used during the data analysis 
to correct mean ABP values calculated in the ABP curve of plethysmography.

34.5  Cerebral Autoregulation Measurement: Data Analysis

This analysis is usually done in noncommercial software like MATLAB®.
All signals are inspected and artifacts removed by linear interpolation. Mean 

flow velocities (MFV) and mean arterial pressure (MAP) are calculated beat-to-beat 
as shown in Fig. 34.4. Transfer function analysis (TFA) is used to assess dynamic 
CA by calculating coherence, gain, and phase parameters from beat-to-beat sponta-
neous oscillations in MFV and MAP (Fig. 34.5). In order to do this, we use a mini-
mum of 5 minutes of normalized data interpolated at 100 Hz into a uniform time 
basis; the averaged periodogram is calculated by the Welch method with a Hanning 
window of 30 seconds, with 50% overlap [4].

The approach we describe above provides an adequate assessment of dynamic 
CA, with no need for patient collaboration or hemodynamic challenges, relying 
instead on the response of CBF(V) to spontaneous ABP fluctuations. In this setting, 
ABP fluctuations can be regarded as an input and the subsequent CBFV response as 
an output of this system. The relationship between both parameters can be 
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Fig. 34.4 Spontaneous oscillation of systemic and cerebral hemodynamic signals
Graphical representation of blood pressure obtained by Finometer® and cerebral blood flow by 
transcranial Doppler. On the left, note spontaneous oscillation over 1 minute of monitoring. In the 
center, an inspection of 4 cardiac cycles is observed, calculating the means of both signals (MAP 
and MFV, respectively), beat-to-beat. Further to the right, we observe the variation of the MFV and 
MAP over almost 10 minutes of monitoring. These oscillations allow the calculation of cerebral 
autoregulation, for example, by the transfer function analysis
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adequately analyzed by a method called TFA, which had its origin in electronics and 
relates to linear control systems theory. Claasen and colleagues, on behalf of the 
International Cerebral Autoregulation Research Network [4], have produced a white 
paper establishing a standardization of parameters and settings which should be 
adopted for using TFA in dynamic CA studies. In this paper, they describe standard-
ized testing conditions and recommendations regarding the off-line computations 
required to obtain gain, phase, and coherence. These three parameters can be sim-
plistically regarded as the difference in amplitude between the CBFV and ABP 
wave amplitude (gain), the time shift between the ABP stimulus and CBFV response 
(phase shift), and the squared correlation coefficient (coherence), which is helpful 
in assessing measurement reliability and noise. Coherence is calculated between 
input auto-spectra of ABP over cross-spectra of CBFV/ABP, and transfer functions 
of phase and gain are determined by dividing the cross-spectrum by the input auto- 
spectrum. Coherence is the coefficient of correlation between the signals; higher 
coherence between the oscillations is reflective of less effective CA. Gain quantifies 
the damping effect of CA on the magnitude of ABP oscillations. Phase shift repre-
sents the time delay between ABP and CBFV oscillations. Lower gain and higher 
phase represent tighter, more effective autoregulatory response. A schematic repre-
sentation of the physiological interpretation of CA phase and gain is depicted in 
(Fig.  34.6). Values are reported in three frequency bands: very low (VLF 

Fig. 34.5 Transfer Function Analysis
From the time series of continuous monitoring of blood pressure (1) and cerebral blood flow veloc-
ity (2, 3) we derive their mean values (MFV and MAP, respectively). Note the spontaneous oscil-
lation of these physiological variables. The transfer function analysis (TFA) verifies the influence 
of the MAP (input) on the MFV (output) in the frequency domain from its spectra (6 and 7, respec-
tively). The TFA produces 3 parameters: coherence (8), gain (9) and phase shift (10). In this case, 
we note that autoregulation functions as a high-pass filter, with a slower MAP oscillation (<0.2 Hz), 
manifested by a higher damping (decrease of gain (9)) and higher (increase of phase (10)). Personal 
data, unpublished, calculated with private software based on Matlab®
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0.02–0.07  Hz), low (LF 0.07–0.20  Hz), and high (HF 0.20–0.50  Hz) fre-
quency ranges.

Other indexes of CA can be calculated, such as the autoregulatory index (ARI) 
[5, 6] or Mx (Fig. 34.7). To assess ARI, the actual CA response, after applying an 
inverse discrete Fourier transform of amplitude (gain) and phase, is compared to 10 
predefined responses, allowing for classification of the autoregulatory index (ARI) 
from 0 to 9 (higher numbers represent better CA) [1].

Gain

Phase

Cerebral Blood Flow Arterial Pressure

Fig. 34.6 Schematic representation of the gain and phase effect
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So far, our approach has relied on frequency analysis of ABP and CBVF wave-
forms. However, one can also perform a time-domain analysis by using the correla-
tion coefficient between 30 consecutive 10-s averages of TCD CBFV and ABP; this 
coefficient is referred to as Mx [5, 7].
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Fig. 34.7 Calculation of various CA indexes within 6 hours of stroke onset with total affection of 
the MCA territory. (a) The continuous signals of transcranial Doppler (TCD) cerebral blood flow 
velocity (CBFV) and arterial blood pressure (ABP, red) from affected (blue) and unaffected (green) 
MCA hemispheres are inspected and mean values calculated (MFV and MAP, respectively) (b). 
From 300 seconds of these time-series (c), CA can be calculated in time and frequency domains. 
In the first case (d, e), MFV is plotted against MAP and a Pearson’s correlation coefficient is 
obtained (Mx). Note that Mx = 0.52 in infarct hemisphere while Mx = − 0.18 in the contralateral 
side, meaning worse CA in affected side. In frequency domain (f) TFA analysis outputs are coher-
ence, gain and phase. Phase is higher within CA range (VLR + LF bands, 0.03 – 0.2 Hz, shaded 
area) at contralateral versus ipsilateral side (7 versus 41 degrees). From the inverse Fourier trans-
form of the transfer function we come back to time domain to depict MFV step response to an 
impulse of MAP. The actual response is compared to ten predefined responses (dashed gray lines) 
from ARI = 0 to 9. In the affected side, the response is very slow (ARI = 2.1), but in the contralat-
eral side the response is faster (ARI = 7.0). CA is highly impaired at the affected side. The patient 
had hemorrhagic transformation at 24 hours and remained bedridden (3 months modified Rankin 
scale of 5). (Published with permission of Castro et al. [5])
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34.6  Cerebral Autoregulation Assessment: Interpretation 
of the Results

In CA, coherence and gain are reduced and phase shift is increased during transition 
from HF to LF, resulting in dampened and delayed repercussion of ABP oscillations 
to the cerebral vessels, and therefore desynchronization between ABP/CBFV fluc-
tuations, similarly to a high-pass filter. Since vasomotor adaptation is slow and 
requires at least 6–10 s, CA is most likely to operate at low frequencies. Although a 
validated cutoff between normal and abnormal CA does not exist, a phase shift of 
less than 30 degrees [8] has been proposed to represent CA failure. This closely 
matches the cutoff that was obtained in a cohort of ischemic stroke patients that had 
worse outcome [3].

An ARI <4 has been proposed as a threshold for impaired CA [6].
Concerning Mx, a correlation approaching 0 denotes that CBF is unaffected by 

ABP variation and, therefore, CA is preserved. On the contrary, values greater than 
0.3 denote an impaired CA. This method has the advantage that it is suitable even 
when linearity is not present. However, care should be taken to ensure adequate 
measurements are taken, as lack of correlation may be purely due to insufficient 
data quality.

34.7  Clinical Relevance

Studying dynamic CA in the acute phase of stroke is extremely relevant and may 
establish a foundation for personalization of ABP goals during the acute phase of 
stroke. Several recent studies have shown that CA is impaired in the acute phase of 
stroke. We have assessed CA in a cohort of 46 adult stroke patients within 6 h of 
symptom onset, when cerebral perfusion changes are most likely important. Our 
analysis showed that low phase in the affected hemisphere correlated with hemor-
rhagic transformation and edema, larger infarct sizes, and worse 3-month outcome, 
as assessed by the mRankin scale. This CA dysregulation resolved within 3 months. 
Other authors have published data in agreement the hypothesis of impaired CA dur-
ing the acute phase of stroke. Reinhardt and colleagues have indeed shown that CA 
is impaired as assessed by TFA and Mx, in the affected hemisphere, and that it cor-
relates with higher NIHSS, infarct size, and mRankin scale. In addition, Saeed dem-
onstrated that cortical infarcts had a greater impairment than subcortical ones. 
Interestingly, work by Guo and colleagues has demonstrated that, while in larger 
infarcts, CA impairment is unilateral; in lacunar infarcts, there is bilateral CA dys-
regulation. Challenging those findings, Xiong and others have compared phase dif-
ference in 60 acute stroke patients and 16 healthy controls. They have shown that 
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CA is bilaterally impaired in stroke patients, when compared with control values, 
and that this impairment is symmetrical. In this study, coexisting small-vessel dis-
ease correlated with an even greater impairment of CA. Llwyd and colleagues have 
found, by amalgamating 143 ischemic stroke patients, that CA was similarly 
impaired in the affected hemisphere, regardless of stroke severity and subtype. 
Nevertheless, the same authors published a subsequent report of 55 stroke patients 
where they reported larger loss of CA in moderate and severe strokes, correlating 
with a worse functional outcome. In summary, most studies to date show CA impair-
ment in patients with ischemic stroke [5].

This impairment is more frequently focal with large-vessel strokes and global in 
small-vessel strokes, which usually happen in the setting of cerebral microangiopa-
thy, which induces a more global pattern of impaired CA. Nevertheless, some study 
results are still conflicting, and there is an urge for widespread standardization of 
CA assessment in the setting of acute stroke. Standardization of CA monitoring, 
right from stroke onset, should establish the foundations for clinical trials analyzing 
the impact of CA-oriented ABP management.

34.8  Conclusion

Cerebral autoregulation can be measured spontaneously with pressure manipulation 
using spontaneous fluctuations of blood pressure and cerebral flow (velocity). 
Noninvasively, the usual apparatus consists in a plethysmography device and tran-
scranial Doppler to assess continuous blood pressure and cerebral blood flow veloc-
ity. Impairment of cerebral autoregulation appears to be involved in the 
pathophysiology of acute ischemic stroke. A less effective cerebral autoregulation 
(reduced phase) in acute ischemic stroke puts brain tissue at risk of progression to 
cerebral edema or hemorrhagic transformation. These complications are associated 
with an inappropriate vasodilator response in the acute phase which also suggests 
vasomotor dysfunction. A less effective cerebral autoregulation (reduced phase) in 
acute ischemic stroke is associated with larger-volume infarcts at 24 hours, proba-
bly due to ischemic progression in the penumbra area.

In summary, dynamic brain self-regulation has been shown to play a consider-
able role in the study and evaluation of acute cerebral ischemia. The results obtained 
encourage the development of different lines of research with potential therapeutic 
interest that may benefit the prognosis of patients with acute ischemic stroke.
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Chapter 35
Sonothrombolysis: Usefulness 
of Transcranial Doppler Ultrasonography 
(TCDU)

Jose C. Navarro, Cyrus G. Escabillas, and Vijay K. Sharma

Key Points
 1. Acute ischemic stroke may not be a common occurrence in the ICU; however, 

vigilance should still be exercised to identify these patients for immediate treat-
ment following existing guidelines.

 2. Intravenous recombinant tissue plasminogen activator is still the mainstay in 
treatment of ischemic stroke for immediate recanalization of the cerebral vessels.

 3. The addition of ultrasound (sonothrombolysis) would further augment the rate 
of recanalization of occluded vessel.

 4. Additional information could be provided by the transcranial Doppler ultra-
sound, such as occlusion, recanalization, and re-occlusion in real time and 
noninvasively.

 5. Rapid advancement in the design of therapeutic TCD devices and microbubbles 
holds promise for establishing a better future for patients with acute isch-
emic stroke.
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35.1  Introduction

The development of intensive care units (ICUs) in 1952 has tremendously improved 
the care of critically ill patients [1]. This allowed patients with multiple organ fail-
ure or complex systemic diseases to attain longer survival with a better functional 
status. In the United States, approximately 55,000 patients are treated in ICU each 
day [2]. Most patients admitted in the ICU often develop several complications such 
as infections, organ failure, and neurologic dysfunction, which are often associated 
with poor outcomes [3].

Undoubtedly, patients admitted in the ICU may also develop acute ischemic 
stroke (AIS). Multiple conditions, such as vascular risk factors, coagulopathy [4], 
diabetes mellitus [5], and infections [6], and medications, such as hormonal replace-
ment therapy [7], anticoagulants [8], amphetamine, and cocaine [9], may predispose 
patients for developing AIS. AIS occurring in the ICU may result in worsening of 
the existing medical condition and affect the long-term outcome. To date, there is a 
very limited data on the incidence of AIS in the ICU. Unfortunately, because of little 
awareness and limited attention given to patients who are at risk for AIS in the ICU, 
the condition is not immediately and well recognized. In a 10-year retrospective 
study by Wijdicks et al., only 19 patients with critical illness experienced stroke, 10 
of which were ischemic and 9 were hemorrhagic in nature. Although the number of 
stroke occurring in the ICU remains small, the mortality among these patients is 
significant, reported to be as high as 89% [10].

Management of AIS even in the ICU setting must follow internationally recog-
nized guidelines. Critically ill patients, especially when on mechanical ventilation, 
are unable to complain of weakness, slurring of speech, and sensory deficit. Hence, 
the nurses and physicians in ICU must remain extra vigilant about the neurological 
status. A regular round the clock neurological examination must be performed 
among high-risk patients to recognize any neurological deterioration.

Intravenously administered recombinant tissue plasminogen activator (IV-rTPA) 
remains the only approved drug therapy for achieving arterial recanalization in 
AIS.  However, its use is limited by a narrow therapeutic time window (up to 
4.5  hours of symptom onset), strict inclusion criteria, and the associated risk of 
bleeding. More importantly, the intracranial arterial recanalization rates are often 
unsatisfactory [11]. Consequently, there has been an ongoing quest for exploring 
additional interventions that could further enhance the thrombolytic action of 
IV-rTPA. Accordingly, continuous monitoring with the conventional 2-MHz tran-
scranial Doppler (TCD) ultrasound during systemic thrombolysis (sonothromboly-
sis) demonstrated safety and efficacy in terms of early recanalization [12–14]. 
Furthermore, addition of ultrasound contrast agents (microbubbles) was also 
reported to enhance the thrombolytic effect of IV-rTPA. We summarize the avail-
able experimental and clinical data on the potentials, failures, and current status of 
sonothrombolysis.
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35.2  AIS: Intravenous Thrombolysis with IV-rTPA

In 1995, a clinical trial funded by the National Institute of Neurological Diseases 
and Stroke (NINDS) showed the benefit of IV-rTPA within 3 hours after AIS [15]. 
Subsequent clinical trials established the efficacy of IV thrombolysis up to 4.5 hours 
of symptom onset [16]. Interestingly, this was predicted from the pooled analysis of 
initial six randomized clinical trials of IV-rTPA in Europe and the United States 
[17–20]. An important finding of the pooled analysis indicated that the onset to 
treatment time was inversely associated with the likelihood of favorable functional 
outcome at 3 months.

35.3  Ultrasound-Enhanced Thrombolysis

The term sonothrombolysis is used to describe the ultrasound-assisted clot lysis 
during intravenous thrombolysis for AIS.  Ultrasound-assisted thrombolysis, 
sonothrombolysis, has shown promise for becoming a rapidly available, noninva-
sive, and portable tool in the armamentarium of the stroke neurologists.

35.4  In Vitro Models: Understanding the Mechanism 
of Sonothrombolysis

Ultrasound waves in the range of MHz-KHz frequency are known to enhance the 
therapeutic efficacy of IV-rTPA [21]. Ultrasound, being a mechanical and pressure 
wave, leads to transient and repeated thinning of the fibrin threads. Such exposure 
potentially separates the strands of fibrin and creates micro-streaming of blood flow 
though the clot, thereby enhancing better and faster clot lysis. Ultrasound exposure 
leads to some conformational changes like reversible disaggregation of uncrossed- 
linked fibrin fibers. Other plausible mechanisms responsible for the ultrasound- 
assisted thrombolysis are micro-cavity formation in the shallow layers of thrombus, 
superficial vasodilation, and promoting nitric oxide release. The aforementioned 
mechanisms increase the penetration of rTPA into clot, leading to residual flow 
enhancement, clot lysis, and reduction in infract size [21].

The effects of sonothrombolysis were studied by Zhou et al. in an in vitro experi-
ment [22]. Blood clots were prepared from horse blood and used to create occlu-
sions in the silicone tubing, mimicking the intracranial arteries, in an in vitro, water 
tank with controlled temperature. Then, the authors evaluated the relationship 
between the effect of ultrasound-assisted thrombolysis and age of the clot as well as 
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the cholesterol content. The clots were aged by repeated replacement of serum by 
fresh blood. Cholesterol content of the clot was increased by adding the commer-
cially available chemical cholesterin. Clots were placed in the closed-loop silicone 
tube model in which normal saline flowed in a pulsatile fashion. Commercially 
available rTPA was added (equivalent to the therapeutic dose for AIS thrombolysis) 
to the saline, and clot was exposed to the diagnostic 2-MHz transcranial Doppler 
ultrasound for 1 hour continuously. The clot lysis was evaluated by measuring the 
weight of the clot at the end of the experiment and surface electron microscopy. The 
study found that sonothrombolysis induced greater reduction in clot size with 
younger age and higher cholesterol content.

The property of ultrasound to enhance clot lysis was first demonstrated around 
the 1970s [23, 24] and was subsequently investigated on animals and in vitro mod-
els [25, 26]. However, these mechanisms of ultrasound to facilitate clot dissolution 
have not been well understood [27]. Several mechanisms of action have been pro-
posed to explain its enhanced-lytic effect. The pressure wave effect created by ultra-
sound may accelerate the enzymatic dissolution of clot by way of nonthermal action 
in increasing the transport of drug to the clot [28]. Cavitation of the thrombus by the 
ultrasound wave also plays a significant role in ultrasound-enhanced thrombolysis 
[29]. Another plausible mechanism of sonothrombolysis is microstreaming, which 
promotes the movement of fluid around the thrombus [30].

35.5  Sonothrombolysis in AIS: Human Studies

Ultrasound in Kilo-Hertz frequencies is known to penetrate better into the human 
soft tissue [27, 31]. It was tested in the transcranial low-frequency ultrasound- 
mediated thrombolysis in brain ischemia (TRUMBI) trial in Germany [32]. The trial 
included only 26 AIS patients treated within 6 hours of symptom onset. This multi-
center trial evaluated the effect of 90-minute exposure of the occluded intracranial 
artery by using 300-kHz frequency ultrasound in duplex system. This study was 
stopped prematurely due to very high incidence of symptomatic intracranial hemor-
rhage (SICH) in the combined treatment (ultrasound+IV-rTPA) arm (93%) as com-
pared to the IV-rTPA only arm (42%). No definite mechanism was elucidated for 
this observation. However, authors hypothesized that reverberations of long wave-
length ultrasound inside the head lead to resonance and development of hotspots to 
be responsible for very high incidence of hemorrhages in the infarcted tissues as 
well as in remote locations. Furthermore, the configuration of the ultrasound waves 
used in the trial could have caused mechanical damage and distortion of micro ves-
sels [33].

CLOTBUST trial looked at the safety and feasibility of the use of routinely used 
diagnostic 2-MHz ultrasound in enhancing the action of systemic thrombolysis 
[34]. The study enrolled 126 patients: 63 randomized to continuous ultrasound 
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exposure for 2 hours, while 63 patients were allocated to the placebo arm. Patients 
randomized into the placebo arm underwent intermittent TCD to evaluate the arte-
rial patency. Robust primary outcome included complete recanalization on TCD or 
dramatic clinical recovery within 2 hours after the administration of the rTPA bolus, 
or reduction in National Institute of Health Stroke Scale (NIHSS) score by 10 points 
or a total NIHSS 3 points at the end of 2 hours. Interestingly, the primary end point 
was achieved by 49% patients in target group as compared with 30% patients in the 
control group (P = 0.03), without any increase in SICH in the ultrasound group. 
This study also showed nonsignificant (13% absolute) increase in patients with 
modified Rankin Scale (mRS) of 0–1 point at 3 months (42% vs. 29%, p value for 
trend 0.2). An example of the change in TCD flow spectra during IV-rTPA infusion 
is shown in Fig. 35.1.

Synthetic microbubbles were initially used as contrast agents to improve the 
quality of ultrasound images. The microbubbles (microspheres) oscillate and cavi-
tate when exposed to pulsed wave ultrasound, thereby releasing more energy along 
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Fig. 35.1 Thrombolyis in Brain Ischemia (TIBI) grading system. TIBI grading system represents 
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the insonated tissues. The momentum of bubble movement can potentially increase 
residual flow around and through the thrombus, thus helping in mechanical degrada-
tion of clot and promoting recanalization [35]. The role played by microbubbles in 
improving the efficacy of IV-rTPA in humans AIS was described by Molina et al. by 
using galactose-based microbubbles [36]. In this study of 111 patients, three differ-
ent arms were tested in AIS patients presenting within 3 hours from symptom onset. 
IV-rTPA alone was compared with IV-rTPA plus 2-MHz ultrasound as well as 
IV-rTPA plus ultrasound plus microbubbles. Microbubbles were shown to be safe 
with no increase in SICH and resulted in improving the recanalization rates (54%).

Newer generation microbubbles use phospholipid molecules. These microbub-
bles have a median size of 1.2 micron or lesser in diameter [37]. When injected, 
these bubbles are activated by ultrasound waves, and the induced pulsations break 
their phospholipid shell, releasing the inert gas in their core. The thrombus surface 
undergoes cavitation, increases the surface area for the action of rTPA, and increases 
lysis of the clot. Higher recanalization rates, with no increase in SICH, were 
observed in a clinical trial that used the third-generation Perflutren-lipid microbub-
bles, which permeate beyond occlusions [38]. The transcranial ultrasound in clini-
cal sonothrombolysis (TUCSON) trial evaluated the safety of IV-rTPA plus 2-MHz 
ultrasound plus escalating doses of intravenous microspheres. The trial was termi-
nated after three subjects developed SICH in the second dose tier, and the financial 
support was withdrawn by the sponsor. Interestingly, a dose of one vial of micro-
sphere use (Tier 1) demonstrated 67% recanalization rate with no increase in 
SICH [39].

A recent comprehensive review and meta-analysis evaluated the role of 
sonothrombolysis in AIS [40]. It identified six randomized (total 224 patients) and 
three nonrandomized (total 192 patients) relevant studies. There were no safety con-
cerns as the pooled rate of SICH did not show any increase with the use of 
sonothrombolysis. Furthermore, complete recanalization rates were higher in 
patients receiving sonothrombolysis (37.2%; 95% CI, 26.5–47.9%) compared with 
patients treated with IV-rTPA alone (17.2%; 95% CI, 9.5–24.9%). Similarly, eight 
studies for sonothrombolysis with 2-MHz TCD, with or without microspheres, were 
associated with higher likelihood of complete recanalization (pooled OR 2.99; 95% 
CI, 1.7–5.25; p = 0.0001) as compared to intravenous rTPA alone.

AIS patients with NIHSS scores ≥10 points and proximal intracranial occlusions 
appeared to benefit more from sonothrombolysis [41]. Results of the previous stud-
ies warranted the need for an efficacy trial for sonothrombolysis. However, a major 
hurdle was the operator dependency of TCD machines and limited availability of 
adequately trained neurosonologists for a timely completion of a proposed clinical 
trial. To overcome this limitation, a novel therapeutic device was developed, which 
did not require operator targeting of target vessels. The configuration ensured suf-
ficient ultrasound exposure of various branches of the circle of Willis. Safety of this 
device was established in stroke-free volunteers in a phase II study [42, 43]. This 
device did not require any ultrasound training for the stroke neurologists and could 
be placed on the head by following various anatomic landmarks.
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Using the above-mentioned operator-independent headframe, a prospective, 
multicenter, randomized, double-blind, placebo-controlled clinical trial 
(CLOTBUST-ER) was initiated [44]. The headframe employed 16 transducers fixed 
into three different arrays (two temporal and one transforaminal/suboccipital – sim-
ilar to the conventional acoustic windows employed for diagnostic TCD) to transmit 
sequential ultrasound energy to the principal intracranial regions to the various 
major branches of the circle of Willis [45]. Subjects were allocated in 1:1 ratio to the 
target group (active ultrasound + IV-rTPA) or the control group (sham ultrasound + 
IV-rTPA) using web-based central randomization. Adult patients with AIS (premor-
bid functioning in community) aged 18–80 years and with a baseline NIHSS score 
≥10 points and within 4.5 hours of symptom-onset (3 hours for the United States 
and Canada) were included in the trial. All patients received standard stroke care in 
addition to trial treatment. The primary outcome was assessed on the modified 
Rankin Scale (mRS) at 90  days from randomization. Safety outcomes included 
SICH within 24 hours of IV-rTPA bolus and an overall analysis of adverse events. 
The trial was terminated prematurely in March 2015 upon recruitment of 675 out of 
the target sample of 830 subjects, due to the futility of the study in a preliminary 
analysis (results announced at European Stroke Organization Conference 2015 at 
Barcelona, Spain). Details of the study results are awaited.

In 2008, Eggers et al. reported the findings of a randomized controlled trial com-
bining tPA and transcranial color-coded sonography (TCCS) [46]. A 1.8-MHz con-
tinuous ultrasound for 1 hour was used in patients, while controls were treated with 
intravenous thrombolysis alone. Complete/partial recanalization was seen in 58% 
of patients with rTPA and TCCS and 22% recanalization in rTPA alone. Improvement 
of NIHSS was also observed from day 1 to 4, and mRS ≤1 was seen in four subjects 
after 90 days in the treatment group and none in the control group. Furthermore, a 
Barthel Index of ≥95 was also observed in eight patients in the treatment group and 
none in the control group. However, the recently published Norwegian 
Sonothrombolysis in Acute Stroke Study (NOR-SASS) reported no benefits of 
contrast- enhanced sonothrombolysis [47]. In this randomized clinical trial, 183 
patients were randomly assigned to either contrast-enhanced sonothrombolysis (93 
patient) or sham ultrasound treatment (90 patients). The rates of SICH or mortality 
were not similar in the two groups. Neurological improvement at 24 hours and func-
tional outcome at 90 days were similar in the two groups both in the intention-to- 
treat analysis and in the per-protocol analysis. However, an important limitation of 
this trial is the low median NIHSS scores (only 4 points in the active arm and 5 
points in the sham treatment arm). We strongly feel that the trial did not include 
appropriate patients who could benefit from sonothrombolysis (i.e., patients with at 
least a moderate stroke and intracranial arterial occlusion). Probably influenced by 
the results of NOR-SASS and CLOTBUSTER trials, the American Heart 
Association/American Stroke Association (AHA/ASA) downgraded the level of 
recommendation for sonothrombolysis to “No clear benefit” in the recently updated 
guidelines for the early treatment of AIS [48].
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35.6  TCD Monitoring: Arterial Occlusion, Recanalization, 
and Re-Occlusion

Several TCD studies have shown that the dynamic process of acute proximal occlu-
sions can be followed up in real time following systemic thrombolysis (Figs. 35.1 
and 35.2). Moreover, the beginning of recanalization can be timed and quantified 
using the Thrombolysis in Brain Ischemia (TIBI) criteria (Fig. 35.1) [49]. Dissolution 
of clot and subsequent flow improvement can also be monitored with additional 
changes indicating clot lysis such as intensity of flow signals, presence of microem-
bolization, changes in mean flow velocity, and changes in the pulsatility index. 
These changes follow the TIBI flow pattern for occlusion and recanalization 
(Fig. 35.2).

The beginning of recanalization, for example, speed and completeness of clot 
dissolution, can be established by monitoring the following parameters: a change in 
the waveform by 1 or more TIBI residual flow grade (absent to minimal, minimal to 
blunted, and minimal to normal flow), microembolic signal starts to appear (high- 
intensity transient signals, HITSs), improvement of the mean flow velocity by 
almost 30% and more with constant angle of insonation, skull-probe interface and 
gain/sample volume/scale setting, and Doppler signals indicating changes (30% or 
more) in the pulsatility indexes and amplitude of the systolic peaks [50]. The appear-
ance of highest TIBI flow grade is an indication of complete recanalization.

The appearance of recanalization, complete or partial, has also been described as 
“sudden” in which there is an abrupt appearance of normal or stenotic flow; 

TCD at the time of IV-TPA bolus.
Only systolic flow spikes (TIBI 1)
flow is noted in the MCA. Flow
below the baseline
demonstrates flow duversion
into ipsilateral ACA.

b

a

TCD at the completion of IV-TPA
infusion. Normal (TIBI 5) flow is
noted in the MCA. Flow
diversion is no longer seen.

cm/s

cm/s

60

0

60

0

−60

A

A

Fig. 35.2 Real-time monitoring of complete recanalization in a patient with proximal MCA 
occlusion treated with sonothrombolysis. Baseline TIBI: Grade 1 (a); TIBI at the end of 2 hour 
TCD monitoring: Grade V (b)
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“stepwise” where flow improvement is observed over 1–29  minutes and slow 
wherein recanalization is observed in more than 30 minutes. Following this speed of 
clot lysis, it has been observed that rapid or sudden recanalization is associated with 
better short-term improvement, while slow (30  minutes or more) or partial flow 
improvement with dampened TIBI signals has less favorable outcome [51].

Spontaneous complete recanalization has been observed at an average rate of 
18.8% during the first 6 hours of symptom onset in a complete occlusion of the 
MCA. Others have also reported spontaneous recanalization at different rates [52–
54]. However, IV thrombolysis can further increase the recanalization rate of about 
44% in M2 MCA occlusion. Patients receiving IV-rTPA begin to recanalize around 
the median time of 17 minutes, and maximum TIBI flow grades at 35 minutes after 
the bolus of rTPA. It has a mean duration of recanalization of 23 ± 16 minutes. In 
one study, recanalization was “sudden” in 12%, “stepwise” in 53%, and “slow” in 
35% of patients [55]. NIHSS scores of 0–3 at 24 hours in these respective groups 
were noted to be 80%, 30%, and 13%. In partial recanalization where flow velocity 
was low and dampened, 53% of patients had an NIHSS score of ≥10 at 24 hours 
[56, 57]. It has also been observed that about a third of patients with early recanali-
zation will not result in immediate clinical improvement even with complete recan-
alization. However, a third of this patients with silent recanalization even recover 
completely after 3 months. Cerebral stunning has been postulated to explain this 
phenomenon [58].

Aside from the above TIBI flow grading, ultrasound-screening criteria for lesions 
amenable for intervention have also been proposed (Table  35.1) [59]. Since 

Table 35.1 Ultrasound screening criteria for lesions amenable for intervention

Lesion 
location TCD criteria (at least one present) CD criteria

MI/M2
MCA

Primary: thrombolysis in brain infarction (TIBI) 
grades 0–4 (absent, minimal, blunted, dampened, or 
stenotic) at depths <45 mm (M2) and 45–65 mm 
(M1)
Secondary: flow diversion to ACA, PCA, or M2. 
Increased resistance in unilateral TICA. Embolic 
signals in MCA. Turbulence, disturbed flow at 
stenosis. Non-harmonic and harmonic covibrations 
(bruit or pure musical tones)

Extracranial findings may be 
normal or show decreases 
CIA velocity unilateral to 
lesion

TICA Primary: TIBI grades 0–4 at 60–70 mm. Increased 
velocities suggest anterior cross-filling of collateral 
flow in posterior communicating artery
Secondary: embolic signals in unilateral 
MCA. Blunted unilateral MCA, MFV >20 cm/s

Decreased ICA velocity 
unilateral to lesion or normal 
extracranial findings

(continued)
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thrombosis is a dynamic process, even after recanalization especially those with 
partial or incomplete process, reocclusion is prone to occur and it may be seen in 
about 25% of patients treated with rTPA [60, 61]. Two thirds of patients who would 
deteriorate clinically after recanalization developed arterial reocclusion. Reocclusion 
occurred at an average time of 65 minutes after the initial rTPA bolus. Even after 
reocclusion, there is a 33% chance of favorable outcome at 3 months, and about 
50% of patients will have favorable outcome if there is stable recanalization.

Table 35.1 (continued)

Lesion 
location TCD criteria (at least one present) CD criteria

Proximal 
ICA

Primary: increased flow velocities suggest anterior 
cross-filling through anterior communicating artery 
or collateral flow through posterior communicating 
artery. Reversed 0A.
Delayed systolic flow acceleration in or blunted 
ipsilateral MCA, MFV >20 cm/s
Secondary:
Embolic signals in unilateral MCA.
Normal 0A direction because of retrograde filling 
of siphon

B-mode evidence of a lesion 
in ICA ± CCA;
Flow imaging evidence of no 
flow or residual lumen
ICA >50% stenosis
PSV >125 cm/s;
EDV >40 cm/s;
ICA/CCA PSV ration >2
ICA near-occlusion or 
occlusion. Blunted, minimal, 
reverberating, or absent 
spectral Doppler waveforms 
in ICA

Tandem
ICA/MCA
stenosis/
occlusion

Primary: TIBI grade 0–4 and increased velocities 
in contralateral ACA, MCA or unilateral posterior 
communicating artery or reversed unilateral 0A
Secondary: delayed systolic flow acceleration in 
proximal MCA or TICA. Embolic signals in 
proximal MCA or TICA

B-mode evidence of a lesion 
in ICA ± CCA or flow 
imaging evidence of residual 
lumen or no flow.
ICA >50% stenosis;
PSV >125 cm/s;
EDV >40 cm/s;
ICA/CCA PSV ratio > 2
ICA near-occlusion or 
occlusion. Blunted, minimal, 
reverberating, or absent 
spectral Doppler waveforms 
in ICA

Basilar 
artery

Primary: TIBI flow grade 0–4 at 75–100 mm
Secondary: flow velocity increase in terminal VA 
and branches, MCAs, or posterior communicating 
arteries. High resistance flow signals in VA(s).
Reversed flow direction in distal basilar artery 
(85 mm)

Extracranial findings may be 
normal or showing decreased 
VA velocities of VA 
occlusion

Verterbral 
artery

Primary (intracranial VA occlusion):
TIBI flow grades 0–4 at 40–75
Primary (extracranial VA occlusion):
Absent, minimal, or reversed high resistance flow 
signals in unilateral terminal VA
Secondary: embolic signals. Increased velocities or 
low pulsatility in contralateral VA

Extracranial findings may be 
normal (intracranial VA 
lesion) or showing decreased 
VA velocities or VA 
occlusion
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35.7  Sonothrombolysis: Procedural Steps

TCD emits high-frequency 2-MHz pulsed-wave ultrasound through a portable 
probe during sonothrombolysis. To provide optimize delivery of ultrasound energy, 
a stable and functional headframe is used. It can be easily adjusted and helps in 
ensuring a constant angle of insonation on the vessel of interest. Of the routinely 
used transcranial acoustic windows, the temporal window has been utilized the 
most to monitor MCA in clinical trials. Other acoustic windows may also be used if 
other intracranial arteries are acutely occluded. The squamous portion of the cra-
nium is the thinnest among the various acoustic windows, permitting the transmis-
sion of maximum ultrasound energy for sonothrombolysis (Fig. 35.3). The following 
step-by-step procedure should be systematically followed for an optimal approach:

• Set the machine to following: 2-MHz frequency, power at 100%, and gate setting 
of 15 mm (this is for standard fast-track insonation protocol).

• Patients must be carefully screened for the inclusion and exclusion criteria for IV 
thrombolysis. If possible, a baseline TCD exam should be done before initiating 
IV thrombolysis. This would help in establishing the diagnosis of steno- occlusive 

a b

dc

e

Fig. 35.3 Shows the procedure for sonothrombolysis using CLOTBUST methodology. (1) The 
patient’s CT angiography showed an occlusion of the distal right MCA (a). The site of intracranial 
occlusion is located by a fast track TCD protocol. TCD Doppler spectra obtained from the site of 
MCA occlusion shows TIBI grade 1 flow at the time of IV-TPA bolus (b). Spencer’s head frame 
(c) is fixed to ensure constant insonation. (2) Continuous TCD is insonation is performed and flow 
spectra are recorded continuously. TCD demonstrated TIBI grade 5 (normal) flow spectra at the 
completion of IV-TPA infusion, suggestive of complete recanalization. This was confirmed by CT 
angiography performed on day 2 (e).
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lesion and baseline TIBI grade. The baseline examination will also help in locat-
ing the best acoustic window.

• Ensure proper fixation of the monitoring probe that can be adjusted for a reliable 
and continuous ultrasound exposure.

• Set the depth of the TCD to the segment of the vessel with lowest TIBI. Sufficient 
amount of gel should be applied to ensure firm contact between the skin and 
monitoring probe (Fig. 35.4) and to have an optimize transmission of ultrasound 
energy to the occluded vessel.

• The continuous TCD monitoring should be performed for 120 minutes, while 
signals received should be digitally stored every 30 minutes to observe for wors-
ening or improvement of TIBI flow grades.

• A repeat examination of baseline TCD monitoring is recommended after com-
pletion of IV thrombolysis and at 24 hours. This may help in establishing a per-
sistent recanalization, partial recanalization, or re-occlusion.

35.8  Ultrasound Without Thrombolysis – Sonolysis

Some AIS patients in the intensive care unit may not satisfy the inclusion criteria 
of IV thrombolysis. In such cases, isolated (without administration of IV thrombo-
lytic agent) TCD exposure has been tried. In a study by Eggers et  al., patients 

Velcro
Adjusting

Temporal
Array

Suboccopital
Array

Fig. 35.4 Hands-free sonothrombolysis device with three diamond-shaped sets of probes for tran-
scranial insonation of proximal arteries of Willis
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exposed to continuous TCD achieved significantly better NIHSS.  Continuous 
TCD monitoring promoted recanalization in the anterior circulation ischemia [62]. 
This was also analyzed by the group of Skoloudik et al. and confirmed both the 
safety and efficacy of sonolysis with continuous TCCD monitoring using with 
2–4  MHz pulsed-wave ultrasound. Accelerated MCA recanalization rates were 
noted at 6 and 24 hours as compared to the control group (69.2% vs. 7.7% and 92.3 
vs. 61.5%) [63].

35.9  Sonothrombolysis: Limitations

Sonothrombolysis influences the thrombolytic activity of IV-tPA.  However, the 
optimal frequency of therapeutic TCD remains debatable. The temporal bone atten-
uates almost 86% of the currently used 2-MHz ultrasound energy. Insufficient tem-
poral acoustic window leads to an inability of monitoring the intracranial arteries in 
a fair proportion of patients, especially among Asians. Temporal bone window fail-
ure is reported in 8–29% [64, 65]. Hyperostosis is a possible reason for this observa-
tion, especially in elderly females, observed in 6–12% of adult women of all ages 
and in >50% of those more than 60  years of age (compared with only 1% of 
men) [66].

35.10  Conclusion

Sonothrombolysis is a promising treatment approach in acute ischemic stroke 
patients treated with intravenous thrombolysis, due to its portable nature and ease 
of use, especially in the peripheral health centers. Although robust data exist to 
support the efficacy, the conclusive evidence for sonothrombolysis remains 
awaited. A new phase III clinical trial is being planned to use a better designed 
operator- independent headframe. Sonothrombolysis may play a pivotal role for 
AIS patients with distal arterial occlusions, which are not amenable to endovascu-
lar thrombectomy. In other patients, continuous monitoring of the occluded proxi-
mal intracranial artery by TCD may help in an early selection of patients for 
various endovascular interventions. Rapid advancements in the designs of thera-
peutic TCD devices and microbubbles hold promise for establishing a better level 
of recommendation from AHA/ASA and a better future for patients with acute 
ischemic stroke.
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Level of consciousness (GCS)?
Bilateral Pupillary reactivity?
Hemodynamic stability?
Oxygenation?

FAST+
NIHSS?

LKWT (within 3-4.5 hours)?
Clinical History (medications?)

Non-Contrast Brain CT Scan (NCCT)

DIAGNOSIS

ISCHEMIC STROKE

Check INCLUSION and EXCLUSION criteria for
IV Thrombolysis

If Qualified and within  the Therapeutic window
Start IV Thrombolysis (r-TPA). Simultaneously 

Insonate the relevant affected artery and START:

Transcranial Doppler (TCD)
SONOTHROMBOLYSIS

Transtemporal bone Window
(Low frequency Probe)

Middle Cerebral Artery (MCA)
Repeat examination of 

baseline TCD monitoring is 
recommended after 

completition of IV r-TPA and 
at 24 hours.

Other acoustic window may also be used Continuous TCD
If other intracranial artery are occluded Monitoring Should be

Performed for 120 minutes

Screened for the inclusion and exclusion 
criteria for IV thrombolysis. 
Baseline TCD exam should be done.
This would help in establishing the diagnosis 
of steno-occlusive lesion and baseline TIBI 
grade. The baseline examination will also 
help in locating the best acoustic window.

May help in establishing:
- Persistent recanalization
- Partial recanalization
- Re-occlusion

Set the depth of the TCD to the segment of
the vessel with lowest TIBI  

FAST Face-Arm-Speech-Time, NIHSS National Institute of Health Stroke Scale, NCCT Non- 
Contrast Computed Tomography, LKWT Last Know Well Time, ABP Arterial Blood Pressure, 
MCA Middle Cerebral Artery
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Chapter 36
Neurosonology in ICU: Transcranial 
Doppler (TCD/TCCS) and Microemboli 
Detection

Branko Malojcic

Key Points
 1. Cerebral microemboli are small solid or gaseous particles within the blood 

stream travelling towards cerebral arteries. They can be easily detected with 
transcranial Doppler ultrasound.

 2. Cerebral microemboli can be used as a surrogate marker of stroke risk and of 
therapeutic effects in stroke and surgical patients.

 3. Transcranial Doppler (TCD) ultrasound systems with or without probe holders 
for bilateral monitoring provide automatic detection of microembolic signals, 
but to have a reliable and comparable finding, individual training is necessary as 
well as compliance to published standards of insonation.

36.1  Introduction

Cerebral microemboli are small solid or gaseous particles within the blood stream 
travelling towards cerebral arteries. Transcranial Doppler (TCD) ultrasound is used 
to monitor blood flow in the arteries at the base of the brain. Backscatter of ultra-
sound energy from microemboli is higher than the backscatter from normal blood 
particles (mostly erythrocytes), and this transient increase of backscattered energy 
caused by passage of microemboli through ultrasound beam appears as high- 
intensity transient signals (HITSs, or microembolic signals (MESs) used 
interchangeably) within the spectrograms of transcranial Doppler (TCD) ultrasound 
systems (Fig. 36.1).
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From a clinical point of view, microemboli are in most cases asymptomatic, but 
it has been proven in a large number of studies that their number is proportional to 
stroke risk. Microemboli detection might be used to detect probable source of 
stroke, such as from an unstable plaque, a right-to-left shunt or a cardiac source. 
Additionally, it might be used to evaluate the effect of antithrombotic drugs or as to 
monitor invasive procedures (endovascular or surgical).

In order to properly use this tool in daily routine, neurosonologists should be 
trained properly and comply with standards of performing the examination.

36.2  Technical Considerations

A standard setup for HITS detection is bilateral monitoring of blood flow in both 
middle cerebral arteries (MCAs) through transtemporal window using probe holder 
which allows maintaining fixed position of the 2  MHz TCD probes during the 
insonation period. Of course, HITS may be detected with transcranial colour-coded 
sonography (TCCS) probes held in hand and other arteries might be insonated as 
well, such as anterior cerebral (ACA), vertebral (VA) or posterior cerebral arteries 
(PCA), depending on the clinical situation. Also depending on the clinical scenario, 
a patient might be supine or sitting upright and special TCD holters enable monitor-
ing even while a patient is active. To prevent movement artefacts of uncooperative 
patients, temporary sedation might be required.

High Intensity Transient Signals
cm/s

50

0
0

24

Background signal

Flow

Fig. 36.1 Transcranial Doppler ultrasound systems emit and detect ultrasound energy backscat-
tered from blood cells as a background signal within the blood flow spectra (green arrow). Transient 
increases of backscattered energy from solid or gaseous particles are visualized as high-intensity 
transient signal (red arrows) within Doppler spectrograms
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The influence of US system settings on the detectability of MES is extremely 
important, and the setup should be standardized in order to make studies relevant. 
The methodology for detecting MES was established and defined by the International 
Consensus Group on Microembolus Detection in 1997, which suggested that all 
future studies should report microemboli detection protocols uniformly [1]. 
Automated detection protocols can be time saving, but their sensitivity and specific-
ity still fail to meet requirements for routine clinical use.

All of the relevant TCD producing companies offer probe holders (frames) for 
their systems, and system software contains MES detection in the most of standard 
packages. These standard monitoring packages are set up by manufacturers by their 
best experience to discriminate between HITS and artefacts, to count the number of 
HITS automatically and to allow manual offline review of the recordings. However, 
some basic knowledge is mandatory to optimize recordings and interpretation as the 
automatic HITS detection still may overestimate or underestimate the real number 
of events (Fig. 36.2).

Generally, to get the best results, detection threshold should be in range from 3 
to 9 dB. Higher detection thresholds will result in lower sensitivity and higher speci-
ficity of detection. Each system might be calibrated individually against normal 
controls or by interpatient analysis. Another parameter which should be taken care 
of is the axial length of the sample volume. In most cases, it should be between 3 
and 10 mm to optimize measurements of relative intensity increase. For the MCA, 
optimal insonation depth is between 55 and 45 mm as at the depth of terminal inter-
nal carotid artery (ICA) or the syphon turbulence, and bilateral direction of micro-
emboli movement may impede reliability of HITS detection. Gain should be kept 
minimal and standard recording time should be 30 min to 1 h.

Multi-gating can help in HITS detection. If two sample volumes are positioned 
within the same vessel at a distance of at least 5 mm, a time delay between HITS 
appearance in deeper sample (in case of MCA insonation) and shallower sample 
confirms this is an embolus contrary to an artefact which will appear in both depths 
simultaneously. Another useful tool is the power motion mode Doppler (M-mode or 
PMD) signal which covers the full insonation depth of 6 or more cm in steps of 
2 mm and gives information on the direction of blood flow at each 2 mm steps. As 
microemboli move within the blood stream towards (MCA) or from (ACA), the 
probe high power slopes appear within the M-mode traces, while artefacts appear as 
vertical high-power lines (Fig. 36.3).

Microembolic Signals Artefacts

Short (<300ms)

Random (any part of cardiac cycle)

Inside the Doppler-spectrum

Bloop or chirp

Unidirectional

≥3dB
Variable duration

Random

Outside the Doppler-spectrum

No specific sound effects

Bidirectional

Variable (high intensity)
Time length

Appearance

Signal tracing

Sound effects
Direction

Itensity

Fig. 36.2 Differences between microembolic signals and artefacts
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Although distinguishing solid and gaseous emboli is in the focus for many years 
now and double frequency probes may have achieved the best results so far, the reli-
ability of this method is still not fully confirmed. There are even less results in dif-
ferentiation of other microembolic sources such as particles of atheroma or platelet 
aggregates.

As the MES detection protocols require significant time to perform the examina-
tion and to analyse the results, training and experience of neurosonologists is 
required to shorten this commitment as much as possible. Certifications of physi-
cians and sonographers, quality control and continuing medical education can pro-
mote wider use and benefits of MES detection in ultrasound laboratories and ICUs.

36.3  Clinical Applications

36.3.1  Detection of Patent Foramen Ovale

Around 25% of the general population are reported to have patent foramen ovale 
(PFO), and PFO prevalence in young patients with cryptogenic stroke might be even 
higher [2]. Detection of microbubbles within agitated saline with TCD (bubble test) 

Fig. 36.3 The appearance of four consecutive HITS within the spectrum of TCD monitoring of 
MCA blood flow (white arrow). Note the high-power inclined slopes within the M-mode traces 
that correspond to movement of microemboli through different depths of MCA
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is highly specific and sensitive method for PFO detection. Transesophageal echo-
cardiography (TEE), on the other hand, still has the advantage of analysing addi-
tional characteristics of PFO such as its morphology and the existence of atrial 
septal aneurysm. However, as TEE is unpleasant and some patients find it difficult 
to swallow the probe, TCD offers a reliable screening method which will prevent 
unnecessary exposure to TEE.

In the standard protocol, 2 MHz probes are placed on the transtemporal bone 
window and held there with probe holder or manually if only one probe is used. The 
insonation depth should be 50–60 mm. If in doubt, initial monitoring of at least 
20  min should be done to exclude other possible causes of spontaneous emboli 
(such as atrial fibrillation). The patient should be in a supine position with arms put 
horizontally (although a sitting position may be acceptable, and it may provide 
higher sensitivity of the test) [3]. Intravenous line (18- or 20-gauge needle) with a 
short flexible line to a three-way stopcock should be positioned preferably in the 
right cubital vein.

Contrast agent is prepared from saline and air mixture (agitated saline, micro-
bubbles). In one of the two syringes, 9 mL of saline is drawn and 1 mL of air is 
drawn into the other. Both syringes are connected to stopcock to back and forth 
exchange their content for at least 10 times. To increase homogeneity of the mix-
ture, additional 0.5 mL of patient’s blood may be added and mixed with agitated 
saline for a few more times.

Immediately after preparation of the mixture, a bolus injection should follow, 
and in the case of right-to-left shunt is confirmed, HITS will appear in both MCAs 
some 10 s after injection. Permanent shunting is confirmed if HITS appears spon-
taneously. If they do not, the test is repeated asking the patient to perform Valsalva 
manoeuvre (VM) 5–6 s after the injection and to hold it for at least 5–10 s. It is 
advisable to check the correct performance of VM before the preparation of agi-
tated saline. If a patient performs VM adequately, there will be a drop of the MCA 
peak systolic velocity during VM and a compensatory increase immediately 
afterwards.

The result of PFO detection test should be evaluated in terms of the number of 
HITS, delay of their appearance in the MCAs after the injection of microbubbles 
and spontaneous or VM-induced appearance. Relation of the number of HITS to the 
size of right-to-left shunt is shown in Table 36.1 [4]. The size of right-to-left shunt 
doesn’t have to be related to the size of PFO estimated with echocardiography as 
there can be other factors that influence blood flow through the shunt.

Table 36.1 Relation of the number of HITS to the size of right-to-left shunt

Negative result (category I) No HITS

Small PFO (category II) 1–10 HITS
Large PFO (category III) >10 HITS
Curtain effect (category IV) Shower of microbubbles (a single microbubble cannot be 

detected)
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36.3.2  Risk Stratification in Patients with Internal Carotid 
Artery Stenosis

Estimation of the risk from ICA stenosis is getting more important as the new evi-
dence is emerging, which confirms that the surgical treatment is indicated only in 
high-risk patients, while optimal medical therapy may be sufficient even for high- 
grade stenosis if the stroke risk is low. In asymptomatic stenosis, there is a signifi-
cant difference in the number of HITS between 30% and 69% and between 70% and 
99%, although total number of HITS positive findings can be relatively low (3% vs. 
12%, respectively). In symptomatic patients, positive HITS findings are present in 
19% vs. 48%, again a highly significant difference [5]. Presence of HITS rises 
stroke risk up to nine times in both symptomatic and asymptomatic ICA stenosis.

Since the studies on the effectiveness of antiaggregant therapies require large 
patient populations and long observation periods to reach clinical endpoint, detec-
tion of MES has been used as a surrogate marker of therapeutic efficiency. Dual 
antiplatelet therapy significantly reduced the number of MES vs. single antiplatelet 
therapy when it was given early after ischemic event (lower number of MES was 
observed already on the day 1, and on the seventh day, a highly significant differ-
ence in the number of MES was achieved) [6] (Fig. 36.4).

We present here a case of patient which was referred to our department with 
symptomatic in-stent restenosis (recurrent TIAs) 6 months after carotid artery stent-
ing (CAS). At the time of presentation, she was treated with low molecular heparin 
and aspirin. CT angiography and carotid ultrasound confirmed formation of a 
thrombus within the stent lumen. DWI showed foci of restricted diffusion and TCCS 
detected frequent HITS. As both surgical (due to previous ipsilateral endarterec-
tomy) and endovascular (due to fresh thrombotic material) procedures carried high 
risk, we immediately added loading dose of clopidogrel. On the next day, the patient 
was completely symptom free, there were no MESs in 1-h TCD detection, and 
3 days later, CT angiography showed significant regression of stenosis. We believe 
that this case nicely presents how HITS detection may help in clinical judgment, 
how well it relates to DWI positive TIAs and how it can be a surrogate marker of 
therapeutic efficiency.

A question which still remains unanswered is for how long the patients should be 
monitored. Standard procedure, which was used in most of the studies, requires 1 h 
of continuous monitoring. This time frame is challenged by the fact that microem-
boli appear randomly and that the absolute number of MES can be low even in 
longer monitoring periods.
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36.3.3  Monitoring of Invasive Procedures

Surgical and endovascular procedures generate microemboli of thrombotic, gas-
eous, tissue, or surgical material origin. Microemboli reach cerebral circulation 
from direct arterial manipulation or, if PFO is present, from paradoxical embolism. 
As perioperative stroke is one of major concerns in many types of invasive proce-
dures, HITS detection has become one of the strategies to control the quality of 
procedures and to prevent neurological deficit.

Monitoring of carotid endarterectomies detected MES at the time of shunting 
and after clamp release. If the number of MES served as quality control to surgeons 
by making them adjust the operative technique, it has been shown that the risk for 
neurologic complications decreased from 7% to 2% [7].

a b

c d

Fig. 36.4 A patient with aspirin resistance. (a) Carotid duplex and CT angiography show forma-
tion of in-stent thrombus in left ICA. (b) TCCS examination of ICA through submandibular win-
dow detects HITS. (c) DWI imaging reveals zones of signal restriction ipsilateral to in-stent 
thrombosis. (d) Resolution of thrombus in CTA 3 days after initiation of dual antiplatelet therapy
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Our group used HITS detection to compare single and multiple aortic clamping 
during coronary artery bypass grafting (CABG). As the outcome measures, the 
number of HITS and neurocognitive status were evaluated. Data acquisition was 
performed preoperatively, early postoperatively and at the 4-month follow-up. 
Intraoperative HITS monitoring was used to quantify the embolic load in relation to 
different aortic clamping strategies. Single clamping group patients had fewer 
embolization signals (270 ± 181 vs 465 ± 160, p < 0.0001). Early postoperative 
neurocognitive results were depressed in comparison to preoperative values in both 
groups (p < 0.05 for multiple comparisons). The magnitude of this cognitive depres-
sion was greater in the multiple clamping group (p < 0.05 for multiple compari-
sons). In conclusion, the embolic burden was significantly lower in the single 
clamping group. This outcome was translated into fewer early cognition deficits and 
superior late restoration of function [8].

36.3.4  Prognostic Value

A prospective multicentre study of consecutive patients with ischemic stroke and 
occlusion of anterior circulation vessels after successful thrombectomy assessed the 
microemboli by 30 minutes of transcranial Doppler monitoring within 72 hours of 
the last-seen-well time. Major outcomes included mRankin Scale at 90 days and 
infarct volume on head computed tomography at 24  hours. They also assessed 
recurrence of stroke, transient ischemic attack or systemic embolism within 90 days. 
The occurrence of MES was not associated with a significant difference in modified 
Rankin Scale nor in functional independence but predicted new embolic events 
(adjusted Cox hazard ratio, 6.78 [95% CI, 1.63–27.8] P = 0.01) within 90 days [9].

36.4  Conclusion

Although there is a still ongoing debate on the clinical importance of MES, as the 
most of detected signals are asymptomatic, there is sufficient evidence that confirms 
they can be used to stratify stroke risk, define stroke aetiology, monitor invasive 
procedures and confirm therapeutic efficiency of antiaggregant drugs.

Being time demanding, long-term monitoring of surgical or stroke patients 
requires adequately trained ultrasonographers as online analysis significantly 
improves reliability of the results. On the other side, PFO detection with TCD is a 
reliable and sensitive test for right-to-left shunt which can be used in a daily routine 
as it can be done in very short period of time.

There are ongoing trials which will try to confirm clinical significance of HITS 
detection in large number of controlled patients and standardized procedures. Once 
obtained, these results will most probably enable consideration of HITS detection for 
official stroke guidelines, and then, we can expect to have it in all standards of care.
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
• ABCD
• Level of consciousness (GCS)
• Bilateral Pupillary reactivity
• Hemodynamic stability?
• Oxygenation?

DIAGNOSIS

ACUTE ISCHEMIC STROKE (AIS)?
PERMEABLE FORAMEN OVALE (PFO)?

CAROTID STENOSIS (ICA)?

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

Transtemporal Acoustic Window
Middle Cerebral Artery (MCA)

(30 – 60 min)

Suspected or at Risk for Thromboembolism

1. Basic setup
2. Sample size 5-8 mm
3. Gain adjusted
4. Slower sweep speed

5. No envelopes
6. Scale: 100 cm/s
7. Only unidirectional 

signal visible

HITS MONITORING

Automatical Detection Manual Off-line Detection
HITS or ARTIFACT ?

MES Artifact
Time length (<300 ms) Varying duration (shorts)

Intensity (> 3dB) High Intensity
Any part of cardiac cycle Random High Intensity

Inside the Doppler Spectrum Outside of the Doppler Spectrum Unidirectional

Unidirectional Bi-directional Short duration

Sound effect (¨bloop¨..¨chirp¨) No specific sound effect Within Spectra
Acoustic ¨chirp¨

Manual On-line Detection

Patient activity (talking, chewing…) Intervention Phases (balloon dilatation…)

Optimal Medical or Interventional Therapy  

ABCD Airway-Breathing-Circulation-Disability, GCS Glasgow coma Scale, MES Microemboli 
signals, HITS High Intensity Transient Signal
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Chapter 37
Stroke and Right-to-Left Shunt in ICU: 
Role of the Transcranial Doppler  
(TCD/TCCS)

Edoardo Vicenzini and Chiara Izzo

Key Points
 1. Select patients for right-to-left shunt (RLS) diagnosis: cryptogenic stroke/tran-

sient ischemic attack (TIA), symptomatic decompressive signs, and symptoms 
in divers. Being patent foramen ovale very frequent (up to 25–35%) in asymp-
tomatic population, avoid unnecessary screening.

 2. Prepare peripheral elbow vein line for contrast bolus injection.
 3. Set middle cerebral artery monitoring for emboli identification and count with 

transcranial Doppler.
 4. Have an echographic equipment to perform trans-thoracic echocardiography to 

collect data on anatomy and to differentiate cardiac and pulmonary shunts.
 5. Prepare a concise medical report, clearly stating basal and Valsalva maneuver- 

induced entity of the shunt.

37.1  Introduction

The identification of right-to-left shunt (RLS) and patent foramen ovale (PFO) is a 
very frequent question addressed in everyday clinical practice, for neurologists, car-
diologists, and anesthesiologists. As a matter of fact, paradoxical embolism could 
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be responsible for stroke and for signs and symptoms of decompression sickness in 
divers and high altitude pilots.

Transcranial Doppler (TCD), trans-thoracic echocardiography (TTE), and trans- 
esophageal echocardiography (TEE) techniques with first generation contrast 
agents – that is – those agents not able to pass the pulmonary filter – have been 
compared regarding their sensitivity and specificity in the RLS diagnosis [1–3], 
with the following final conclusions: (1) TCD has a very high sensitivity for RLS 
detection, better than TTE, since the capability to detect the emboli is higher; how-
ever, the specificity for PFO diagnosis is lower, considering that in up to 10–15% of 
cases, RLS may be related to extra cardiac passages such as in pulmonary fistulae, 
in which a PFO is not necessarily present; (2) TCD and TEE have similar sensitivity 
for RLS detection, TEE though being invasive with a obviously higher specificity 
for PFO detection and morphological description, it is able to directly visualize the 
interatrial septum; and (3) TTE is a highly specific technique for shunt detection, 
whose major advantage is the ability to detect large RLSs, particularly if associated 
with an atrial septal aneurysm, but with less capacities than TCD to quantify the 
shunt. Consequently, it has been advised that TCD should be nowadays recom-
mended as the first choice examination for RLS screening, because of its simplicity, 
non-invasive character, low cost, and high sensitivity [4].

37.2  Regional Anatomy

The interatrial septum begins to form during the second month of fetal life in different 
steps. At first, the “septum primum” starts to grow from the posterior part of the atria 
and increases in volume and length, but without fully occluding the atria communica-
tion (Fig. 37.1a). This residual opening is called the “ostium primum” and it allows the 
blood to be shunted from the right to the left circulation, thus excluding the immature 
lungs. With the growth of the septum primum – before it completely occludes the atria 
communication – a second hole opens in the inferior part of the septum; this is called 
the “ostium secundum,” and still allows the blood shunting, escaping the pulmonary 
fetal circulation (Fig.  37.1b). Later, anteriorly to the septum primum, the “septum 
secundum” starts growing, leaving a small opening in its lower part, called the “fora-
men ovale,” which may come in continuity with the ostium secundum of the septum 
primum (Fig. 37.1c). Gradually, the septum secundum increases in size and thickness 
and the septum primum becomes a thin membrane, covering with a tiny flap the fora-
men ovale and forming a small valve, opening and closing in relation to the pressure 
gradients in the two atria: a left atrium increase of pressure will determine the closing 
of the communication, while the right atrium pressure increase will open the valve. 
During fetal life, non-active lungs result in higher pulmonary circulation pressure that 
induces the flap to be opened in direction of the left circulation. Finally, when the lungs 
expand at birth, pressure becomes higher in the left heart sections and the valve closes, 
with permanent septa fusion within 2 years in 70–75% of infants (Fig. 37.1d) [5, 6].

Septum development fails are very common, resulting in an atrial septal defect.
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Fig. 37.1 (a–h) Embryogenesis and development of interatrial septum. Septum primum (red) and 
septum secundum (blue), ostium primum (*), ostium secundum (**), and fossa ovale (°). Green 
arrow in E shows the shunt through a “true” patent foramen ovale, in F depicts the shunt through 
the “tunnel” foramen ovale, derived by the lack of fusion between the septum primum and the 
septum secundum. Red dotted lines in G shows the “fenestration” of the flap in the septum secun-
dum and the red bulge in H shows aneurysm of the interatrial septum. Further explanation in the 
text. Legend: RA: right atrium; SVC: superior vena cava; IVC: inferior vena cava; PA: pulmo-
nary veins
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When the persistence of the interatrial communication between the two septa 
occurs at the level of the ostium secundum, the hole being at the overlap with the 
foramen ovale, we refer to a true atrial septum defect and patent foramen ovale (Fig. 
37.1d). More frequently, even though the septa have been formed completely, the 
lack of fusion between the two septa occurs: in this case the foramen ovale may not 
be really “patent” (Fig. 37.1e), but the septum primum continues to act as a one- way 
valve, blocking the flow backwards to the right atrium. When the right atrial pres-
sure overrides the left atrial pressure, blood may shunt from the right to the left 
circulation, through a “tunnel” of variable length, formed by the exceeding part of 
the valve consistent with tiny membrane of the septum primum (Fig. 37.1f). The 
frequency of interatrial communication may reach up to 25–40% of routine heart 
anatomy, even in asymptomatic patients. Another condition of septum discontinuity 
is the presence of one or several fenestrations in the flap of the septum primum cov-
ering the foramen ovale (of the septum secundum) (Fig. 37.1g). The entire septum 
primum flap can also be large and redundant with a higher mobility and bulge 
throughout the two atria, even developing aneurysms of 15–20  mm size (Fig. 
37.1h) [7, 8].

Different defects occur in Down’s syndrome, with the failure of the septum pri-
mum to fuse to the endocardium, thus leaving open the ostium primum. In this case, 
the shunt occurs initially from the left to the right atrium and it may be asymptom-
atic until, over time, pulmonary hypertension and right ventricular hypertrophy 
develop, reversing the shunt again backwards to right atrium (Eisenmenger syn-
drome) [5, 6].

37.3  Right-Left Shunt Diagnosis: Technique

After the first consensus in 2000 on the TCD guidelines for RLS diagnosis [9], sev-
eral recommendations have been published to standardize the methodology and to 
obtain more reliable and sensitive results [10, 11].

37.3.1  Transcranial Doppler

Use standard TCD systems for the RLS detection. The images of this chapter were 
obtained with a DWL/Compumedics MultiDop Digital X equipment and one 2 MHz 
probe fixed with a probe holder (Marc 600, Spencer Technologies), insonating the 
right middle cerebral artery, at the depth of 46–54 mm, in supine position. Multigate 
Doppler with standard presets for emboli detection software was used and Doppler 
spectrum was recorded continuously throughout the examination for the off-line 
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analysis. Acoustic threshold for microembolic signal (MES) identification have 
been set at 9 dB and signals counted both manually and automatically. Literature 
suggests bilateral monitoring to increase emboli detection sensitivity, but since no 
side-differences have been clearly reported, this approach may be more time 
consuming.

Transcranial color-coded duplex sonography (TCCS) machines may also be used 
for this purpose, directly imaging the middle cerebral artery and using the pulsed 
wave (PW)-Doppler. However, some considerations have to be taken into account: 
(1) while with the TCD with the head-frame you obtain a stable signal and you can 
perform all the procedure alone, with the TCCS you will need a second person, one 
for holding the probe and the second for contrast bolus administration; moreover, 
during the Valsalva maneuver (VM) you may have difficulties in holding the probe 
firmly and to keep a stable signal, especially if you are working in emergency set-
tings and the patient is not fully cooperative; (2) TCCS machines usually do not 
allow long Doppler spectra recordings, and using a slow swipe of the spectrum and 
the cine-loop scrolling, modality may reduce the sensibility to individually count 
the MES, especially when the count is performed off-line; (3) TCCS machines are 
not able to perform the “multigate” sampling  – that is  – recording the Doppler 
Signal at two or more different depths – thus neither automatic MES count nor true 
automatic embolus and artifact detection and differentiation is possible (see section 
below on data interpretation); and (4) bilateral and simultaneously monitoring is not 
possible with TCCS.

37.3.2  Contrast Agent Preparation and Administration

Air-saline injections should be performed, according to literature [9, 10], with a 
mixture of saline 9 ml and air 1 ml, rapidly shaken at least ten times through a three- 
way stopcock, and bolus injected into an antecubital vein line, prepared with a 20 
Gauge Venflon with the patient lying down in the bed, and not in upward sit posi-
tion. Choice of right or left arm could vary according to your facilities. If you will 
then plan to perform the TTE, consider the right side preferential, since when the 
patient will be laying on the left side for the TTE, it will be easier to access the right 
arm for the contrast administration. The bolus should be repeated at least three 
times: the first time at rest and another two times followed by a 5” Valsalva maneu-
ver, starting 5″ after the injection, each with a 3–4 minutes interval. The Valsalva 
maneuver is a fundamental step for the RLS identification, since it increases the 
intrathoracic and right heart section pressure, facilitating the right-to-left shunt. 
Hemodynamically, at TCD monitoring, it will result in an initial blood flow veloci-
ties reduction followed by an increase in blood flow velocities that will confirm that 
the Valsalva had been performed correctly [12].
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37.3.2.1  Tips and Pitfalls for Contrast Preparation and Injection

Air-saline contrast shaking [13] should be done directly at the arm, connecting the 
syringes to the stop cock screwed to the Venflon. To prevent vein traumatism from 
the repeated shaking in the unavoidable uncomfortable operator position, you can 
use the small connection tubes available in the market. To avoid casual disconnec-
tion of the syringes from the stop cock, you can use one or two Luer-Lock syringes, 
with the locking screw edge connected to the freeways of the stop cock.

Guidelines also suggest adding 1 ml of fresh blood, retrieved from the patient’s 
line just before the solution shaking, to obtain a more stable “foam.” Even though 
no contraindications or side effects have been reported with this approach, we tend 
to consider it less hygienic and less practical, both for the blood manipulation dur-
ing the shaking, as well as for the possible disconnection of the syringe from the 
stop cock with the result to have very low hygienic results.

37.3.2.2  Contrast Preparation with Air-Gelatin Solutions

To achieve a better visualization of the right heart chambers during echocardiogra-
phy cardiologists also are used to add gelatins – plasma expanders – to prepare the 
air-saline mixture, thus obtaining a more dense and stable preparation than air- 
saline alone [14–16]. The concept is similar to that of the blood addition. The air- 
gelatin mixture preparation at the bedside is faster, much easier and already stable 
after three shakes through the stopcock, with the result of a long-lasting contrast 
agent, preserving the principal air-saline characteristics meant for the PFO diagno-
sis with TCD, that is, not to pass the pulmonary filter. In echocardiography, it has 
been indeed demonstrated as superior, with a higher sensitivity in respect to air- 
saline, for the visual identification of the shunt in PFO [15, 16]. Our group also has 
recently published data on the increase of RLS sensitivity with TCD and air-gelatin 
mixture at rest, even in patients in whom air-saline mixture fails to identify the shunt 
[17]. Several concentrations of gelatins can be added to the solution, up to a total 
gelatin-air mixture, better results being obtained with saline 8 ml, gelatin 1 ml, and 
air 1 ml.

37.3.3  Transcranial Color-Coded Duplex Sonography (TCCS)

Approach the transtemporal insonation with a sector array probe (2–3.5 MHz) and 
specific TCCS imaging presets. Images presented in this review have been obtained 
with a Siemens S2000 apparatus. Focus on the middle cerebral artery segment 
adapting the sample volume without the need of reducing it as much as possible and 
reducing the swipe of the Doppler spectrum, to have the visualization of at least 
5–6 seconds on the screen during freeze.
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37.3.4  Trans-Thoracic Echocardiography

Use the cardiac sector array probe (2–3.5 MHz) in B-Mode with four chambers 
projection. Use long clips (60–90″) to obtain the overall view of the procedure. 
Images presented in this review have been obtained with a Siemens S2000 appara-
tus with specific cardiac settings.

37.3.5  Data Interpretation

In the middle cerebral artery Doppler spectrum, the small microbubbles escaping 
the pulmonary filter will strongly reflect the ultrasound beam with a very high fre-
quency and intensity signal deriving from high ultrasound reflection and burst of the 
bubbles. These can be easily displayed and recognized for the typical sound as 
“high intensity transient signals – HITS,” referred to as “chirps” or “microembolic 
signals – MES.” They are visualized as white spots in the Doppler spectrum and as 
“comma-shaped” signals in the power-M-Mode, displaying the multigate Doppler 
shift of the different depths on a single line – as the M-Mode in the heart – but 
according to the red-blue direction color coding (Fig. 37.2).

According to literature [9, 10, 18–20], to achieve the highest sensitivity and 
specificity for considering TCD positive for a PFO-related RLS, at least 1 MES had 
to be detected within 40 seconds or sooner after the start of injection. Later MES 
were interpreted as of possible extracardiac origin. With air-saline, RLS was graded 
counting the number of MES: (a) 0; (b) 1–10; (c) >10, countable with shower effect; 
and d) curtain effect with too numerous MES for a single identification [10]. 
Consider the count per side when applying bilateral monitoring. Figure 37.2 reports 
the TCD images during basal and after Valsalva maneuver and with the different 
shunt entity (see Figure legend for explanation).

MES can be easily differentiated from artifacts on Doppler spectrum, generally 
provoked by movements of the patient or for the ultrasound gel “crackling” under 
the probe, since the multigate insonation allows the identification of the same acous-
tic wave originating from the embolus in two different times, earlier on deeper sam-
ple volumes and then moving later to more superficial depths (Fig. 37.3a). In power 
M-Mode imaging, displaying the Doppler shift of different depths on a single line 
according to the red-blue direction color-coding, this will cause a “comma-“shaped 
signal, appearing first at higher depths and then moving along the vessels course 
(Fig. 37.2). On the other hand, artifacts have a straight appearance throughout the 
power-M mode scan (Fig. 37.3b,c), allowing the systems to automatically consider 
it an artifact and reject it from the embolus count. However, in RLS TCD examina-
tion, automatic count has less importance than their direct recognition, since the 
time of execution of the exam is very short and different from that of the long- 
lasting sessions for MES monitoring in other diseases.
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Data could also be identified with TCCS (Fig. 37.4), but in considering that the 
multi-gate options to differentiate emboli from artifacts will not be available and 
that – generally – ultrasound machines allow recording of only short Doppler spec-
tra. However, experienced examiners will easily recognize artifact signals from 
those of the true emboli. Moreover, as stated above, while examinations with TCD 
and helmet probe holder could be carried on by a single examiner, TCCS will 
require instead a second person, one for holding the probe and the second to per-
form the contrast bolus.

a a1

c c1

b b1

d d1

Fig. 37.2 TCD right-to-left shunt identification and severity grading. Left side, basal condition: 
Absent (a): 0 embolic signals. Light (b): 1-10 embolic signals. Moderate (c): > 10 embolic Signals, 
countable and with “shower” effect. Severe (d): massive shunt (>30 MES) with MES uncountable. 
Right side, Valsalva maneuver: Absent (a1): 0 embolic signals. Light (b1): 1-10 embolic signals. 
Moderate (c1): > 10 embolic Signals, countable and with “shower” effect. Severe (d1): massive 
shunt (>30 MES) with “curtain” effect (MES uncountable). In the Power M-Mode, note the 
“comma-shaped” signal referred to the embolus (see text)
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TTE can be interpreted on digital clips of 90–120 seconds, recorded during the 
contrasts administrations. With some manual skills, a single operator could perform 
both TTE and contrast agent administration, though cooperation of a second person 
is advisable. Cardiac RLS originating from the patent foramen ovale can be diag-
nosed when the shunt is directly visualized from the interatrial septum or when the 

a

c

b

Fig. 37.3 TCD differentiation of emboli and artifacts: note the signal progression when visualized 
as sound waves (a, green lines), and the straight appearance in the power M-Mode of the artifacts 
(b, green circle, c), compared with the “comma-shaped” signal of the true emboli in Fig. 37.2
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bubbles are visualized in the left heart sections within the third (fourth in case of 
bradycardia) heartbeat after contrast arrival in the right heart chambers (Fig. 37.5a). 
Later shunts, detected from the left side of the left atrium and originating from the 
pulmonary veins, are considered related to pulmonary passage (Fig. 37.5b). It has to 
be noticed that the Valsalva maneuver, when performed correctly with a deep inspi-
ration, may hamper the heart visualization, thus missing the first heartbeats after 
contrast arrival, reducing sensibility to detect shunts only after the Valsalva 
maneuver.

Fig. 37.4 Example of TCCS with saline to RLS identification, detected only after Valsalva maneu-
ver: (1) basal; (2) Valsalva maneuver. MES are identical to those observed with TCD on the 
Doppler spectrum, but with short monitoring time and lack of power M-Mode
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Fig. 37.5 Trans-thoracic echocardiography to discriminate cardiac and pulmonary shunt. TTE 
shows the passage of the microbubbles within the 3rd heart beat from contrast arrival in the right 
heart section in PFO, and later when arising from pulmonary veins and pulmonary fistulae Note 
the different origin of the bubble jet in the PFO (1), from right atrium, in respect to the pulmonary 
shunt (2), clearly originating from the pulmonary veins
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As regards to the sensitivity increase for RLS detection with TCD and air-gelatin 
solution, we have observed that in patients with RLS only after VM, air gelatin may 
facilitate and reveal the shunt even in basal conditions, even in patients in whom 
air-saline mixture gives negative basal results. This could be helpful in emergency 
settings and in uncooperative patients unable to perform correctly the VM [17] 
(Fig. 37.6).

37.4  Usefulness of the Clinical Study

Transcranial Doppler with saline contrast agents is the easiest and non-invasive way 
to identify RLS, and it is up-to-date considered the first-line screening test. However, 
being an interatrial communication present – and asymptomatic – in up to 35–40% 
of the world population, it is crucial to select those patients in whom to explore the 
RLS presence and in whom its casual identification will change the medical 
follow-up.

Multiple studies have reported a significant association – up to 45% – between 
migraine, particularly with aura, and the presence of patent foramen ovale [21–23]. 
It had been indeed hypothesized that peripheral circulation neurotransmitters shunt 
through the PFO without pulmonary passage as well as the recurrence of microem-
bolism could trigger spreading depression in migraine. However, the role of PFO in 

a a1

b b1

Fig. 37.6 Right-to-left shunt detection with saline (a) and gelofusine (b) air-mixed contrast 
agents. With the saline alone, patient shows no shunt in basal condition (a) and light shunt after 
VM (a1). Contrast preparation with gelofusine 1 ml reveals instead the shunt also in basal condition 
(b), markedly increased after the VM (b1). Thus, in uncooperative patients and emergency settings, 
gelofusine-air contrast could be helpful to reveal the shunt already in basal conditions and without 
the need of VM
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migraine remains poorly understood and recent results have clearly shown no ben-
efits from its closure and migraine symptoms [24, 25]. Consequently, investigating 
PFO routinely in migraine seems to be useless, even from the subsequent migraine 
management. The white matter abnormalities commonly observed in migraine does 
not appear to be related to repeated embolism and the association of migraine symp-
toms with cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL) – a hereditary microangiopathy caused by muta-
tion in the Notch3 gene – suggesting the presence of an intrinsic cerebral endothe-
lial vulnerability and susceptibility in migraine states, that could be responsible 
both for clinically apparent stroke or “silent” white matter disease.

The association of cryptogenic stroke and PFO has been largely debated in clini-
cal trials. Except the cases in whom the paradoxical embolism is evident for the 
detection of the peripheral embolic source and the temporal correlation with the 
stroke onset, studies on PFO closure and stroke risk reduction are controversial, 
with up to now three published studies showing negative effects [26–28] and three 
showing positive effects [29–31]. It is true that PFO may be considered as an 
embolic source per se, even causing cardiac arrhythmias when associated to inter-
atrial aneurism, but when it is isolated the causality of the ischemic event with PFO 
have to be considered cautiously. Other comorbidities and other vascular risk fac-
tors, such as the presence of an altered hypercoagulable state, should be taken into 
account to identify the cause and the source of the embolus that crossed the septum 
to reach the brain and the peripheral arterial circulation. However, PFO should be 
investigated in patients with TIA and stroke in the young and in cryptogenic stroke.

The presence of RLS is on the other hand strongly associated to decompressive 
sickness (DCS) in divers with neurological, inner ear, and cutaneous forms [32–38]. 
In this case the gaseous emboli arising in the peripheral venous circulation represent 
our peripheral embolic source. This suggests that RLS identification should be 
always investigated in divers after DCS, excluding musculoskeletal and atypical 
localizations. However, recent evidences show that RLS identification is not a reli-
able predictor of DCS occurrence [39], thus limiting the value of RLS screening 
before DCS had occurred. On the other hand, residual shunt identification after PFO 
closure may be important to understand which already symptomatic DCS subjects 
may be declared able to dive again [39].

As regards to the long distance flights, the “economy class syndrome” has been 
defined to describe the risk of pulmonary embolism during air travelling, with an 
increased risk, up to 150 fold, in those who travel by air for more than 5000 km or 
spend approximately 6 hours or more in flight [40]. Up to 10% of healthy air travel-
ers develop indeed deep vein thrombosis without clinical symptoms after long 
flights [41]. Matching the information that PFO is highly prevalent in the normal 
population and this high frequency of asymptomatic deep vein thrombosis, it is 
reasonable to hypothesize that among long distance travelers there could be and 
increased PFO-related stroke risk. This has been described in literature as the 
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“economy class stroke” [42–44], especially in patients with other vascular risk fac-
tors and susceptibility to thrombotic state. Again, the idea to perform RLS mass 
screening in those who are supposed to travel long distance flights is not advisable, 
but it may be strongly recommended that the preventive strategies for avoiding deep 
vein thrombosis should be observed, with correct leg exercise during the flight and, 
eventually, short-term ASA premedication.

37.5  Complications

No side effects have been reported in literature from the procedure using air-saline 
contrast solution, nor in our series of patients using air-gelatins solutions. A case of 
anaphylaxis – periorbital edema – to gelatins has been described in literature during 
echocardiography with gelatins [45], though with a single bolus of 8 ml of gelo-
fusine, expression of already described allergy to plasma expanders [46, 47].

37.6  Conclusion

PFO with paradoxical RLS may be related to several neurovascular injures. TCD 
with saline contrast agents is nowadays the first-line examination to investigate and 
detect the RLS, to be evaluated also with echocardiography – considering trans- 
esophageal when mechanical closure becomes the treatment option. Since up to one 
fourth of the world’s population may have PFO, it is crucial to identify those sub-
jects in whom it should be investigated and in whom it really had become symptom-
atic, in order not to overdiagnose a paraphysiological condition. The question still 
to be cleared is: “If PFO opens a “back-door” for clots to go to the brain, where do 
these clots come from?” Biomarkers of embolic risk as well as not yet completely 
identified hypercoagulable and thrombophilic conditions identification, will help in 
the definition of the patient “at true risk” of paradoxical embolism in PFO presence.
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 Algorithm

INTENSIVE CARE UNIT (ICU)

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)?
Bilateral Pupillary Reactivity
Hemodynamic Stability?
Oxygenation?

NEUROLOGICAL
Signos and Symptoms

Cryptogenic Stroke suspected?
TIA suspected?

Decompressive Sickness? (Divers)
Travel by Air (Flight ≥ 6 Hrs.) ?

Hypercoagulable Status?
Thrombophilic Status?

Right-to-Left Shunt (RLS)?
Patent Foramen Ovale suspected (PFO)?

TCCS TCD
1. US Probe as for cardiac US imaging, but with specific settings 1. Low-Frequency, specific TCD Probes (2 MHz)
2. Middle Cerebral Artery (MCA) monitoring 2. Middle Cerebral Artery (MCA) monitoring
3. Supine position of the patient 3. Supine position of the patient

4. Probe Holder available4. Does not allow a probe holder
5. Two operators needed 5. One operator may be enough, with the probe holder
6. Does not allow Doppler Multigating sampling 6. Insonation Depth (45-50 mm) with multigating

sampling, useful to discard artifacts
7. Allows long Doppler Spectrum recording also for long 

monitoring and offline analysis
8. Allow bilateral MCAs simultaneous monitoring 

7. Does not allow long Doppler Spectrum recording (7-8 sec)
8. Not allow bilateral simultaneous monitoring 

Contrast Agent Preparation & Administration

AIR-SALINE Mixture
[ Saline 9 ml + air 1 ml] or [Saline 8 ml + Fresh blood 1 ml + air 1 ml]

1. Shake with 3-way stopcock at least ten times (10 times)
AIR-SALINE-GELATIN

Mixture
2. Bolus inject in anterocubital vein through a 20 G venflon
3. If plan to perform TTE: consider RIGHT ARM venous line

(saline 8 ml + air 1 ml +
+ gelatin 1 ml)

4. Bolus repeated three times; 1st at rest; another two times
followed by a 5 sec. Valsalva maneuver, starting 5 sec. after the
Injection, each with a 3-4 minutes interval.Shake at least three times 

for a stable solution

High Intensity Transient Signals (HITS)
(Referred to as ¨Chirps¨ or MES)

IMPORTANT
MES >> Detected within 40 seconds or sooner after the start of

injection, if later MES were interpreted as possible extracardiac origin. 

Alternative Contrast
Agent Preparation
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Chapter 38
Neuro-Orbital Ultrasound: Ocular  
Color- Coded Duplex Sonography (OCCS)

Camilo N. Rodríguez, Milija Mijajlovic, and Juan Diego Ciro

Key Points
 1. Ocular color-coded duplex sonography (OCCS) is a noninvasive technique with 

high potential for diagnosis of pathologies associated with raised intracranial 
pressure and cerebral vascular alterations.

 2. The ultrasound equipment should be adjusted for orbital sonography according 
to the ALARA principle. The examination time should be less than a minute for 
each eye.

 3. The Spectral-Doppler waveform analysis of the orbital vessels (OA and CRA) is 
very important for the interpretation in the alteration of the flow patterns 
(PSV/MFV).

 4. During the interpretation of the results, consider the trend of the measurements 
is very important to correctly interpret the results obtained, not the absolute val-
ues alone.

 5. ONSD had a strong correlation with ETD, and ONSD/ ETD index might provide 
more reliable data than ONSD itself as a marker of ICP.

C. N. Rodríguez (*) 
Intensive Care Medicine, Hospital Nacional Prof. Dr. A. Posadas, University of Buenos Aires 
(UBA), Neurointensive Care Section - ESICM, Neurointensive Care Section - AMCI, 
Neurointensive Care Committee - FEPIMCTI. Member of ESNCH, Buenos Aires, Argentina
e-mail: camilo.rodriguez@nesccco.com 

M. Mijajlovic 
Clinical Case Reports Journal, EAN Neurosonology Scientific Panel, Neurology Clinic, 
Clinical Center of Serbia, Faculty of Medicine, University of Belgrade, Belgrade, Serbia

Member At-Large - ESNCH, Oslo, Norway 

J. D. Ciro 
Anesthesiology – Intensive Care Medicine, ICU Department, Clínica Las Américas, 
Medellin, Colombia 

Neurointensive Care Section – AMCI, Bogotá, Colombia

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81419-9_38&domain=pdf
https://doi.org/10.1007/978-3-030-81419-9_38#DOI
mailto:camilo.rodriguez@nesccco.com


640

 6. Papilledema (there is disagreement about the optimal cutoff for this distance) 
and optic nerve sheath diameter (ONSD) should be integrated at the time to be 
interpreted it.

38.1  Introduction

Ocular color-coded duplex sonography (OCCS) is a noninvasive technique with 
high potential for diagnosis in the diseases with raised intracranial pressure (ICP) 
and vascular diseases affecting the eye in a wide range of neurological disorders. 
Among the main applications of OCCS are the following two factors:

 1. Bed side estimation of ICP
 2. Evaluation of the ophthalmic and central retinal arteries blood flow velocities

The high rate of reproducibility and the easy documentation of the ultrasound 
(US) results make it a very convincing technique and a very valuable tool to guide 
clinical decisions in real time.

Ocular color-coded duplex sonography (OCCS) is a noninvasive technique with 
high potential for diagnosis of pathologies associated with raised ICP and cerebral 
hemodynamic alterations.

38.2  Neuro-Vascular Orbital Anatomy

The most clinically relevant orbital anatomic structures for OCCS are as follows 
(Figs. 38.1 and 38.2):

a b

Fig. 38.1 (a) Schema: Anatomy of the Intraocular vessels and Optic Nerve, Upper visión of right 
orbit; (1) Optic Chiasma, (2) Internal Carotid Artery, (3) Optic Nerve, (4) Ophthalmic Artery, (5) 
Central retinal Artery, (6) Eyeball, (7) Cribiform sheet of etmoid bone and (8) Lacrimal gland. (b) 
Schema: Anatomy of thr Intraocular vessels and Optic Nerve, Lateral vision of right orbit; (1) Internal 
carotid artery, (2) Ophthalmic artery, (3) Central retinal artery, (4) Optic Nerve, (5) Vitreous body

C. N. Rodríguez et al.
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 1. Pupil
 2. Eye globe
 3. Papilla
 4. Optical nerve (ON)
 5. Intraorbital vessels (central retinal artery (CRA)/ophthalmic artery (OA)/poste-

rior ciliary artery)

38.2.1  Pupil

Assessment of pupillary shape, size, and pupillary light reflex (PLR) is a standard 
diagnostic procedure in the intensive care unit (ICU) and emergency room (ER) and 
is an important part of the basic neurological examinations. Clinical examination of 
pupillary function typically includes estimation of pupillary diameters and its 
response to light stimulus [1].

38.2.2  Papilla (Optical Disc)

The papilla (optical disc) is the origin of the ON and has a diameter of around 
1.5 mm [2].The central retinal artery and vein run through the papilla. Intracranial 
hypertension leads to episodes of papillary swelling (papilledema) as an estima-
tion of ICP.

a b

Fig. 38.2 OCCS: Axial (Transverse) B-Mode ultrasound image that shows normal anatomy of ocu-
lar structures; (a) (1) Anterior chamber, (2) Lens and (3) Vitreous body; (b) (3) Vitreous body (bul-
bus), (4) Optic nerve sheath complex and (5) Retrobulbar fat. (Courtesy: Jiménez Aragón et al. [32])
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38.2.3  Optic Nerve (ON)

The length of the ON is 4 cm, where the intraorbital portion is 2.5 cm. The ON is 
sheathed by the optic nerve sheath (conformed by three sheets: dura mater, sub-
arachnoid, and pia mater). The optic nerve sheath communicates with the subarach-
noidal space of the brain. The optic nerve sheath diameter is 5–7 mm and could 
differ between right and left eye [2] (Fig. 38.1).

38.2.4  Intraorbital Vessels

The two most clinically relevant intraorbital vessels are as follows:

 1. The ophthalmic artery (OA): First branch of the internal carotid artery (ICA) 
located within the inferolateral area of the OA

 2. The central retinal artery (CRA): First branch of the OA
Both arteries can be approached with OCCS in the posterior pole of the eye-

ball (Fig. 38.1).

38.3  OCCS: Ultrasound Protocol

For a pragmatic and complete OCCS study, we suggest the following technique and 
approach:

38.3.1  General Approach: Steps of the Procedure

38.3.1.1  Probe Selection

Linear array transducer (6–12 MHz)

38.3.1.2  Patient Positioning

Place patient in supine position (head at 30° aligned with the body) with both of 
their eyelids closed. Apply sufficient gel on the eyelids to examine. We recommend 
covering the eye with a transparent dressing to avoid corneal irritation [3].

C. N. Rodríguez et al.
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38.3.1.3  Ultrasound Machine Setting: (Safety Procedure)

We strongly recommend using the prespecified orbital setting available in the ultra-
sound machine to ensure a safe procedure for the patient [4].

• Mechanical Index (MI): < 0.23
• Thermal Index (TI): < 0.2

38.3.1.4  Operator/Probe Positioning

The operator could be positioned to the right, left, or behind the patient’s head with 
the ultrasound machine in front of the examiner. The probe should be held with one 
hand placing the heel of the hand on the skull of the patient to avoid applying pres-
sure on the eyeball. Place the probe on the temporal part of the closed upper eyelid 
in an oropharygeal direction.

38.3.1.5  Examination

Both eyes must be examined. Locate the complete eye globe and the proximal por-
tion of the ON in the center of the screen and freeze the image to make the corre-
sponding measurements [reduce insonation time – as low as reasonably achievable 
(ALARA) principle] [4, 5].

Freeze the image and elevate the transducer from the eye to reduce insonation time.
Remember that in those patients with the Bell’s phenomenon (an upward and 

outward movement of the eye), the ON might look curved.

38.3.1.6  Documentation Data

Record the data obtained from both eyes in the clinical notes. Analyze the data 
obtained within the clinical context of the patient. Document measurement trends.

38.4  OCCS: Safety Aspects

The ultrasound settings should be adjusted for orbital sonography, following the as 
low as reasonably achievable (ALARA) principle. The main biological adverse 
effects would be cavitation and temperature increase [4–6] (Table 38.1).

38 Neuro-Orbital Ultrasound: Ocular Color-Coded Duplex Sonography (OCCS)
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38.5  OCCS: Optic Nerve Sheath Diameter (ONSD)

Patients with acute neurological injury are expected to show dynamic ICP changes. 
Prompt recognition and treatment are necessary to prevent long-term neurological 
deficits, knowing the changes and trends of the ICP in real-time (goal ICP 
<22 mmHg) [7] in the ICU and emergency department (ED), allowing physicians to 
make therapeutic decisions to maintain adequate cerebral oxygen delivery and cere-
bral blood flow (CBF) [8, 9].

Invasive ICP monitors remain the gold standard in ICU patients (intraventricular 
devices), but may not always be available and/or feasible (e.g., coagulopathy, 
thrombocytopenia, neurosurgical access limited, etc.).

Measurement of optic nerve sheath diameter (ONSD) is a noninvasive bedside 
cost-effective alternative tool, which makes it an alternative of great value to esti-
mate and monitor the ICP changes trends.

The utility of transbulbar ultrasound by B-Mode of the optic nerve (as alternative 
approach) for estimating raised ICP in patients requiring neurocritical care has been 
demonstrated [8, 10]. Moreover, such technique has been characterized as having a 
high intra- and interobserver reliability [11–13].

The cut-off values for ONSD correlating to elevated ICP should be established 
and standardized for diverse subgroups of patients, based on age, gender, and clini-
cal condition. OCCS may not be appropriate in certain clinical situations such as 
local surgical wounds and anatomical alterations of the orbit due to trauma (e.g., 
head and facial trauma) [14].

38.5.1  ONSD: Steps of the Procedure

38.5.1.1  Machine Setting: (Safety Procedure)

• Mechanical Index (MI): < 0.23
• Thermal Index (TI): < 0.2

Table 38.1 Safe Orbital Color-Coded Sonography (OCCS)

Values to monitor
Suggested 
value Biological effects

Mechanical Index value (MI) 0–1.0 
(<0.23)

Cavitation (formation/activity of gas filled 
bubbles)

Thermal Index value (TIS) 0–0.3 (<0.2) Temperature Rise
ISPTA (Spatial-peak 
temporal-average intensity)

<17 mW/
cm3

Power/Intensity (increase with frequency, 
exposure duration and pulse repetition frequency)

Examination Time: Less than a minute for each aye

For certain clinical situations, (e.g.,color Doppler) we can increase the power beyond these limits 
(MI, TIS, ISPTA) for a short time

C. N. Rodríguez et al.
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38.5.1.2  Examination

Both eyes must be examined. Identify the eye globe in full and position of the proxi-
mal portion of the ON in the center of the screen (less than 1 minute per eye). Then, 
proceed to freeze the image for the corresponding measurements (reduce insonation 
time – ALARA principle) [5].

B-Mode

The ON is detected as a retrobulbar hypoechoic structure surrounded by retrobulbar 
fat (hyperchoic). Then, the ONSD is measured 3 mm behind the papilla (Fig. 38.3a,b).

Measurements: B-Mode Ultrasound [13]

• Ultrasound depth: 4 cm
• Machine setting: Freeze and store de image
• Measured: Both eyes.
• Measuring planes: Sagittal plane (M1) and Axial (Transverse) plane (M2) 

(Eq. 38.1; Fig. 38.4).

 
ONSD = +( ) + +( ) M M RE M M LE1 2 1 2 4/

 
(38.1)

(RE: Right Eye/LE: Left Eye)

ONSD ONSD

ONON

B-Mode

a b
P

ICP > 22 mmHg

C.N.Rodriguez 2019

Fig. 38.3 (a) Schema: Anatomy of ONSD; (ON) Optic nerve, (ONSD) Optic nerve sheath diam-
eter, (Green arrow) ICP rise; (b) Orbital Ultrasound: (Green Line) Distance between papilla and 
measurement sector of the ONSD, (Yellow line) ONSD measurement
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38.5.1.3  Documentation

The ONSD should be documented for each eye separately. Remember, you must 
freeze the screen before taking the measurements.

• ONSD cut-off value: <5 mm [15, 16]
• ONSD right eye: M1 and M2 planes
• ONSD left eye: M1 and M2 planes
• Mechanical Index
• Thermal Index

38.5.1.4  Interpretation:

Estimate the dynamic changes in ICP (real time). Compare both eyes over time and 
document the values trends. Consider the clinical context of the critically ill 
patient [17].

The ONSD is a highly accurate noninvasive technique for the detection of intra-
cranial hypertension (invasive ICP >22 mmHg) [7]. A diameter of 5.7–6.0 mm cor-
responds well with symptomatically increased ICP (>20 cmH2O) [23]. This 
technique can be performed by intensivists at the bedside, using point-of-care ultra-
sound (POCUS) machines that are already widely available [18].

38.5.2  ONSD: Utility in Other Clinical Contexts

38.5.2.1  Hyponatremia

Hyponatremia (<135 mEq/L) is the most common electrolyte disorder in the neuro- 
ICU, occurring in 30% of patients with subarachnoid hemorrhage (SAH) and may 
be associated with cerebral edema.

Fig. 38.4 ONSD 
Approach: Measuring 
planes; (M1) Sagittal 
plane, (M2) Axial 
(Transverse) plane, (1) 
Upper eyelid and (2) 
Lower eyelid

C. N. Rodríguez et al.
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The patient with symptomatic hyponatremia may suffer changes in the ONSD 
most commonly than asymptomatic patients. Therefore, variations in the ONSD 
results (increase) appear to reflect consistent with intracranial pressure (ICP) and 
serum sodium changes [33].

38.5.2.2  Cerebral Venous Thrombosis

Cerebral venous thrombosis (CVT), difficult to diagnose, is a rare presentation form 
of stroke carrying high mortality and morbidity. Then, a change in ICP is to be 
expected (raise). Therefore, the changes in the size of the papilla (papilledema) 
could be reflect this ICP variations [34].

38.5.2.3  Spontaneous Intracranial Hypotension (SIH)

Spontaneous intracranial hypotension (SIH) is an recognized neurologic syndrome 
commonly caused by cerebrospinal fluid (CSF) leakage, where the hallmark symp-
tom is orthostatic headache. OCCS is a simple, costeffective, non-invasive, and 
repeatable diagnostic tool that would aid in diagnosis, follow-up, and understanding 
of the pathophysiology of SIH would be useful, through optic nerve sheath diameter 
(ONSD) measurement during changes position of the patient [38].

38.6  OSSC: Examination of the Papilla

Patients with acute neurological injury are expected to show dynamic changes of 
the ICP (raise). The ultrasound of the papilla (papilledema) may be useful to detect 
acute increases in ICP.

38.6.1  Papilla: Steps of the Procedure

38.6.1.1  Machine Setting: (Safety Procedure)

• Mechanical Index (MI): < 0.23
• Thermal Index (TI): < 0.2

38 Neuro-Orbital Ultrasound: Ocular Color-Coded Duplex Sonography (OCCS)



648

38.6.1.2  Examination

Both eyes must be examined. Identify the bulbus (Hypoechoic) in the center of the 
screen (less than 1 minute per eye). Then, proceed to freeze the image for the cor-
responding measurements (reduce insonation time – ALARA principle) [5].

B-Mode

The origin of the ON could serve as a landmark. Optimizing the image (zoom), the 
plane with the maximum papilla elevation is selected and freeze. We recommend 
marking it with a circle (surrounding the bulbus) which allow definition of papilla 
position (Fig. 38.5a). This maneuver allows measurement the distance between the 
circle and papilla prominence.

Measurements: B-Mode Ultrasound

• Ultrasound depth: 4 cm
• Machine setting: Freeze and store de image

a b

Fig. 38.5 OCCS: B-Mode Ultrasound of the papilla through Axial (transverse) plane: (a) (1) 
Optic nerve, (2) Bulbus (eyeball), (Dotted line) circle to define the papilla, (P) Papilla prominence 
(papilledema) and (yellow line) Distance between the circle and papilla prominence; (b) (1) Optic 
nerve, (2) Bulbus (eyeball) and (arrow) Papilla prominence (papilledema)

C. N. Rodríguez et al.



649

• Measured: Optic disc edema in both eyes
• Measuring planes: Axial (transverse)

38.6.1.3  Documentation

The papilla should be documented for each eye separately. Remember, you must 
freeze the screen before taking the measurements. The method is optimal to esti-
mate the ICP and control the therapeutic effects through measurement of the promi-
nence of the papilledema. Measure and document together with the ONSD 
measurement [35–37].

• Probe: Linear probe MHz
• Papilla prominence cut-off value: < 0.5 mm
• (disagreement about the optimal cutoff)
• Papilla prominence right eye: Axial plane (Transverse) (Fig. 38.5b)
• Papilla prominence left eye: Axial plane (Transverse)
• ONSD right eye
• ONSD left eye
• Mechanical Index
• Thermal Index

38.6.1.4  Interpretation

• Papilledema: Papilledema refers to edema of the retinal disc caused by elevated 
ICP. Ultrasound can detect papilledema.

 – Caution: The changes of the papilla may be slower than ONSD. Papilledema 
can take some time to develop (once acute ICP has raised acutely) and restore 
it (once therapy was installed).

• Pseudopapilledema: Refers to anything causing optic nerve edema other than 
ICP elevation.

 – Inflammation: This is often unilateral, which may help differentiate it from 
papilledema (optic neuritis, systemic lupus erythematosus, etc.).

 – Optic disc drusen: These are essentially bits of calcium within the optic disc.

Papilledema (there is disagreement about the optimal cutoff for this distance) 
and optic nerve sheath diameter (ONSD) should be integrated at the time to be inter-
preted it (Table 38.2).

38 Neuro-Orbital Ultrasound: Ocular Color-Coded Duplex Sonography (OCCS)
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38.7  OCCS: ONSD/ETD Index

The OSND/Eye Globe Transverse Diameter (ETD) Index approach may be a com-
plementary tool to estimate an acute raise of ICP in the critically ill patient [26] 
(Eq. 38.2).

A large number of studies tested the utility of optic nerve sheath diameter 
(ONSD) measured by US to predict intracranial hypertension [17, 27]. But the iso-
lated measurement of the ONSD may present some limitations for its correct inter-
pretation as surrogate of an acute raise of the ICP [28].

 
ONSD ETDIndex/ /= ( ) ( )ONSD mm ETD mm

 
(38.2)

38.7.1  ONSD/ETD Index Approach

38.7.1.1  Machine Setting: (Safety Procedure)

• Mechanical Index (MI): < 0.23
• Thermal Index (TI): < 0.2

38.7.1.2  Examination

Bilateral examination is recommended. Locate the complete eyeball and the proxi-
mal portion of the ON in the center of the screen and freeze the image to make the 
corresponding measurements (reduce insonation time – ALARA principle) [5, 26].

B-Mode

The eye globe is detected as a hypoechoic-rounded structure in the middle of the 
screen. The simultaneous appearance of lens and optic nerve meant that the ultra-
sound probe was on the best plane.

The ONSD (hyperechoic structure) is measured 3 mm behind the papilla.

Table. 38.2 Papilla and ONSD measurements and clinical interpretation

Papilledema ONSD Clinical interpretation

Absence Normal Normal
Absence Enlarged Hyperacute ICP elevation
Presence Normal Pseudopapilledema
Presence Enlarged ICP elevation

C. N. Rodríguez et al.
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Measurements

• Ultrasound depth: 4 cm
• Machine setting: Freeze and store de image
• Measured: Both eyes
• Measuring planes: Placed horizontally over the upper closed eyelid to insonate 

through axial plane

38.7.1.3  Documentation

The ONSD/ETD index should be documented for each eye separately. Remember, 
you must freeze the screen before taking the measurements.

• Probe: Type of probe (Linear probe)
• Insonates eye: Right and Left
• ONSD/ETD Index normal values: 0.18–0.25 [26, 29–31].
• ONSD/ETD Index abnormal value: >0.25 [26, 29–31].
• Mechanical Index
• Thermal Index

38.7.1.4  Interpretation

Clinical relevance: The ONSD/ETD index offers an estimation of dynamic changes 
in the rise of ICP (real time).

It is a highly accurate noninvasive technique for the detection of intracranial 
hypertension (invasive ICP > 22 mmHg) [7]. This technique can be performed by 
intensivists at the bedside, using point-of-care ultrasound (POCUS) machines that 
are already widely available [18].

In different studies, the ONSD had a strong correlation with ETD, and ONSD/
ETD ratio might provide more reliable data than ONSD itself as a marker of ICP 
[26, 29–31]. Ultrasound-ONSD/ETD may be a reliable indicator for predicting 
intracranial hypertension in traumatic brain injury (TBI) and non-TBI patients.

However, further studies are required (more variety of population and race) 
before the ONSD/ETD index can be used to make clinical decisions.

38.8  OCCS: Pupillary Ultrasound

Examining pupillary reactivity through the ipsilateral and consensual pupillary light 
reflex (PLR) is a fundamental part of the neurological examination in the neurocriti-
cal care patient [1, 19]. Pupillary evaluation is often performed in a subjective man-
ner, with a penlight testing reactivity to light stimuli. Common ambiguous 
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terminologies are used to describe the pupillary light reflex (PLR) and pupil size 
bedside: nonreactive, dilated, brisk, sluggish, and nonreactive (these terms may 
have a different interpretation among clinicians).

The B-mode ultrasound is an objective tool for the quantitative approach of 
pupillary function. Measurements of pupil size and reactivity are considered to be 
of prognostic importance for patients with critical conditions.

It is useful in a variety of settings where eyelid retraction is impeded (eyelid 
edema or hematoma) or when pupillometry is unavailable [20, 21] (Fig. 38.6b).

38.8.1  Pupillary Ultrasound: Steps of the Procedure

38.8.1.1  Machine Setting: (Safety Procedure)

• Mechanical Index (MI): < 0.23
• Thermal Index (TI): < 0.2

38.8.1.2  Examination Technique

Both eyes must be examined. Operator should spend at least 5–10 minutes in the 
room before testing to adapt to the light level of the room (reduce insonation time – 
ALARA principle) [5].

Approach: B-Mode/M-Mode

a b

c

Fig. 38.6 (a) Acoustic window ultrasound: Lower eyelid approach. (Modified from Schmidt et al. 
[20]); (b) Skull base fracture (¨Raccoon Eyes¨): where eyelid retraction is impeded or when pupil-
lometry is unavailable; (c) Acoustic window ultrasound: Upper eyelid approach. (Courtesy: 
Sangsyan et al. [22])
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B-Mode

The pupil is detected in the proximal pole of the globe.
Each pupil was visualized with the probe positioned flatly on the lower closed 

eyelid or upper closed eyelid (Fig. 38.6a,c).
Activate penlight in front of each closed eyelid during a few seconds to measure 

the pupillary light reflex (PLR) [22] (Fig. 38.7).

M-Mode

Each pupil is visualized with the probe positioned flatly on the lower closed eyelid 
or upper closed eyelid.

Activate penlight in front of each closed eye during some seconds for the mea-
surement of PLR. Use simultaneously B-mode and M-mode. Capability to plot the 
pupillary diameter versus time. (M-mode) [22] (Fig. 38.8).

38.8.1.3  Documentation

The PLR and pupillary constriction time (PCT) should be documented for each eye 
separately and in conjunction. Remember, you must freeze the screen before taking 
the measurements (Fig. 38.7).

• Probe: Type of probe (Linear probe)
• Insonated eye: Right and left
• PLR (mm): Rest and after light stimulus
• PCT(ms): After light stimulus
• Mechanical index
• Thermal index

a b

Fig. 38.7 Pupillary B-mode Ultrasound: Pupillary light reflex (PLR); (a) Standard dimmed light 
conditions and (Yellow line) (1) Measure of pupillary diameter (mm); (b) Ipsilateral Ligth stimu-
lus, (Green line) (2) Measure of pupillary diameter after light stimulus. (Courtesy: Schmidt 
et al. [20])
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38.8.1.4  Interpretation

Estimation of dynamic changes in ICP (real time). Compare both eyes over time 
and document the values trends. Consider the clinical context of the critically ill 
patient.

The cut-off values for pupillary diameters (before and after light stimulus) and 
the pupillary constriction time (PCT) (Table 38.3), both associated with elevated 
ICP or worsening neurological condition, should be established and standardized 
for diverse subgroups of patients, based on age, gender, and condition. In (Table 
38.4), show some pupillary ultrasound values to have as reference [20].

Rather than taking into account the measured absolute values, it is very impor-
tant to consider the trends (real-time changes of mm and/or ms and compare its over 
time) of the values obtained when analyzing the clinical context of the patient.

Fig. 38.8 (a) B-Mode 
Ultrasound: Measure of 
pupillary diameter; (b) 
M-Mode: (Yellow) 
Measure of pupillary 
diameter before light 
stimulus (mm) and (Green) 
Measure of pupillary 
diameter after light 
stimulus (mm). (Courtesy: 
Sangsyan et al. [22])

Table 38.3 Normal Mean values of Pupillary diameters (PD) and Pupillary constriction time 
(PCT). European population [20]

Pupillary function
PLR

Rest (mm) ILS (mm) CLS (mm) PCTi (ms) PCTc (ms)

Right Eye 4.5 ± 0.8 2.7 ± 0.6 2.6 ± 0.5 967 ± 220 963 ± 189
Left Eye 4.7 ± 0.8 2.8 ± 0.6 2.7 ± 0.6 970 ± 271 993 ± 192

ILS Ipsilateral Light stimulus, CLS Contralateral Light Reflex, PCTi Ipsilateral Pupillary constriction 
time, PCTc Contralateral Pupillary constriction time
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38.9  OCCS: Orbital Vessels Ultrasound (OVU)

38.9.1  OVU: Steps of the Procedure

38.9.1.1  Machine Setting: (Safety Procedure)

• Mechanical Index (MI): < 0.23
• Thermal Index (TI): < 0.2

38.9.1.2  Examination

Both eyes must be examined.
Locate the complete eye globe and the proximal portion of the ON in the center 

of the screen and freeze the image to make the corresponding measurements (reduce 
insonation time – ALARA principle) [5].

38.9.1.3  Color Doppler [23]

Vessels to Insonate:

• Central Retinal Artery (CRA) (Fig. 38.9).

• Distal branch of the OA. Enters to the Optic nerve 1–1.5 cm distal from the pos-
terior pole of the eyeball coming from dorsolateral direction.

• Ophthalmic Artery (OA) (Fig. 38.10).
• Posterior Ciliary Artery (PCA) (Fig. 38.11).

PW Doppler

• Central Retinal Artery (CRA)

• Spectral Doppler waveform
• Ophthalmic Artery (OA)
• Spectral Doppler waveform

Table 38.4 Pupillary Light Reflex (PLR): pupillary measurement variables

Pupillary Light Reflex (PLR) Eye Ultrasound

Left Pupillary diameter (mm) Ipsilateral B-mode
Right Pupillary diameter (mm) Ipsilateral B-mode
Left Pupillary diameter (mm) Contralateral (Consensual reflex) B-mode
Right Pupillary diameter (mm) Contralateral (Consensual reflex) B-mode
Right & Left Pupillary diameter (mm) Ipsilateral / Contralateral M- mode
Pupillary constriction Time (ms) Bilateral B-mode
ALARA (As Low As Reasonable Achievable)

mm milimeters, ms miliseconds

38 Neuro-Orbital Ultrasound: Ocular Color-Coded Duplex Sonography (OCCS)
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Fig. 38.9 OCCS: Typical 
waveform of CRA 
obtained by PW Doppler 
that shows a curve above 
the zero axis with rounded 
peak systolic and 
continuous flow during 
diastole, (PSV)Peak 
systolic velocity, (MFV) 
Mean flow velocity and 
(EDV) Diastolic flow 
velocity. (Courtesy: 
Jiménez Aragón et al. [32])

Fig. 38.10 OCCS: 
Ophthalmic Artery 
insonation and spectral 
doppler wave; Typical OA 
waveform obtained by PW 
Doppler that shows a Sharp 
peak systolic, a dicrotic 
notch, ans a relatively 
Little flow in diástole. 
[Alaising effect], (MFV) 
Mean flow veocity, (PSV) 
Peak systolic flow velocity 
and (EDV) diastolic flow 
velocity. (Courtesy: 
Jiménez Aragón et al. [32])

Fig. 38.11 OCCS: PCA in 
the retrobulbar fat; Typical 
PCA waveform obtained 
by PW Doppler shows a 
blunted peak systolic and 
low to moderate flow 
velocity during diástole; 
(PSV)Peak systolic 
velocity, (MFV) Mean flow 
velocity and (EDV) 
Distolic flow velocity. 
(Courtesy: Jiménez Aragón 
et al. [32])
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• Posterior Ciliary Artery (PCA)

• Spectral Doppler waveform

38.9.1.4  Documentation

The OA, CRA, and PCA blood flow velocities should be documented for each eye 
separately. Remember, you must freeze the screen before analyze and document of 
the spectral Doppler waveform.

• Probe: Type of probe (Linear probe)
• Insonated eye: Right and Left
• Velocities: PSV, EDV, and MFV (Table 38.5).
• Mechanical Index
• Thermal Index

38.9.1.5  Interpretation

Estimation of dynamic changes in ICP (real time) and the hemodynamic changes in 
the internal carotid artery (ICA). Compare both eyes over time and document the 
values trends. Consider the clinical context of the critically ill patient.

• Spectral Doppler Waveform Analysis [24] (Figs. 38.9, 38.10, and 38.11):

Occlusion?/stenosis?/hemodynamic changes in the ICA? [25]
Analyze the spectral waveform trends in the clinical context of the patients

38.10  Conclusion

The orbit color-coded sonography (OCCS) is a very practical tool in the bedside 
evaluation in the ICU or ED, and is a noninvasive ultrasound procedure which per-
mits simultaneous gray scale imaging of structure and color-coded imaging of blood 
vessels and their hemodynamics in real time. In a difficult clinical situations where 
invasive ICP monitoring is not possible (contraindications of the patient and/or 

Table 38.5 Orbital Vessels: normal blood velocity values [23]

Orbital vessel PSV (cm/s) MFV (cm/s)

Ophthalmic Artery (OA) 40–41 30–31
Central Retinal Artery (CRA) 11–12 10–11
Posterior Ciliary Artery (PCA) 15–17 11–13

PSV Peak systolic velocity blood flow, MFV Mean velocity blood flow
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non-accessibility to invasive monitoring), the OCCS becomes a useful alternative 
tool to take therapeutic decisions in real time.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)
Bilateral Pupillar Reactivity?
Hemodynamic Stability?
Oxygenation status?

DIAGNOSIS

CRITICALLY ILL PATIENT
Acute Neurological Injury

Non-Acute Neurological Injury

CONSIDERATIONS
• Not possible to perform a conventional pupillary examination
• Non-available invasive ICP monitoring devices
• Non-available Brain CT-scan and/or Brain MRI
• Necessity of a real-time access in ICP changes

Orbital Color-Coded Sonography (OCCS)

PUPILLAR OPTIC NERVE
(ON)

PAPILLA ORBITAL VESSELS
ULTRASOUND ULTRASOUND ULTRASOUND

Linear – Array Probe (6-12 MHz)
SAFETY PROCEDURE: ALARA

Closed Upper or Lower 
Eyelid 

Closed Upper 
Eyelid

Closed Upper
Eyelid

Closed Upper 
Eyelid

MEASUREMENT MEASUREMENT MEASUREMENT MEASUREMENT
Quantitative Approach Quantitative Approach Quali-Qualtitative Approach Blood Flow Velocities

Spectral Doppler WaveformPLR (mm)
PCT (ms) OA

ONSD/ETD Index AND CRA
ONSD PCA

Papilledema
(Papilla Prominence)INTERPRETATION

Pupillary response?
Latency to PLR?

Non-Invasive ICP Estimation, Monitoring and Trends  

 ABCD airway-breathing-circulation-disability, GCS Glasgow coma scale, ICP Intracranial 
Pressure, CT Computed Tomography, MRI Magnetic Resonance Imaging, ALARA As Low As 
Reasonable Achievable, ETD Eyeball Transverse Diameter, ONSD optic nerve sheath diameter, 
PLR pupillary light réflex, PCT Pupillary constriction time, OA ophthalmic artery, CRA central 
retinal artery, PCA posteiror ciliary artery
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Chapter 39
Death by Neurological Criteria (DNC) 
in ICU: Usefulness of Transcranial 
Doppler (TCD)

José María Domínguez Roldán, Claudio García Alfaro, 
and Rosa Elena de la Torre Gómez

Key Points
 1. To determine brain death, a patient has to have suffered a medically and surgi-

cally irreversible structural brain injury.
 2. Transcranial Doppler is very useful to support the diagnosis of cerebral circula-

tory arrest that accompanies the determination of Death by Neurological 
Criteria (DNC).

 3. In order to establish the diagnosis of cerebral circulatory arrest by means of 
TCD/TCCS, we must contemplate the study of the anterior and posterior cere-
bral circulation.

 4. There are three sonographic patterns compatible with the diagnosis of cerebral 
circulatory arrest: a) diastole-systole separation pattern, b) reverberant blood 
flow velocity pattern, and c) isolated systolic spike pattern. The absence of 
insonation in patients who had previously been insonated is considered by some 
to be compatible with the diagnosis of cerebral circulatory arrest.

 5. Transcranial Doppler (TCD), like other auxiliary studies that estimate cerebral 
blood flow through blood flow velocities, has its main limitation in patients in 
whom there is no cranial hermetism (craniectomy, external ventricular drain, etc.).

 6. Ancillary tests for the DNC (including Transcranial Doppler) have their main 
indication when the concept of global brain death is being used or it is not pos-
sible to complete the neurological examination and/or apnea test.
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39.1  Introduction

Defining and determining death as the loss of circulatory-respiratory or cardiopul-
monary function enjoys near-universal acceptance, across cultures and religious 
traditions. A more recent way of defining and determining death (brain death or 
Death by Neurological Criteria) has a fairly broad international acceptance as a 
medically valid and legal way to determine and define death, but there is a lack of 
international consensus about what diagnostic criteria are appropriate.

In 1968, from the Ad Hoc Committee of the Harvard Medical School, the con-
cept of “brain death” was born [1], although this term probably tries to define “the 
death of the person based on neurological criteria.” In 2010, the American Academy 
of Neurology (AAN) updated a practice guideline to outline the necessary examina-
tion to evaluate a patient for brain death.

The diagnosis of brain death is one of the most important and relevant tasks to 
intensive care unit (ICU) physicians following severe brain injury. In order to deter-
mine Death by Neurological Criteria (DCN), a patient has to have suffered a medi-
cally and surgically irreversible structural brain injury.

39.2  Concepts of Death by Neurological Criteria (DNC)

There are currently three main concepts of death based on neurological criteria. 
This translates into three different concepts of brain death: a) global brain death, b) 
brainstem death, and c) neocortical death.

39.2.1  Whole Brain Death

Whole brain death (WBD) is the standard for determining death used in the United 
States and most European countries. WBD is defined as the irreversible cessation of 
all functions of the entire brain, including the brain stem, except the spinal cord. In 
order to establish this diagnosis, a clinical examination must be carried out to dem-
onstrate the absence of brainstem activity, as well as an instrumental test that dem-
onstrates the existence of some of the brain phenomena associated with brain death 
(cessation of brain bioelectrical activity, cerebral circulatory arrest). Global ence-
phalic death occurs either in supratentorial processes in which a face-flow deteriora-
tion is produced or in posterior fossa processes that initially produce a deterioration 
in the activity of the brain stem that follows a complete and irreversible cessation of 
brain activity.

J. M. Domínguez Roldán et al.
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39.2.2  Brainstem Death

Brainstem death is the standard for neurological death used in Canada, India, and 
the United Kingdom. Brainstem death is the irreversible loss of the capacity for 
consciousness combined with the irreversible loss of the capacity to breathe. It is 
based on proving the irreversible absence of the brainstem function. The diagnosis 
of brainstem death is based on the clinical examination [2]. In order to establish this 
diagnosis, it is not necessary to prove the absence of brain functions, so it is not 
necessary to perform instrumental tests. Brainstem death may occur as a conse-
quence of the facial-caudal deterioration due to supratentorial lesions, although it 
may also occur as a consequence of primary lesions of the cerebellum and brain 
stem culminating in a complete cessation of the brain activity, without requiring 
rostral-caudal deterioration with involvement of the supratentorial structures.

39.2.3  Neocortical Death

It is based on the fact that the content of consciousness is the key defining element 
of human life [3]. Therefore, in those circumstances in which there is a complete 
and irreversible absence of the content of the consciousness, the diagnosis of death 
could be established based on neurological criteria. A clinical state equivalent to 
neocortical death would be the situation of a permanent vegetative state with apa-
thetic syndrome.

Of the three concepts mentioned, the most developed at present are: the concept 
of global encephalic death and the concept of brainstem death.

39.3  Determination of Death by Neurological Criteria (DNC)

When the concept of whole brain death is used, the diagnosis of brain death is based 
on the demonstration of the irreversible absence of neurological activity of the cen-
tral nervous system, except for the spinal cord, as well as the demonstration of some 
of the intracranial phenomena closely associated with brain death, such as the ces-
sation of brain bioelectrical activity or cerebral circulatory arrest.

To establish the irreversible absence of central nervous system functions, a com-
plete clinical examination of the neurological functions with an anatomical sub-
strate in the brain stem is essential.

These criteria apply to adults only in the context of the primary principles:

 1. Determination of structural and irreversible cause of brain injury.
 2. Determination of the medical and surgical futility.

39 Death by Neurological Criteria (DNC) in ICU: Usefulness of Transcranial Doppler…
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 3. Exclude confounders.
 4. Determination of the brainstem reflexes.
 5. Test of apnea.

Prior to the complete diagnosis of brain death, it is necessary to rule out the pres-
ence of factors that could confuse the diagnosis and thus fulfill certain prerequisites, 
among which are arterial hypotension, severely induced hypothermia, the effects of 
muscle relaxant drugs or central nervous system depressant drugs, and electrolyte 
disorders. All these factors must be corrected before beginning the clinical and/or 
auxiliary diagnosis.

In order to establish the diagnosis of brain death, the complete and irreversible 
absence of brainstem activity must be confirmed. This requires a complete clinical 
examination of the brain stem, which should include the presence or absence of the 
following brainstem reflexes:

All components of the examination must be tested after all confounders have 
been excluded.

 1. Photomotor reflex (absence of pupillary response in both eyes).
 2. Corneal reflex.
 3. Occulocephalic reflex.
 4. Occulovestibular reflex.
 5. Absence of facial muscle movements to a noxious stimulus.
 6. Absence of pharyngeal and tracheal reflex:

 1. Absence of the gag reflex.
 2. Absence of cough response.

It is also necessary to demonstrate the absence of ventilatory activity by means 
of the apnea test. Stimulation of the respiratory center should be performed by 
increasing carbon dioxide (CO2) levels to more than 20  mmHg (arterial blood) 
above the patient’s baseline values [4–6].

When the concept of death is used by Neurological Criteria based on the irrevers-
ible absence of brainstem activity (brainstem death), it is only necessary to confirm 
the absence of clinical activity by means of a complete clinical examination of the 
brain stem, and it is not necessary to prove the existence of other intracranial phe-
nomena associated with brainstem death, since these refer fundamentally to supra-
tentorial phenomena, which are essentially brain based.

When, on the contrary, we are using the concept of global encephalic death, it is 
necessary not only to carry out a complete clinical examination that demonstrates 
the absence of activity of the encephalic trunk, but it is also necessary to confirm the 
absence of brain activity. At this point, since the brain stem has no activity, it is not 
possible by clinical methods to access knowledge of brain function, so it is essential 
to use auxiliary methods that explore the phenomena associated with brain death.
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39.4  Intracranial Phenomena and Death by 
Neurological Criteria

The mechanism most frequently involved in the development of brain death 
(although not the only one) is intracranial hypertension, which causes the cessation 
of intracranial circulation. As a consequence of this, a global encephalic ischemia is 
produced, with underlying metabolic disorders that compromise neurotransmission 
(more edema and more intracranial hypertension), to later produce an irreversible 
global brain damage. That is why as phenomena intimately associated with ence-
phalic death (especially when the concept of global encephalic death is used), there 
is the cessation of intracranial circulation as the main actor, the cessation of brain 
bioelectrical activity, and the development of profound metabolic disorders due to 
the resulting ischemic-anoxic process.

Cerebral circulatory arrest, one of the phenomena most frequently associated 
with brain death, is sometimes the mechanism generating brain death, while on 
other occasions it is a consequence of it. Thus, in primary vascular processes, such 
as occlusion of the large arteries at the base of the skull, brain death occurs as a 
consequence of global brain ischemia. In other cases, the existence of large space- 
occupying lesions or a large cerebral edema is responsible for the cessation of intra-
cranial circulation. In these patients, the increase in intracranial pressure, equal to 
the average blood pressure, makes the cerebral perfusion insufficient to meet the 
encephalic metabolic needs, and consequently triggers, irreversibly, the cessation of 
all central nervous system functions.

Cerebral circulatory arrest is a progressive phenomenon, not an instantaneous 
one. It is also often asymmetrical when the phenomenon is compared in the two 
cerebral hemispheres. Depending on the mechanism of cessation of circulation, an 
asymmetry of circulatory arrest can also be observed in the period before brain 
death is established when supratentorial regions are compared with infratentorial 
regions.

Therefore, it is important to remember that TCD (in the dynamic evaluation of 
cerebral hemodynamics) is based on the phenomenon of recording systolic patterns 
in intracranial arteries (circle of Willis) without evidence of diastolic flow to deter-
mine a pattern of cessation in cerebral circulation.

39.5  Transcranial Doppler (TCD): Utility and Prerequisites

Before using the TCD as an ancillary test for DNC diagnosis, the following prereq-
uisites must be present:

 1. Coma with a known cause that is irreversible.
 2. Imaging that explains the comatose state.
 3. Absence of spontaneous respirations.
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 4. Exclusion: Hypothermia, major correctable metabolic or endocrine disturbance, 
toxics, sedative medications, neuromuscular blocking agents.

 5. Achievement of normal systolic blood pressure.

39.5.1  Preliminary Clinical Examination

Given that a complete clinical examination of the brain stem is essential for the 
diagnosis of brain death, evidencing the absence of brain activity, it is recommended 
that a clinical examination be performed prior to the use of Doppler. The use of 
Doppler would not make sense if clinical data of brainstem activity still persist, 
since in no case could the diagnosis of death be made.

The diagnostic accuracy of transcranial Doppler for brain death has not been 
confirmed in all settings [7].

39.5.2  Intracranial Pressure Stability

The stability of the intracranial pressure is also an essential element for the diagno-
sis, since it is possible to observe, in a transitory way, phenomena of cerebral circu-
latory arrest coinciding with intracranial hypertension waves which give way when 
these hypertension waves are controlled. It is true that on many occasions, stable 
and maintained intracranial hypertension accompanies brain death, and on many 
instances, this is the main physiopathological mechanism that generates it [8].

39.6  TCD as Ancillary Test: Determination of Cerebral 
Circulatory Arrest in DNC

If a clinical examination with apnea test is consistent with brain death, an ancillary 
test is not required. The insonation of the blood flow velocities in cerebral basal 
arteries (circle of Willis) for determination of brain death does not differ initially 
from the TCD insonation techniques described for other pathologies:

 1. Probe:
Low-frequency probe (2 MHz).

 2. Initial acoustic window:
Transtemporal window (bilateral)

 3. Insonation depth:
Middle cerebral artery (MCA) is between 45–65 mm and 70–100 mm for the 
basilar artery (BA). The depth will be shallower (30–50 mm) when performing 
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sounding [9, 10] in children. It is important to take into consideration the depth 
at which the scan is performed, the direction and sense of the signal detected, 
and also the response of the sounded artery to the compression maneuvers of the 
carotid arteries at neck level.

However, for the diagnosis of cerebral circulatory arrest in order to establish the 
diagnosis of DNC, it is essential to take into consideration a series of prerequisites 
that will avoid the misinterpretation of the results (blood flow velocities and spectral 
Doppler waveform) from the TCD. It is also necessary to take into account some 
specific technical strategies in the case of cerebral circulatory arrest, since in certain 
circumstances the insonation of intracranial arteries in patients where intracerebral 
flow has ceased requires alternatives to standard insonation techniques [11].

When ancillary test is utilized, only one test is required for the determina-
tion of DNC.

39.7  TCD: Sonography Patterns of Cerebral Circulatory 
Arrest and DNC

The diagnosis of cerebral circulatory arrest through TCD is supported by the appear-
ance of at least one blood flow velocity pattern characteristic of cerebral circulatory 
arrest in all insonated intracranial vessels [12, 13]. It is important to note that 
although these patterns are usually associated with increased pulsatility index, and 
increased resistance index, these values are not really relevant for diagnosis. It is 
important to consider the trends in the flow patterns of the circle of Willis. The most 
important aspect for the diagnosis of cerebral circulatory arrest is the existence of 
zero blood flow velocity at the end of the diastole (absence of flow at the end of the 
diastole in spectral Doppler wave). In the telediastolic period, in a situation of cir-
culatory arrest, no blood enters into the brain, so the cerebral perfusion pressure 
(CPP) is abolished.

39.7.1  Description of the Sonographic Patterns

The use of the TCD has allowed us to verify how the cessation of cerebral circula-
tion until brain death is a process that begins (especially in supratentorial pathology 
that occurs with endocranial hypertension) with a progressive decrease in the dia-
stolic blood flow velocity. This is followed by a separation of the diastolic wave (at 
the end of the diastole) and the systolic wave, an inversion of the diastolic blood 
flow velocity wave (reverberant flow), and a disappearance of the diastolic velocity 
wave with persistence only of the systolic spike (CPP ≈ zero) [14].
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39.7.1.1  The Diastole-Systole Separation Blood Flow Pattern (Fig.39.1)

It is characterized by the absence of positive blood flow velocity (flow to the probe) 
at the end of the diastole. This pattern is the least frequent of the three patterns com-
patible with circulatory arrest, is usually of short duration, and represents the begin-
ning of the cessation of arterial circulation in the vessel examined.

39.7.1.2  The Reverberant Blood Flow Pattern (Figs. 39.2, 39.3, and 39.4)

It is characterized by the presence of a retrograde blood flow velocity (moving away 
from the tube) in the diastolic period. It represents retrograde blood flow with no 
effective diastole (increased brain impedance) preventing adequate CPP. It is usu-
ally a pattern that precedes the isolated systolic spike pattern.

39.7.1.3  The Systolic Spike Blood Flow Pattern (Fig. 39.5)

It is characterized by the existence of antegrade cerebral blood flow velocity (CBFV) 
(which is directed toward the probe) during the systolic phase, with the absence of 
diastolic blood flow velocity (end-diastolic volume (EDV)). (CPP ≈ zero). This pat-
tern represents the final hemodynamic stage of cerebral circulatory arrest.

Fig. 39.1 TCD of Middle 
cerebral artery (MCA): 
Diastole-systole blood flow 
velocity separation pattern
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Several hours, or days, after circulatory arrest is established, it is often impossi-
ble to insulate the arteries at the base of the skull in any period of the circulatory 
cycle. However, the absence of flow in a patient in whom flow had previously been 
recorded is considered by some groups to be a sonographic finding compatible with 
the diagnosis of brain death.

To complete the diagnosis of cerebral circulatory arrest, it is necessary that all 
intracranial vessels have one of the three blood flow velocity patterns compatible 
with circulatory arrest [15]. It is not necessary for the establishment of the diagnosis 
of circulatory arrest that all the sonographic patterns are similar in the insonated 
arteries.

There is no standard recording duration for each of the arteries, although some 
authors recommend a recording duration of 30 seconds. However, what is really 
important is that the blood pressure is normalized and the intracranial pressure sta-
bilized, avoiding recording during transient elevations of intracranial pressure [16].
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39.8  Transcranial Doppler and Death by Neurological 
Criteria: Some Limitations

There are several situations that must be considered when using Transcranial 
Doppler as an ancillary test:

39.8.1  Transient Cerebral Circulatory Arrest

Cerebral circulatory arrest is the pathophysiological result of an interaction between 
mean blood pressure (mean arterial pressure (MAP)) and intracranial pressure 
(ICP), variables that define CPP, in a closed compartment such as the skull. Under 
certain circumstances, for example, severe arterial hypotension or the presence of 
transient increases in intracranial pressure (Lundberg waves) [17, 18], a phenome-
non of transient cerebral circulatory arrest may occur, which can be demonstrated 
by means of Transcranial Doppler and which only shows the interrelationship 
between mean arterial pressure and pressure within the intracranial compartment, 
this being neither a situation of irreversible cerebral circulatory arrest nor a false 
positive of TCD in the diagnosis of brain death.

39.8.2  Cerebral Circulatory Arrest Is Not Synonymous 
with Brain Death

It is important to note that no single instrumental test is sufficient, by itself, to estab-
lish the diagnosis of brain death. The absence of cerebral blood flow velocities and 
the absence of cerebral bioelectrical activity are phenomena intimately associated 
with brain death. However, none of these phenomena are synonymous with brain 
death. They must be supported by a complete clinical examination that explores and 
evidences the absence of brainstem activity. Currently, there is no instrumental test 
that is synonymous with brain death that can replace the clinical diagnosis used to 
establish the diagnosis of brain death.

39.8.3  Patients with Primary Injury Limited to the Brain Stem

In some cases of patients in whom the neurological impairment is not face-flow, but 
ascending (the initial neurological damage occurs in the posterior fossa), it is pos-
sible to observe the persistence of blood flow velocities at the level of the anterior 
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circulation in patients who meet clinical criteria for brain death. This is due to the 
absence of intracranial hypertension in the supratentorial territory, and should not 
be interpreted as a false negative of ultrasound diagnosis but as an inadequate inter-
pretation and indication of the TCD; conceptually, when the concept of brainstem 
death is used it is not necessary to demonstrate the absence of supratentorial activity.

39.8.4  Closed-Vault Defects

The existence of a defect in the skull (fractures, hemi-craniectomy, etc.) may cause 
the normal balance between intracranial and extracranial pressures to be modified; 
this may influence the results of the instrumental tests used for the diagnosis of 
brain death, especially those that indirectly explore the cerebral blood flow (or 
blood flow velocities), causing them to lose diagnostic accuracy.

Flowers et al. [19] determine as possible causes of persistent cerebral blood flow 
accompanying the situation of brain death:

 1. External or internal drains of the cerebrospinal fluid (CSF).
 2. Decompressive craniectomies.
 3. Large fractures of the base of the skull.
 4. In children, the existence of open fontanelles.

Therefore, in these circumstances the use of tests that attempt to estimate brain 
blood flow, such as TCD by blood flow velocities’ measurement, may determine a 
false negative result for the diagnosis of brain death and the diagnosis of brain death 
should not be excluded. Ancillary tests that measure other physiological variables 
associated with brain death, such as brain electrical activity, are suggested [10, 20].

39.9  TCD and DNC: Technical Difficulties

There are some clinical situations in which TCD insonation for the diagnosis of 
brain death is especially difficult:

39.9.1  Elderly Women

In this cohort of patients, in addition to the difficulties inherent in insonation for 
brain death, there is also the difficulty of finding an appropriate acoustic window, in 
the general population, there will be 15–20% of patients who will not have an ade-
quate transtemporal acoustic window.
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39.9.2  Inadequate Hemodynamic and Intracranial Conditions

For reliable TCD insonation, optimization of the patient’s blood pressure and intra-
cranial pressure is important. A TCD study to complement the brain death study 
should not be performed if the patient does not have an optimized systemic blood 
pressure.

It is also important to avoid performing studies during transitory elevations of 
intracranial pressure (Lundberg waves), since with these it is possible to have a 
transitory cerebral circulatory arrest in the cerebral artery with reversible cessation 
of cerebral blood flow velocities.

39.10  TCD and DNC: Technical Issues to Consider

When performing TCD for the support of diagnosis of brain death, in addition to the 
limitations mentioned above, certain technical aspects of the equipment used should 
be taken into account that will not only facilitate insonation but also increase the 
diagnostic accuracy of the technique.

39.10.1  Filter Control

When a TCD is performed in order to establish the persistence or absence of dia-
stolic blood flow velocity, a key element in the diagnosis of cerebral circulatory 
arrest, it is important to avoid the existence of a phenomenon such as signal hyper-
filtration. When high filter levels are used, it is possible not to detect the existence 
of the diastolic blood flow (in the case that it is low) because it is masked by the 
filtering of the equipment.

39.10.2  Optimization of the Power Ultrasound Beam

During the diagnosis of brain death by TCD, it is important to increase the diagnos-
tic sensitivity of the test to the maximum. To do this, and especially in those patients 
with a difficult acoustic window, it is advisable to increase the power of the ultra-
sound beam during the first phase of the test until the sonographic location of the 
artery is made, and the power can be decreased once the artery is located, and until 
the best quality of insonation is achieved.
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39.10.3  Orbital Acoustic Window

In cases where it is impossible to sound the arteries of the anterior circulation 
through the temporal window, the use of the orbital window is suggested in order to 
establish the absence of blood flow velocities at the level of the carotid artery [21, 
22]. To do this, the standardized rules for insonation of the carotid artery through 
this acoustic window must be followed, and the optimization of the sample volume 
is important in order to isolate, from a sonographic point of view, the different sec-
tions of the carotid siphon. The absence of telediastolic blood flow velocity at the 
level of both carotid siphons suggests the absence of blood flow in anterior 
circulation.

39.11  Transcranial Doppler in the Diagnosis of Brain 
Death: Evidence

According to the Task Force Group on Cerebral Death of the Neurosonology 
Research Group of the World Federation of Neurology, transcranial Doppler is a 
reliable method for the diagnosis of brain death [15].

The transcranial Doppler technique has been used for the diagnosis of brain 
death for more than 20 years [23]. In general, the sensitivity and specificity of the 
technique for brain death ranges from 91 to 100% and 97 to 100%, respectively 
[24–27].

In a systematic review of 859 patients [28] (56.1% of whom had confirmed brain 
death using clinical criteria), the diagnostic sensitivity of transcranial Doppler was 
0.90 (95% CI.0.87–0.92) and the overall specificity was 0.98 (95% CI.0.96–0.99).

39.12  Transcranial Doppler in the Diagnosis of Brain Death: 
Advantages and Disadvantages

The use of TCD in the diagnosis of brain death has advantages and disadvantages 
over other techniques used for the same purpose.

39.12.1  Advantages

 1. It is performed at the patient’s bedside. Transcranial Doppler devices are 
portable.

 2. The TCD shows the cerebral circulatory arrest as a process. It is not uncommon 
to observe asynchronies in cerebral circulatory arrest in different intracranial 
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territories. It is possible to see circulatory arrest in one hemisphere, without it 
having yet been completed in the contralateral; or circulatory arrest in supraten-
torial territory [29], without it having yet manifested itself in infratentorial 
territory.

In either case, it should be taken into account that to complete the diagnosis of 
brain death, by this auxiliary test, the absence of circulation in all intracranial arte-
rial territories must be confirmed.

 3. It is a technique of simple interpretation. It is sufficient to observe the absence of 
telediastolic blood flow velocity in all intracranial territories (presence of some 
of the three sonographic patterns compatible with absence of blood flow 
velocity).

 4. It is a technique of easy replication. The technique can be performed repeatedly 
without the need to mobilize the patient outside the intensive care unit (ICU).

 5. Blood flow velocity rate measurements per se with the TCD are not interfered by 
central nervous system depressant drugs.

39.12.2  Disadvantages

 1. Possible existence of blood flow velocity rates by TCD in patients who are in a 
situation of brain death; that is to say, a “false negative” for the diagnosis of brain 
death. This may occur in cases of absence of cranial hermetism due to decom-
pressive craniectomies, external or internal drainage of the cerebrospinal fluid, 
or large base fractures of the skull. These potential disadvantages are shared with 
other instrumental tests that analyze cerebral blood flow in similar 
circumstances.

 2. The absence of acoustic window. This is especially possible in older female 
patients, or in any patient where several days have elapsed since the cessation of 
intracranial arterial circulation. The use of the orbital window for carotid siphon 
insonation [21] may be a suitable option to overcome this problem when anterior 
circulation cannot be insonated through the transtemporal window.

 3. Dependence on the operator technique. There are no significant differences in 
sonographic findings between two operators adequately trained in TCD.

39.13  Conclusion

Transcranial Doppler is an extraordinarily useful technique to support the diagnosis 
of Death by Neurological Criteria (DNC). As other diagnostic techniques, it requires 
adequate operator training to be performed correctly.

In order to know the usefulness of the technique, its indication must be clearly 
established, and it must be fundamentally used in the diagnosis of brain death when 
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the concept of whole brain death is being used. An adequate physiopathological 
knowledge of the intracranial phenomena associated with whole brain death helps 
to understand the sonographic expression of the circulatory arrest that accompanies 
brain death.

 Algorithm

Intensive Care Unit (ICU)

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)?
Bilateral Pupillary reactivity?
Hemodynamic Stability?
Oxygenation?
Non-contrast Brain CT-scan ?

DIAGNOSIS DNC CONFIRMED

Brainstem Death

YES
SUSPECT

DEATH BY NEUROLOGICAL CRITERIA

PREREQUISITES
Coma

Irreversible and Structural Brain Injury CLINICAL EXAMINATION NO
Brain Imaging explains the state APNEA TEST

Stable ICP Brainstem Reflex Activity ? 
Non sedative Drugs / Non NMB agents

Non spontaneous respirations

Stable ABP YES
No-hypothermian WHOLE BRAIN DEATH

OR

REPEAT NON-DIAGNOSIS ABORTED APNEA TEST
Clinical Exam / Apnea Test DNC OR

NON CLINICAL EXAM

EEG YES CLOSED-VAULT

DEFECT ANCILLARY TEST

CCA NO

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

Select Probe (Transducer): Low Frequency (2MHz)
Transtemporal Acoustic Window Suboccipital Acoustic Window

Artery: MCA Artery: BA
Depth: 45 – 65 mm Depth: 70 – 100 mm

TCD/TCCS: Technical Issues
Filter Control Optimize the Power US Beam

FLOW PATTERNS
Diastole – Systole Separation blood flow

Reverberant blood flow
Systolic Spikes blood flow  

ABCD Airway-Breathing-Circulation-Disability, ABP Arterial blood pressure, 
EEG:  Electroencephalogram, ICP Intracranial pressure, NMB Neuromuscular blockers, CCA 
Cerebral circulatory arrest, MCA Middle cerebral artery, BA Basilar artery, US Ultrasound
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Chapter 40
Intracerebral Hemorrhage in ICU: 
Dynamic Monitoring by Transcranial 
Color-Coded Duplex Sonography (TCCS)

Pol Camps-Renom

Key Points
 1. Several radiological features, such as hematoma volume and midline shift, are 

related to poor outcome following an intracerebral hemorrhage and can be mea-
sured using transcranial color-coded duplex sonography (TCCS).

 2. TCCS shows an excellent correlation with computed tomography in assessing 
the hematoma volume, midline shift, and the third ventricle diameter in patients 
with intracerebral hemorrhage.

 3. TCCS allows a noninvasive monitoring of the hematoma characteristics as well 
as hemodynamic changes related to the mass effect such as the pulsatility index 
of the middle cerebral arteries (MCAs).

 4. Hematoma volume measured with TCCS is a predictor of a poor outcome.

40.1  Introduction

Spontaneous intracerebral hemorrhage (ICH) represents approximately 15% of all 
strokes and is a major cause of morbidity and mortality [1]. Half of the events 
related to case fatality occur within the first 48 hours [2] and thus, identifying vari-
ables that contribute to early neurological deterioration and mortality is of enor-
mous importance. An early estimation of the prognosis is crucial for deciding upon 
a treatment plan and properly informing families and relatives. There are several 
clinical features, such as the severity of the neurological deficit or the Glasgow 
Coma Scale (GCS) score, which are robustly associated with poor prognosis. 
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However, neuroimaging adds valuable information that complements the clinical 
judgment and is nowadays essential to give an accurate prognosis. In this chapter, 
we will discuss the main radiological features related to poor prognosis following 
an ICH, and how transcranial color-coded duplex sonography (TCCS) allows a non-
invasive bedside monitoring of most of them.

40.2  ICH: Radiological Prognostic Factors

There are several ICH characteristics related to poor prognosis that can be assessed 
by brain imaging with either computed tomography (CT) or magnetic resonance 
imaging (MRI). Despite MRI having a higher resolution and sensitivity to detect 
and characterize ICH, its availability in the emergency departments is scarce, and 
thus, CT has become the most used technique to assess them. Several studies have 
demonstrated that some features, such as hematoma volume (HV), hematoma 
enlargement, midline shift (MLS), and intraventricular hemorrhage (IVH) [3–9], 
are related to poor functional outcome and mortality following and ICH. Therefore, 
all these radiological features should be assessed in the setting of an ICH. However, 
ICH is a dynamic process and some of these characteristics will change over time. 
Baseline CT in the emergency department may allow the first diagnosis and prog-
nostic approach but is insufficient to predict how ICH is going to evolve. In the early 
stages, it can be difficult to monitor these prognostic radiological features with 
repeated CT scans due to the clinical and/or hemodynamic state of the patient (fre-
quently intubated in the intensive care unit (ICU)), and the risk of radiation 
overexposure.

40.3  ICH: Role of the TCCS

TCCS is a noninvasive technique that provides simultaneous two-dimensional (2D) 
imaging of brain parenchyma and hemodynamic information from the main cere-
bral arteries. The role of TCCS is well established in the assessment of ischemic 
stroke, but its usefulness in the setting of acute ICH has been reported in only a few 
studies [10–16].

Visualization of acute ICH with TCCS is feasible [10–12]. Additionally, TCCS 
allows the assessment of the third ventricle (IIIV), the lateral ventricles (LV), MLS, 
and the presence of IVH [13–16]. Some studies have found an excellent correlation 
between CT scan and TCCS when measuring these characteristics. This begot inter-
est in TCCS, which may represent a viable, noninvasive alternative to CT scan. In 
addition, TCCS may have some potential advantages, including its feasibility of 
performance at the bedside as many times as necessary, and regardless of the hemo-
dynamic situation of the patient. From now on, we will describe the methodology to 
assess the main ICH characteristics using TCCS.
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40.3.1  TCCS: Machine Setup

To evaluate ICH, we will use a 2–5 MHz range sectorial probe. For the exploration, 
the probe should be set up at 5 MHz and placed through the contralateral temporal 
bone window with a penetration depth of 14–16  cm. The transductor is skewed 
approximately 10° upward to scan axially and to visualize the contralateral skull 
bone and the midbrain in the center of the image. Image brightness, contrast, and 
time gain compensation should be adjusted to get the best image (Fig. 40.1).

40.3.2  TCCS: Hematoma Volume (HV)

ICH is visualized as a hyperechogenic mass and it should be assessed from the con-
tralateral temporal bone. Deep supratentorial ICH is easier to identify, while lobar 
ICH is sometimes difficult to visualize properly. Extreme frontal or occipital lobe 
ICH as well as ICH from the convexity is usually inaccessible. Likewise, infratento-
rial ICH in adult patients is inaccessible with TCCS. Therefore, TCCS may be a 
useful tool to monitor the ICH volume mainly in supratentorial ICH affecting deep 
or lobar structures in the brain, excluding the convexity and the extreme frontal and 
occipital poles.

Fig. 40.1 Mesencephalic plane (midbrain plane) obtained from the temporal bone window
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ICH should be assessed first in the axial plane skewing the transducer upward 
and downward to identify the greater diameter. In the axial plane, we will measure 
the longitudinal (A) and the axial (B) diameters (Fig. 40.2). Finally, we will turn the 
transducer 90° cranially and we will also measure the coronal (C) diameter. HV is 
calculated then with the formula A × B × C/2 [17]. In a prospective study, baseline 
HV assessed with TCCS and calculated with the formula of irregular volumes 
(A × B × C/2) was independently associated with the risk of early neurological dete-
rioration and mortality [16]. In this study, investigators reported an excellent corre-
lation between the baseline TCCS examination and the CT scan when measuring 
the HV (r = 0.791, p < 0.001), and separately the longitudinal (r = 0.711, p < 0.001), 
the axial (r = 0.768, p < 0.001), and the coronal diameters (r = 0.754, p < 0.001). 
Interestingly in the agreement analysis with Bland-Altman Plots, despite showing a 
good agreement, a systematic bias was detected between both the techniques: TCCS 
tended to overestimate the volumes of smaller ICH, and, contrariwise, to underesti-
mate volumes in larger ICH.

Hyperechogenicity of ICH decreases over time due to the progressive transfor-
mation of hemoglobin and it may be difficult to visualize the hematoma beyond 
72  hours. Thus, HV should be measured with TCCS in the acute phase, ideally 
within 2  hours from the baseline CT.  Then, posterior examinations may be per-
formed at bedside to detect the probable hematoma growth. Unfortunately, no stud-
ies have addressed the question of how frequently consecutive TCCS examinations 
should be performed.

Fig. 40.2 ICH is visualized as a hyperechogenic mass (asterisks). This image shows the measure-
ment of the axial and longitudinal diameter of a deep ICH
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40.3.3  TCCS: Third Ventricle Diameter

The third ventricle (IIIV) diameter may be reliably measured with TCCS. The third 
ventricle diameter may increase in the setting of an ICH when there is intracranial 
hypertension. Visualizing the third ventricle is important not only to measure its 
diameter but also to measure MLS (see the next paragraph). To identify the third 
ventricle, we will slightly skew the transducer upward from the initial midbrain 
plane. The third ventricle is visualized at a depth of 6–8 cm and identified by its 
parallel hyperechogenic margins in front of a hyperechogenic rounded structure 
corresponding to the pineal gland. We can also see the surrounding hypoechogenic 
thalami [13] (Fig. 40.3). In this position, we will measure its maximum diameter. 
Some studies have reported an excellent correlation between TCCS and CT scan 
when measuring the third ventricle diameter [13, 16].

40.3.4  TCCS: Midline Shift (MLS)

ICH causes a mass effect in the surrounding cerebral tissue. This mass effect will be 
greater as greater will be the hematoma volume (HV). This phenomenon can be 
reported radiologically by the MLS and is associated with a poor outcome [3, 4]. 
The midline is defined by CT scan, as the distance between the skull and the central 

Fig. 40.3 Third ventricle (IIIV) is visualized as two hyperechogenic margins surrounded by the 
hypoechogenic thalami
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point in the middle of the third ventricle. When there exists a mass effect, the IIIV 
shifts toward the contralateral hemisphere. This MLS may be calculated with the 
formula (A – B)/2 (A and B being the distances between each side of the skull and 
the IIIV). TCCS also allows the measurement of this shift. As described in some 
studies [16], once identified as the III ventricle, the midline shift (MLS) may be 
calculated with the same formula (A – B)/2 (A and B being the distances between the 
transducer and the IIIV, on each side of the skull) (Fig. 40.4).

40.3.5  TCCS: Lateral Ventricles Diameter

Similar to the IIIV, lateral ventricles (LV) diameter may increase in the setting of an 
ICH complicated with hydrocephalus. Thus, the monitoring of the LV diameters 
may identify patients with incipient hydrocephalus [14]. To identify the LV, we will 
skew the transducer upward from the IIIV plane approximately 10°. LV appear as 
two hyperechogenic margins (Fig.  40.5). However, the measurement of the LV 
diameter may be difficult, depending on the temporal bone window. In addition, the 
LV are visualized diagonally, instead of axially like the CT scan. These technical 
difficulties result in considerable variability in the measures [16]. In fact, some stud-
ies reported a poor correlation between the TCCS measures of the LV and the brain-
 CT scan [16].

Fig. 40.4 MLS may be calculated with TCCS using the formula (A – B)/2 (A and B being the 
distances between the transducer and the third ventricle, on each side of the skull)
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40.3.6  TCCS: Intraventricular Hemorrhage (IVH)

IVH is associated with poor outcome following an ICH. This radiological character-
istic is included in some of the most widely used prognostic scores [5]. In some 
patients, IVH can be identified by TCCS as a hyperechogenic content inside the LV 
(Fig. 40.6). However, the difficulty in visualizing the LV with TCCS is a clear draw-
back to using this technique to assess the presence of intraventricular hemor-
rhage (IVH).

40.3.7  TCCS: Pulsatility Index (PI)

Besides the morphological evaluation, TCCS provides hemodynamic information 
from the main cerebral arteries. This hemodynamic information may be helpful to 
detect a fearsome complication of ICH: intracranial hypertension. The exact intra-
cranial pressure measurement is obtainable only by an invasive intracranial pressure 
device. Some studies have reported a good correlation between the intracranial pres-
sure measured with invasive devices and the pulsatility index (PI) of the middle 
cerebral arteries (MCAs) [18]; however, others have provided evidence of poor 

Fig. 40.5 LV appear as two hyperechogenic margins when skewing the transducer upward from 
the IIIV plane
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association between PI and ICP [20]. PI assesses the relationship between the sys-
tolic and the diastolic velocities through the formula (peak systolic velocity – end 
diastolic velocity)/mean velocity. In the context of an increase of the intracranial 
pressure, the peak of systolic velocity tends to increase in order to overcome the 
high resistance, while the diastolic velocity is likely to decrease. These changes lead 
to an increase of the PI.  Some studies have found an association between this 
increase of the PI in the MCAs and a higher risk of mortality in the setting of an ICH 
[16, 19].

To measure the pulsatility index in both MCAs, we will start from the midbrain 
plane activating the color Doppler to visualize the circle of Willis (Fig. 40.7). To 
properly identify the MCA, sometimes it is necessary to skew slightly the trans-
ducer upward. It is advisable to measure the velocities in the proximal segment of 
the MCA prior to bifurcation, usually placed in a depth between 5.5 and 4.5 cm, in 
a region without curvatures to avoid flow accelerations (Fig. 40.7).

Fig. 40.6 Anterior 
hyperechogenic margins 
correspond to the LV. The 
red arrow points the 
hyperechogenic content 
inside the LV 
corresponding to IVH

Fig. 40.7 Pulsatility index of the MCA is calculated with the formula (peak systolic velocity – end 
diastolic velocity)/mean velocity
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40.4  Conclusion

There exists a good correlation between TCCS and CT scan in measuring HV, MLS, 
and the IIIV diameter. Conversely, its usefulness to assess LV diameter and IVH is 
controversial. In addition to the morphological information, TCCS allows the 
assessment of some hemodynamic parameters, such as the pulsatility index.

TCCS has some important limitations, including the examiner dependency and 
the susceptibility to an insufficient temporal bone window. Additionally, some spe-
cific limitations arise when assessing ICH, including the loss of echogenicity of the 
blood over time, and the difficulty in evaluating ICH in some locations like infraten-
torial structures. These drawbacks designate TCCS as a complementary diagnostic 
tool and CT scan remains the most reliable examination in the setting of an acute 
ICH. However, a TCCS examination following the baseline CT scan may allow the 
monitoring of some ICH characteristics at the bedside.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Level of consciousness (GCS)?
Bilateral Pupillary reactivity?
Hemodynamic stability?
Oxygenation?

Non-Contrast Brain CT-Scan 

Intracerebral Hemorrhage (ICH)
ICH Score

Multimodal Monitoring (MMM)
Transcranial Doppler (TCD)

Transcranial Color-Coded duplex Sonography (TCCS)

BASELINE TCCS examination witihin 
2 hours from the Brain CT Scan

MEASUREMENT MEASUREMENT MEASUREMENT
Hematoma Volumen (HV) Midline Shift (MLS) MCAR and MCAL

Pulsatility Index (PI)

Follow-up TCCS examination at 6 - 12 
and 24 hours from BASELINE

examination

Repeat Brain CT scan when the clinical 
situation of the patient worsen or when 

the following TCCS findings appear:

ABCD: Airway-breathing-circulation-disability; MCAR: Right middle cerebral artery; MCAL: Left middle cerebral artery. 

Increase ≥33% of BASELINE HV
MLS > 3 mm

PI > 1.2

Follow-up TCCS
Examination at 48-72 hs

 

 Algorithm for the noninvasive monitoring of ICH with TCCS.

ABCD Airway-breathing-circulation-disability MCAR Right middle cerebral artery, 
MCAL Left middle cerebral artery
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Chapter 41
Transcranial Doppler (TCD/TCCS) 
and Traumatic Brain Injury (TBI): Is 
There a Role?

Pierre Bouzat and Pierluigi Banco

Key Points
 1. TCD/TCCS is increasingly used at the initial phase of severe TBI.
 2. TCD is helpful for tailoring therapeutic management at the bedside.
 3. TCD may rule out intracranial hypertension.
 4. After mild-to-moderate TBI, TCD helps in the triage of patients at risk of neuro-

logic worsening.
 5. TCD is also useful in the intensive care unit (ICU) to assess brain 

autoregulation.

41.1  Introduction

Traumatic brain injury (TBI) is a global medical, economic, and social challenge. In 
Europe, 2.1 million patients over one year suffered from TBI, accounting for 82 000 
deaths. It is estimated that 37% of injury-related deaths are due to TBI, occurring 
mostly in young patients [1]. Traumatic brain injury has diverse clinical presenta-
tions; only 15% patients are considered as severe according to the Glasgow Coma 
Scale (GCS, lower than 9), whereas 85% are mild-to-moderate TBI (GCS between 
9 and 15).
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The initial severity of brain lesions and the occurrence of secondary cerebral dam-
age directly affect neurological outcomes after TBI [2]. Its management is based upon 
the treatment and the prevention of secondary cerebral injuries that may be caused by 
the imbalance between oxygen supply and demand into the brain tissue [3]. One of the 
main causes of this imbalance is brain ischemia, that is, unadapted cerebral blood flow 
(CBF). Brain tissue oxygen pressure (PbtO2), microdialysis parameters, and jugular 
venous oxygen saturation (SjvO2) are used in the intensive care unit as a bedside mul-
timodal monitoring to detect and treat ischemia [4]. The therapeutic strategy is to 
manipulate the cerebral blood flow (CBF) at the bedside to sustain cerebral oxygen 
demand mirrored by multimodal monitoring parameters within normal ranges [5]. 
However, none of these parameters are direct measurements of CBF per se. Perfusion 
magnetic resonance imaging (MRI) and perfusion computed tomography (CT) scan 
are validated imaging methods to measure CBF, but cannot be used as monitoring 
tools and may be hazardous for unstable TBI patients [6]. The challenge in the ICU 
field is to find a reliable, bedside, and easy- to- use method that would ensure a real-
time CBF monitoring while following the efficacy of therapeutic interventions such as 
osmotherapy and blood pressure optimization.

The transcranial Doppler (TCD) and the Transcranial color-coded Duplex sonog-
raphy (TCCS) can be used to monitor real-time cerebral blood flow velocities from 
basal cerebral arteries and have been studied in anesthesia and intensive care [7–10]. 
Contrary to laser Doppler and thermal diffusion probes, this method is noninvasive. 
First introduced in 1982 by Aaslid et al., TCD has been initially used to screen vaso-
spasm in patients with subarachnoid hemorrhage [11], before its usage being wide-
spread to monitor cerebral autoregulation and help in the acute stroke diagnosis, the 
carotid stenting treatment, the brain death evaluation, and intracranial hypertension 
(ICH) management [12]. Recently, interest for TCD after TBI care has grown and 
this technology has been implemented in French national guidelines for the acute 
management of severe TBI.  In this chapter, we explore the specific role of TCD 
after TBI in different settings:

 1. At the acute phase, in the trauma bay, for severe TBI management
 2. For the estimation of noninvasive intracranial pressure (ICP) before ICP 

monitoring
 3. In the emergency department for the triage of mild-to-moderate TBI patients
 4. For the screening of posttraumatic internal carotid artery dissection
 5. In the ICU to assess autoregulation

41.2  Severe Traumatic Brain Injury (TBI): TCD/
TCCS-Guided Therapy

Aggressive management of low brain perfusion episodes has a key role to prevent 
secondary brain injuries. Intracranial pressure monitoring is not always available at 
the early phase of severe TBI and clinical signs are usually associated with brain 
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herniation, that is, a final stage of brain hypoperfusion. In this context, guidelines 
suggest to maintain blood pressure for brain perfusion pressure management at the 
early phase of severe TBI, but uniform targets of blood pressure might not be 
adapted for all patients depending on disrupted/disturbed autoregulation [13]. Even 
if available, ICP monitoring may not be specific enough to detect brain hypoperfu-
sion, since increase in ICP is not always associated with decreased CBF [14] and 
normal ICP cannot exclude brain ischemia [5]. Conversely, in severe TBI patients 
without impaired CBF, bleeding injuries and cerebral vasogenic edema might be 
worsened by an increase in mean arterial blood pressure (MAP) [15–18].

Impaired TCD/TCCS blood flow velocities at the early phase of severe TBI were 
associated with cerebral ischemia and had good prognostic value to identify patients 
at risk of poor neurologic long-term outcome [19–21]. For instance, Ziegler et al. 
demonstrated that patients with a pulsatility index (PI) higher than 1.4 and end- 
diastolic velocity (EDV) lower than 20 cm/sec on admission had a mortality rate of 
98.6% [22]. As a consequence, TCD-based therapies may be implemented in the 
prehospital setting and/or in the trauma bay to optimize CBF at the bedside before 
ICP measurement or brain herniation signs. These therapies may include osmoth-
erapy to decrease intracranial pressure and restore CBF, and/or hemodynamic opti-
mization with volume expansion and norepinephrine infusion, in order to increase 
cerebral perfusion pressure. The ultimate goal of such therapies is to reduce the 
number and the duration of cerebral ischemia episodes before invasive cerebral 
monitoring availability [13].

In the prehospital setting, TCD/TCCS identified patients with impaired TCD val-
ues with subsequent bad neurologic outcome. Using a PI cut-off higher than 1.4, 
prehospital physicians optimized end-tidal CO2 (EtCO2) and mean arterial blood 
pressure with norepinephrine infusion in order to improve CBF. Osmotherapy was 
also used if TCD/TCCS remained abnormal after hemodynamic optimization. 
Using this bundle of care, the authors normalized five out of nine patients in the 
abnormal TCD group. Interestingly, patients who did not correct their TCD values 
using this strategy died within the first 48 hours [23].

Ract et al. used TCD for CBF-directed therapy on admission at the trauma bay 
for 24 severe TBI patients. After adjusting the partial pressure of carbon dioxide 
(PaCO2) between 35 and 40 mmHg and raising the MAP above 75 mmHg using 
norepinephrine titration, TCD was considered abnormal in severe TBI patients, if 
two of these three measurements were found: a mean blood flow velocity (MFV) 
lower than 30 cm/sec, end-diastolic blood flow velocity (EDV) lower than 20 cm/s, 
and PI higher than 1.4. A typical pattern of low CBF is shown in (Fig. 41.1). TCD 
goal-directed therapy included: the increase of cerebral perfusion by rising MAP 
and/or the decrease of cerebral edema with osmotherapy and if needed, emergency 
neurosurgical procedure. A second TCD was performed when invasive cerebral 
monitoring was obtained. The authors showed that, out of 24 patients, 11 patients 
had an abnormal TCD on admission and obtained a specific treatment in order to 
increase CBF, and all except two patients normalized their TCD. No patient in the 
normal TCD group required osmotherapy or emergency neurosurgical procedure. 
Interestingly, when invasive cerebral monitoring was obtained, ICP was higher in 
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the abnormal TCD group (32 +/−13 mmHg vs 22+/−10 mmHg), while cerebral 
perfusion pressure (CPP) (73 +/−15 mmHg vs 71 +/− 14 mmHg) and SjvO2 (67 
+/−2 mmHg vs 72 +/−9 mmHg) were within normal ranges [21].

41.3  TCD/TCCS: Noninvasive Assessment of ICP

Continuous ICP monitoring is a fundamental monitoring tool to detect intracranial 
hypertension that may induce decreased CBF. Elevated ICP was associated with 
poor neurologic outcome including death in several studies highlighting the need 
for ICP measurement as soon as possible. The gold standard of ICP measurement is 
the invasive measurement with an intraventricular catheter, but a more common 
alternative is possible using intraparenchymal probes. Such devices can induce 
intracerebral complications such as intraventricular infection for the intraventricular 
catheter or intracerebral hemorrhage for both devices. Moreover, intraparenchymal 
catheter may not be accurate due to measurement drifting, as it cannot be calibrated 
once inserted. Their implementation may also be delayed by ongoing posttraumatic 
coagulopathy [24]. As a result, access to an invasive ICP measurement may be cum-
bersome, and obtaining an ICP catheter can take up to 3 hours, potentially delaying 
specific treatments.

Fig. 41.1 Transcranial Doppler (TCD/TCCS) recording from the middle cerebral artery after 
severe TBI. Decrease in end-diastolic velocity (EDV) and increase in pulsatility Index (PI) are 
related to a rise in distal cerebrovascular resistance, which may be due to increased intracranial 
pressure (ICP)
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Studies regarding noninvasive ICP (nICP) monitoring using TCD/TCCS have 
started since 1987 [25], and relied upon three methods: ICP measurement based on 
PI, ICP measurement based on the calculation of noninvasive cerebral perfusion 
pressure, and ICP measurement based on mathematical models. A later review on 
the subject from Cardim et al. [26] suggested that TCD-based nICP methods pre-
sented an acceptable correlation with measured ICP (with the exceptions for 
PI-based methods) with an overall accuracy of +/− 12 mmHg. Rasulo et al. [27] 
showed in a prospective pilot study including 38 acute brain injury patients includ-
ing 20 TBI patients that TCD-based ICP estimation correlated with invasive ICP 
values. Using an equation proposed by Czosnyka et  al. (CPPe  =  MAP  ×  EDV/
MFV + 14) [28], TCD measured nICP had a 100% sensitivity in excluding an intra-
cranial hypertension defined by an invasive ICP over 20 mmHg. TCD-based ICP 
values overestimated ICP by 6.2  mmHg on average. However, the correlation 
between invasive ICP and noninvasive ICP values is not perfect since decreased 
CBF might occur in patients with normal ICP, as demonstrated by hyperventilation. 
In conclusion, TCD/TCCS is able to assess changes in ICP but it is unable to give 
us absolute ICP values in relation to important variability in the reported accuracy.

41.4  Mild to Moderate Traumatic Brain Injury: TCD/
TCCS-Guided Therapy

Early triage and management of mild-to-moderate TBI is a daily challenge in the 
emergency room (ER). These patients represent more than 80% of TBI patients [29] 
and are exposed to a rapid and sudden secondary neurologic worsening described 
by some authors as “talk and die” patients [30–32]. Even in mild TBI, up to 10% of 
patients will present neurologic worsening, requiring emergency neurosurgical pro-
cedures [33–35]. Neurologic worsening is usually caused by diverse intracerebral 
complications such as cerebral edema, intracerebral or subdural hematoma, extra-
dural hematoma, subarachnoid hemorrhage, and/or hydrocephalus.

Prediction of neurologic status of mild-to-moderate TBI patients is based on 
clinical examination, biomarkers, and brain CT scan. The prognostic value of bio-
markers such as protein S100 or neuron-specific enolase is beyond the scope of this 
chapter and warrants further investigation, whereas the prognostic value of CT scan 
is only demonstrated in patients with no or severe intracerebral injuries [31, 36, 37]. 
The triage of patients with moderate initial intracerebral lesion is still challenging in 
the ER and systematic CT scan monitoring is often done even in patients with no 
clinical sign of neurologic worsening [38, 39].

Recently, TCD/TCCS has been assessed for the prediction of neurologic worsen-
ing after mild-to-moderate TBI. A threshold of 1.25 for PI and/or 25 cm/sec EDV 
predicted neurologic worsening up to Day 7, with a 91% sensitivity and a 90% 
specificity in 98 patients [40]. Interestingly, moderate lesion on brain CT scan only 
predicted neurologic worsening in 47% of these patients. In a later multicenter 
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observational prospective study, Bouzat et al. [41] confirmed their first finding in a 
cohort of 369 patients with mild-to-moderate TBI and moderate CT scan lesions. 
Using the same thresholds, they found a 98% negative predictive value (NPV) for 
neurologic worsening. Abnormal TCD/TCCS pattern was also associated with a 
worse neurological outcome at Day 28 based on the disability rating score (DRS).

On the one hand, Bouzat et al. concluded that TCD could have an impact on 
intrahospital triage, since patients with normal TCD might not require repeated CT 
scanning and might be discharged home early. On the other hand, the authors did 
not show that abnormal TCD is accurate enough for predicting neurologic worsen-
ing. This result might be explained by the fact that clinicians were not blinded for 
TCD measurements, probably resulting in management strategies that might have 
prevented neurologic worsening. Moreover, PI depends on systemic pulse pressure 
amplitude, which is higher in elderly patients due to an aortic insufficiency or loss 
in vessel compliance.

41.5  Posttraumatic Internal Carotid Artery Dissection: 
TCD/TCCS Role

Post-traumatic internal carotid artery dissection (TICAD) is rare, with a prevalence 
of around 2% [42–44]. TICAD has a high morbidity and mortality when untreated 
[44–47]. These injuries are most commonly found in the trauma patient population 
with high-energy injury mechanisms to the head, neck, and thorax. The current 
guidelines [48, 49] recommend that only clinical signs and radiologic risk factors 
dictate screening by either CT angiography or MR angiography. The delay between 
the time of injury and initial neurological symptoms can extend up to one week 
[50], and 30% of blunt cerebrovascular injuries detected on CT angiography have 
no clinical or radiologic associated signs [51].

TCD/TCCS could be a useful tool for the screening of TICAD on admission, as 
it could enhance the accuracy of screening protocols and optimize the use of diag-
nostic imaging. An asymmetry superior to 25% in peak systolic flow velocities 
(PSVs) between the two middle cerebral arteries and a PI lower than 0.8, creating a 
demodulated velocity waveform, was correlated to an ipsilateral traumatic carotid 
dissection [52–54] (Fig. 41.2). This particular waveform is explained by the fact 
that PSV reflects the upstream vascular blood flow that is reduced by any obstruc-
tion. Without carotid stenosis, TCD/TCCS might not be modified and TCD is only 
helpful when TICAD induces a reduction in carotid diameter.
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41.6  Cerebral Autoregulation in TBI: TCD/TCCS Role

After severe TBI, the assessment of the autoregulation status is part of standard 
management. Autoregulation and vasoreactivity impairments were directly corre-
lated with poor neurological outcome, as patients did not have an important protec-
tive mechanism and possibly an inadequate brain perfusion [55, 56]. While CT 
perfusion, positron emission tomography, and functional MRI methods have been 
described for vasoreactivity assessment, these methods are not appropriate for 
severe and unstable TBI patients, whereas TCD/TCCS can be used as a point-of- 
care tool for assessing cerebral autoregulation in TBI patients [57]. Different meth-
ods using TCD have been described in the literature:

 1. The autoregulatory index (ARI) using the thigh cuff deflation technique relies on 
measuring changes in the MCA cerebral blood flow velocities induced by MAP 
drop followed by normalization [58]. After bilateral thigh cuffs’ inflation and 
deflation, the strength of autoregulation was graded with a scale from 0 to 9 
using a mathematical model. Autoregulation is defined as abnormal and passive 
below 4.

Fig. 41.2 Typical transcranial Doppler (TCD) recording from the middle cerebral artery after 
traumatic internal carotid artery dissection (TICAD)
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 2. The autoregulatory index by transfer function analysis (TF ARI): using transfer 
function analysis to quantify the relationship between mean arterial blood pres-
sure/CPP and cerebral blood flow velocities, inverse Fourier transform was used 
to obtain the cerebral blood flow velocity (CBFV) impulse response in time. The 
response was then fitted to the ARI models proposed by Tiecks [59].

 3. The transient hyperemic response test [60]: using transient MCA hyperemia 
after ipsilateral carotid compression, this method defined an increase in PSV 
higher than 10% (after a steady and stable rise of MCA baseline values during 
compression) as a sign of intact autoregulatory capacity.

 4. The TCD-based calculation of the mean flow index (Mx): using continuously 
CPP and MFVMCA monitoring, a Pearson’s correlation coefficient between these 
values is calculated to provide Mx between −1 and +1 [61]. A Mx lower than 
0.05 indicated good autoregulation, and that higher than 0.3 is considered a sign 
of impaired autoregulation [62].

41.7  Conclusion

TCD is a noninvasive technique available at the bedside to improve the management 
of patients with severe TBI. This technique can be used at the early phase of TBI 
before invasive monitoring is available. It may help diagnose brain ischemia to tai-
lor CBF manipulation at the bedside. This technology is also helpful to assess the 
risk of intracranial hypertension after severe TBI and/or the risk of early neurologi-
cal worsening after mild-to-moderate TBI. An algorithm for early TBI management 
is proposed. In the ICU, TCD can be used as a dynamic tool to assess brain auto-
regulation. Taken together, all these roles further highlight the potential beneficial 
effect of TCD monitoring after TBI for daily clinical management.
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 Algorithm

SIGNS OF CEREBRAL HERNIATION?

YES NO

OSMOTHERAPY INICIAL RESUSCITATION
OBJECTIVES

MAP 80-90 mmHg
Transcranial Doppler (TCD)

Transcranial Color-Coded duplex Sonography (TCCS)
PaCO2 35-40 mmHg

SpO2 100%
Hb 7-9 gr/dL

ESTIMATION
Non-INVASIVE

ICP

TRANSTEMPORAL
WINDOW

CEREBRAL
AUTOREGULATION

High Energy Trauma ?

Head / Neck / Thorax
MCA MCA

MFV < 30 cm/sec ARI
CONSIDER EDV < 20 cm/sec TF-ARI SUSPICION
ICP Values PI > 1.4 Hyperemic Test TICAD
ICP Trends Mx Bilateral MCA PSV

> 25% Difference
YES NO PI < 0.8

ASSESS Demodulated PSV
Spectral WaveformPreserved ?

CONSIDER Impaired ?
Osmotherapy

MAP Optimization
EtCO2 Optimization CONSIDER

Continue Resuscitation as
per Protocol

Brain-CT Scan

Cerebral Perfusion Pressure (CPP) Optimization

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

DIAGNOSIS

ABCD
Level of Consciousness (GCS)
Pupillary Reactivity ? 
Hemodynamic Stability ?
Oxygenation?

TRAUMATIC BRAIN INJURY
(TBI)

ANISOCORIA / MYDRIASIS
CUSHING REFLEX

 

ABCD Airway-Breathing-Circulation-Disability, PSV Peak systolic Flow velocities, PI Pulsatility 
Index, MCA Middle cerebral artery, MFV Mean flow velocity, EDV End-Diastolic flow velocity, 
ARI Autoregulation index, TF-AR autoregulatory index by transfer function analysis, Mx Mean 
flow index, MAP Mean arterial pressure, TICAD Traumatic internal carotid dissection.
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Chapter 42
Sickle Cell Disease (SCD): Usefulness 
of Transcranial Doppler (TCD/TCCS) 
Monitoring

Juan Fernando Gómez Castro

Key Points
 1. Acute stroke in patients with sickle cell disease (SCD) is a major complication 

and generates irreversible sequelae.
 2. The pathophysiological mechanisms that lead to stroke are defined in SCD, 

some of which are potentially reversible and have key implications for prevention.
 3. The different neurodiagnostic strategies in SCD seek to estimate the risk of acute 

stroke and have been key to its prevention.
 4. Transcranial Doppler (TCD/TCCS) is the most widely used tool in the assess-

ment of acute stroke risk in children with SCD, with clear indications as well as 
advantages over other diagnostic alternatives.

 5. The existing recommendations for the performance and interpretation of TCD in 
SCD are defined. However, some technical aspects such as its use in older indi-
viduals are subject to investigation.

42.1  Introduction

Transcranial Doppler (TCD) is an ultrasound technique that, by using a low- frequency 
transducer applied to an acoustic window (head and/or neck), allows rapid, noninva-
sive, real-time detection of flow velocities in the basal cerebral arteries (circle of 
Willis) in different cerebrovascular diseases and traumatic brain injuries [1].

Another important advantage of TCD is to provide a continuous monitoring of 
cerebral hemodynamics, and for this reason TCD has become a very useful tool in 
ICU settings [2], with well-defined roles in the early identification and management 
of certain brain pathologies, such as vasospasm after posttraumatic subarachnoid 
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hemorrhage or after rupture of aneurysms, as well as the assessment of hemody-
namic changes after acute stroke. Equally important applications include the detec-
tion of microembolic signals during cardiopulmonary bypass or in right-to-left 
cardiac shunts, as well as cerebral hemodynamics assessment in suspected 
brain death.

Despite its multiple applications, the use of TCD is still limited because it 
requires intensive training and appropriate equipment [3]. Moreover, its predictive 
accuracy should be improved, especially when combined with other physiological 
monitoring techniques such as EEG, cerebral tissue oxygen monitoring, and cere-
bral microdialysis. This would allow the validation of new criteria and critical val-
ues for conditions such as vasospasm, among others [4].

TCD/TCCS has proven to be an excellent diagnostic tool also in children, with 
some limitations specific to this group [5, 6]. There is one condition, namely SCD, 
in which TCD/TCCS has proven to be useful as a predictive tool of cerebrovascular 
complications (CVS) becoming an integral part of the guidelines for the approach 
and management of children affected by this disease.

42.2  Sickle Cell Disease (SCD)

In its homozygous form, SCD is one of the leading causes of acute ischemic stroke 
(AIS) in children, with a risk 410 times greater than the general population, and the 
consequent high prevalence of associated disability and mortality (10% of total 
deaths in SCD and a reduction of approximately 25 years in life expectancy) [7–9]. 
However, there are differences between the frequency of this complication accord-
ing to the genotypes of hemoglobinopathy ¨S¨ present, being approximately 6 times 
lower in patients with sickle cell trait or sickle cell/thalassemic trait, when com-
pared to the homozygous form of the disease [10].

In homozygous individuals for the “allele B” gene responsible for the synthesis 
of hemoglobin B chain, the formation of hemoglobin “SS” occurs, which, in condi-
tions of low oxygenation, metabolic acidosis, or dehydration, polymerizes irrevers-
ibly changing the structure of the erythrocyte that contains it, leading to a defective 
function (ineffective oxygenation, inflammation of the vascular endothelium, and 
all subsequent events of the disease) [11]. The process of polymerization of the 
defective hemoglobin also leads, through its interaction with the endothelium and 
the various inflammatory cascades, to progressive vascular occlusion, which is ulti-
mately responsible for events such as painful crises, acute chest syndrome, splenic 
sequestration, CVC, etc. (vaso-occlusive crisis).

Several studies have determined the overall incidence for the first AIS according 
to age, being lower for pediatric patients in the under-2 year group, higher between 
2 and 5 years, and remaining high but stable from 6 to 29 years of age [12]. Those 
affected have been found to be at increased risk of AIS recurrence after the first 
event [13]. Environmental or personal factors such as low socioeconomic or 

J. F. G. Castro



703

educational status in the child’s social environment [14], and male gender [15] fur-
ther contribute to the vulnerability of sickle cell patients to these and other 
complications.

42.3  Sickle Cell Disease: Pathophysiology

There are a number of conditions specific to SCD that increase the risk of vascular 
occlusion and therefore CVC, including [16].

 1. Chronic hypoxia (associated with decreased oxygen saturation and/or decreased 
hemoglobin)

 2. Occlusive cerebral vasculopathy acting simultaneously with increased blood 
flow, due to anemia and increased hemoglobin S which in turn decreases the 
cerebrovascular reserve

 3. Increased metabolic demand on the brain, associated with fever or infection
 4. Presence of previous ischemic brain injury, which increases risk, even in spite of 

appropriate management
 5. Sudden increases in hemoglobin, associated with transfusion therapy
 6. Cardiovascular risk factors common to the general population

These factors interact dynamically in the microcirculation, as shown in 
(Fig. 42.1).
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Fig. 42.1 Pathophysiology of capillary vascular occlusion in sickle cell disease
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However, this series of events is not entirely applicable to explain the vascular 
occlusion observed in the large arteries of the cerebral circulation. Therefore, 
explanatory models have been devised that fuse these concepts of microvascular 
lesion as the events that lead to endothelial injury and, over time, progressive occlu-
sion of the main cerebral vessels [17]. In these models, it is presumed that a number 
of molecules, including inflammation mediators, adhesion mediators, growth fac-
tors, and vascular reactivity among others, promote the activation and adhesion of 
leukocytes and platelets; which in turn activate or damage the cells of the large ves-
sel endothelium, being replaced by vascular smooth muscle cells that migrate and 
proliferate uncontrollably along with the inflammatory and adhesion cascade 
described, to finally lead to a slow and progressive narrowing of the vascular lumen 
that can be detected by TCD/TCCS and which, if not reversed, will lead to an acute 
vascular occlusion (vascular-occlusion crisis). These models also suggest that early 
management before complete occlusion is generated and symptoms appear can 
gradually and progressively reverse the occlusion in the large cerebral vessels.

42.4  Cerebrovascular Complications (CVC): 
Estimation of Risk

Knowledge and understanding of CVC in SCD emphasizes the importance of esti-
mating risk in affected children. Early therapeutic interventions such as chronic red 
blood cell transfusion have been shown to be useful in preventing CVC and/or 
recurrences of CVC [18]. Primary prevention depends on finding a way to identify 
as many individuals as possible who are at risk and potentially benefit from the 
treatments described.

To this end, some risk factors have been identified: (a) a lower hemoglobin value 
and (b) history of transient ischemic events or acute chest syndrome, among others. 
However, none of these factors have allowed the generation of a predictive model 
applicable to clinical risk assessment for CVC [19].

Brain imaging studies were initially considered as a good alternative. They 
would allow a direct visualization of the brain parenchyma (MRI) or blood vessels 
(angiography and/or angio-MRI). However, their use has proven impractical in chil-
dren because they are either invasive or require anesthesia. Moreover, MRI, docu-
menting cerebral infarctions, even if asymptomatic, is contrary to the preventive 
purpose of these studies [19, 20].

The above analysis and the obvious advantage of identifying intracerebral vessel 
stenosis made evident the application and usefulness of TCD/TCCS in estimating 
the risk of CVC.

The STOP trials provided evidence that TCD/TCCS is the method of choice for 
staging specific risk of CVC and indicating an appropriate management in each case.
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42.5  Role of Doppler – STOP Trials

Despite the advantages of ultrasound over MRI or angio-MRI, it was necessary to 
demonstrate that this tool had similar or superior utility in establishing the degree of 
vascular stenosis/occlusion associated with CVC.

TCD/TCCS was chosen over cervical Doppler, since most vascular occlusions 
are found in the proximal segments of the middle cerebral artery (MCA), whereas 
the internal carotid artery is rarely involved in SCD [19]. Therefore, blood flow 
velocities of MCA were measured through population sampling; (a) healthy chil-
dren and (b) SCD children without previous CVC history. This allowed the collec-
tion of flow velocity ranges in different clinical scenarios, correlating critical values 
of ultrasound flow velocities with the presence of severe stenosis/occlusion as docu-
mented by angio-MRI (Table 42.1) [21].

For patients with blood flow velocities suggestive of severe stenosis/occlusion, a 
higher risk of CVC was demonstrated at 12  months, than in other groups. This 
allowed to establish a CVC risk classification, according to the values of MCA 
velocities measured by TCD [22]:

 (a) Low risk: <170 cm/s
 (b) Moderate risk: 170–199 cm/s
 (c) High risk: >200 cm/s

The STOP trial was conducted looking at the prevention of CVC in children with 
SCD. It was conducted in 14 centers in several countries over approximately 5 years. 
This trial was terminated prematurely because high-risk children were found to 
have a higher incidence of CVC when they were not given regular transfusions, 
compared to those who were given regular transfusions (greater than 90% reduction 
in risk when chronic transfusion was indicated by estimating the risk of CVC). This 
allowed the scientific associations to recommend research with TCD as well as 
prophylactic transfusion in cases of high risk due to altered flow rates [22–24].

A second clinical trial, STOP II, was conducted to evaluate the clinical and ultra-
sound behavior in children who were withdrawn from transfusion therapy after 
documenting improvement in flow rates in MCAs (approximately 50% went to low 
risk and 17% to moderate risk with the use of chronic transfusions). Again this trial 

Table 42.1 Blood flow velocities values in the MCA

Cerebral blood flow velocity values

Healthy child 79 cm/s ± 13
Child with SCD without stenosis/occlusion 133 cm/s ± 19
Child with SCD with severe stenosis/occlusion 190 cm/s
Child with SCD with critical stenosis/
occlusion

<70 cm/s

SCD sickle cell disease
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was stopped, when it was found that most of the children who were withdrawn from 
transfusions returned to high risk for CVC due to a rapid increase in flow rates 
detected by TCD, while those who continued transfusion therapy remained at low 
or moderate risk.

What was evident after the STOP I and STOP II studies was the change in mor-
bidity and mortality rates due to CVC in children with SCD. This remarkable result 
was achieved by TCD, which since then has been incorporated into the protocols for 
periodic assessment in children with SCD, because it was recognized as one of the 
most effective tools for prevention and stratification of CVC [25]. Further surveil-
lance has showed sustained lower incidence of AIS among patients with available 
follow-up implemented, and resurgence of CVC in whom protocols had not been 
properly implemented for diagnosis or treatment decisions [26].

An additional clinical trial, TCD with Transfusions Changing to Hydroxyurea 
(TWiTCH) [27], has compared chronic transfusions with the use of hydroxyurea as 
a measure to prevent CVC, and it has shown that this therapeutic intervention is as 
effective as chronic transfusion therapy in preventing deterioration in blood flow 
rates measured by TCD, as well as avoiding CVC. Benefits of hydroxyurea have 
also been proved using TCD, showing reduced TCD velocities and prevention of 
primary AIS using lower doses of medication than those used in STOP protocols 
[28]. Unexpected findings like a lower rate of TCD abnormalities for selected ethnic 
groups, as compared with values internationally reported, have been useful for rais-
ing questions about the need for identifying another risk factor and its importance 
through specific populations [29].

42.6  Detection of Cerebrovascular Complications: 
Limitations of TCD/TCCS

Despite the value of the TCD in the assessment of patients at risk of CVC and SCD, 
its universal application has not been possible, even in centers that participated in 
the original clinical trials [25]. This is due to institutional limitations in following 
established protocols, as well as difficulties in locating and monitoring patients, not 
only during childhood, but also in the transition period toward adulthood. In addi-
tion to these circumstances, which are inevitable even in more efficient health sys-
tems than ours, there are factors specific to the TCD procedure that deserve to be 
analyzed in order to avoid them in daily practice:

 1. Inadequate results:
These refer to those TCD where it is not possible to accurately measure the flow 
rate in the main vessels. The prevalence of this difficulty ranges from 8 to 16% 
and has a bimodal presentation.

 1.1 More frequent in children under 3 (due to poor cooperation from the child) 
and those over 16 (due to inadequate bone window).
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 1.2 The use of portable equipment for TCD also influences the difficulty in 
detecting measurable flow rates.

 1.3 The presence of prior CVC is another circumstance that generates inade-
quate results, and it is for this reason, among others, that risk values for TCD 
results in patients with a history of such a complication cannot be estimated, 
since their outcome would not be interpretable based on existing proto-
cols [30].

 2. Techniques:
These include comparing TCD not associated with vascular imaging with TCCS, 
which is a common variation from original protocols of the STOP study [31]. 
Although the benefits of adequate measurement would seem obvious when using 
a technique that adds visualization of the vessel being studied, the velocities col-
lected by TCCS have shown to be only slightly lower: approximatetly 9% for 
MCA and 10% for the distal internal carotid [32]. In short, the sonographer’s 
experience should guide the choice of the different modality, TCD or TCCS, tak-
ing into account these small differences.

 3. Velocities:
Some controversy has arisen as to whether risk values should be set according to 
the mean peak flow velocity or peak systolic velocity data, since this value is 
more commonly used in TCD/TCCS equipment, particularly TCCS. Although 
there are trials that have sought to match the values of both measurements and 
the risk prediction described in the STOP studies [33], to date no modifications 
have been made to the existing protocols, so the mean flow velocity value should 
be recorded and reported. If the TCD/TCCS equipment does not incorporate 
such a measurement, it can be extrapolated using the following formula:

 
MFV PSV EDV EDV= −( ) +/ 3

 

 4. Comparison of utility against other techniques:
Despite benefits of TCD over brain MRI or angio-MRI (as discussed before), 
there are some settings where these techniques can be useful, such as inadequate 
or incomplete TCD assessment, and the fact that TCD is operator-dependent and 
therefore not allowed to second-reading or interpretation. Angio-MRI is also a 
tool to identify brain silent infarcts, even for patients without any vascular abnor-
malities or when TCD results are in low-risk values [34], which need to be kept 
in consideration for patients with long-term transfusions for SCD [35]. 
Correlations between TCD and hematologic test such as traditional hematocrit, 
red cell distribution width (RDW), or new techniques like red blood cell rigidity 
may provide more accurate pictures of the patient blood/vascular status rather 
than the blood viscosity alone and could be a future tool for the detection of 
stroke risk among SCD patients who cannot gain access even to a test like TCD 
ultrasound [36].
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 5. Long-term follow-up / adults:
The role of TCD/TCCS has been evaluated in the follow-up of SCD patients, 
once the risk has been defined as well as the need for long-term management 
with transfusion therapy or other interventions. This affirmation, however, posts 
several points to consider. First, there is evidence of low adherence to periodic 
TCD, especially for patients seen first at the emergency department [37], 
 therefore there is an opportunity for increased screening as to whether new 
efforts point toward recruiting new patients and continue educating personnel at 
these specific clinical settings [38].

Secondly, although the risk of ischemic cerebrovascular disease (CVD) per-
sists low over time, it has been documented that vasculopathy associated with 
SCD does not always regress and may even worsen in the adult, as shown by 
angio-MRI [39, 40]. The formation of multiple vessel stenoses and/or aneu-
rysms/pseudoaneurysms, the higher rate of hemorrhagic CVC as well as the lack 
of established “risk” values for such a complication in the adult limit the applica-
tion of TCD/TCCS measurements in this age group [41]. This opens up an 
opportunity to carry out clinical trials in the adult population in order to correlate 
mean flow velocity (MFV) values with risk of the different types of CVC, as well 
as studies to measure the impact that new drugs such as hydroxyurea might have 
on the paraclinical variables and final outcomes.

42.7  Conclusion

TCD/TCCS has proven to be a very reliable, easy-to-use, and cost-effective tool in 
pediatric SCD patients, providing risk stratification for CVD and indicating proper 
management. TCD/TCCS monitoring is also crucial for verifying treatment efficacy 
and disease modifications (new stenosis, worsening of known stenosis, etc.) during 
follow-up.
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)
Bilateral Pupillary reactivity?
Hemodynamic stability?
Oxygenation?

DIAGNOSIS

SICKLE CELL DISEASE

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

Mean Flow Velocity
(MFV)

Failed Result
(MFV)

TCD / TCCS TCD / TCCS TCD / TCCS
ANUAL 6 MONTHS 3 MONTHS

Hydroxiurea

Angio MRI
1. Previous Stroke

RISK EVALUATION 2. Undetermiated Risk
The risk estimate is modified
by the serial doppler results

3. < 16 Years Old

170 cm/s
MILD RISK of STROKE

170-200 cm/s
MODERATE RISK of STROKE

200 cm/s
HIGH RISK of STROKE

Cronical
Transfusions

Undeterminated
Risk

RISK OF ACUTE STROKE
[ 2-16 Years Old ]
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Chapter 43
Comatose Patient in ICU: Early 
Resuscitation Guided by Transcranial 
Doppler (TCD/TCCS)

Francisco Tamagnone and Ezequiel Luna

Key Points
 1. Coma is a serious, multifactorial pathology that must be treated adequately and 

promptly. Therefore, after the initial medical stabilization, practitioners must 
find the cause to guide the therapy.

 2. Transcranial Doppler (TCD)/transcranial color-coded duplex sonography 
(TCCS) are tools that may be useful in these comatose patients to estimate intra-
cranial pressure (ICP), cerebral blood flow (CBF), and cerebral perfusion pres-
sure (CPP) and to make a diagnosis of brain death.

 3. Most of these pathologies are accompanied, as an underlying physiopathological 
mechanism, by an increase in intracranial pressure (ICP), through ischemia, 
edema, and herniation of encephalic structures. Therefore, TCD/TCCS could 
show us patterns of hypoperfusion (PI ˃ 1,4 and EDV <20 cm/s) and thus gives 
us the opportunity to intervene in real time, minimizing secondary brain injury.

 4. We propose to perform ultrasound-guided cerebro-cardiovascular resuscitation 
(US-CCaRE), with the aim of decreasing the extent of secondary injury and thus 
improve the prognosis of patients with cerebral hypoperfusion ([US-CCaRE]: 
English adaptation of the spanish acronym RECCUS).
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43.1  Introduction

Disorders of consciousness, particularly coma, can be a reason for admission and a 
complication in the intensive care unit (ICU). Coma can be defined as the absence 
of eye opening or wakefulness and verbal or motor response for at least 1 hour [1].

The ascending reticular activating system (ARAS) is responsible for the waking 
state while the cerebral cortex and its subcortical connections are responsible for the 
consciousness state. For a coma to occur, the function of the ARAS or the cerebral 
cortex must be impaired or altered bilaterally [1].

Alterations in consciousness such as coma are serious conditions that must be 
treated appropriately and quickly (Fig. 43.1). The great challenge that this entity 
represents is that it can be caused by multiple causes of traumatic and nontraumatic 
origin [3] (Table 43.1).

Therefore, intensive care and emergency department physicians must act quickly. 
First, stabilize the patient, following the ABCDE international guidelines [4–6], and 
then arrive at a diagnosis of certainty in order to provide the patient with adequate 
treatment.

43.2  Neurological Exam in Coma: Usefulness?

The neurological examination is important for the localization and identification of 
the cause of coma. Serial examinations to assess dynamic changes are equally 
important. Systematic vital signs assessments and neurologic checks are the norm 
in patients admitted to the ICU. We recommend the use of standardized scales to 
assess disorders of consciousness (i.e., GCS or FOUR).

Many times, this step in the evaluation of the coma patient is impossible to per-
form in the ICU and ED.  In this clinical scenario, the presence of a noninvasive 
neuromonitoring tool such as TCD/TCCS is useful for the assessment of intracere-
bral hemodynamic status for real-time resuscitation decisions.

We must consider that these patients suffer a primary injury and then are vulner-
able to increased damage as a result of the secondary Injury such as ischemia, 
edema, or cerebral metabolic disorders.

Traumatic brain injury (TBI) is an important cause of coma. Mortality in these 
patients is approximately 30% [7]. Of the survivors, only 25% regain long-term 

consciousness Coma

Brain death

Vegetative
status

Fig. 43.1 Clinical 
evolution of coma
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functional independence [8–10] and 5–15% are discharged in a vegetative state, 
where only 50% regain consciousness with some neurological sequelae [9–11].

For patients in nontraumatic coma, the evidence is more heterogeneous. Some 
series place mortality between 25 and 48% [12, 13], others between 25 and 87% 
depending on the study and its cause. Overall, these studies show that acute isch-
emic stroke (AIS) is the cause of coma with the highest mortality (60–95%), fol-
lowed by post-cardiorespiratory arrest anoxia-hypoxia injury (54–89%), and with 
the lowest mortality rates being intoxications / poisoning (0–7%) and nonconvul-
sive epileptic status (NCSE) (0–10%) [2].

Some causes of coma are reversible and have low morbidity and mortality, while 
others have a poor prognosis. Salahuddin et al. [14], in a prospective trial, included 
patients who, after showing resolution of their underlying pathology, remained in a 
coma after 48 hours off sedation. They underwent a brain CT scan, and the optic nerve 
sheath diameter (ONSD) was measured for signs of intracranial hypertension (IHT). 
Of the 102 patients included, 31 (30%) showed signs of IHT on CT scan. This group 
did not receive adequate treatment in a timely manner, which worsened their prognosis.

For all the above reasons, it is very useful to have a method that allows us to assess, 
in this group of patients, whether the estimated cerebral blood flow (by measuring the 
flow velocities in the intracerebral arteries) is adequate for the patient’s clinical condi-
tion. The aim is to avoid, in real time, situations of ischemia or hyperemia.

43.3  TCD/TCCS: Neuromonitoring Tool

Some of the benefits of TCD/TCCS within the neuromonitoring of comatose 
patients are as follows:

 (a) Noninvasive intracranial pressure (ICP) estimation

Table 43.1 Causes of coma

Traumatic causes

Traumatic brain injury (TBI)
Nontraumatic Causes

Hyponatremia/hypernatremia
Hypercalcemia
AKI >> uremia
Acute liver failure (ALF)
Hyperammonemia
Intoxications
Hypothermia/hyperthermia
Hypercapnia
Hyperthyroid/hypothyroid state
Sedatives/anesthetics/opioids
AEDs/antipsychotic/hypnotics
Carbon monoxide poisoning

Elevated intracranial pressure
Strokes
Anoxic/hypoxic injury
Subdural hematoma
Hydrocephalus
CNS infection
NCSE/seizures
Sepsis
Hypoglycemia
Hyperglycemia/ketoacidosis
Methemoglobinemia
Herbicides/pesticides/rodenticides

NCSE nonconvulsive status epilepticus, AKI acute kidney injury, CNS central nervous system, 
AEDs antiepileptic drugs
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 (b) Cerebral blood flow velocities measurement
 (c) Noninvasive cerebral perfusion pressure (CPP) estimation
 (d) Brain death determination

43.3.1  Noninvasive Intracranial Pressure (nICP) Estimation

We can estimate nICP by ultrasound, using the formula described by Bellner: 
(Eq. 43.1)

 
ICP Pulsatility Index PI= × [ ]10 93 1 28. . .–

 
(43.1)

Equation (43.1) shows an important relationship between nICP and PI [15].
When the ICP starts to rise, the first variable to alter is the PI which rises >1.6 

[15], then the end-diastolic flow velocity (EDV) falls, and finally the mean flow 
velocity (MFV). If the increase in ICP continues, the patterns of cerebral circulatory 
arrest will begin to appear (Fig. 43.2):

 1. Reverberant blood flow
 2. Systolic spike
 3. Absence of flow

Another ultrasound method that can estimate noninvasive ICP is the measure-
ment of the optic nerve sheath diameter (ONSD); this technique will be discussed in 
the corresponding chapter.

43.3.1.1  Pulsatility Index

It is important to keep in mind that PI does not depend exclusively on cerebral vas-
cular resistance (CVR) but is the result of an interrelation of some variables such as: 
cerebral perfusion pressure (CPP), blood pressure pulse amplitude (A1), cerebral 
vascular resistance (CVR), and cerebrovascular compliance (Ca).

Fig. 43.2 Spectral Doppler (TCD): Left: Reverberant blood flow; Right: Systolic spikes
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For this reason, some authors point out the possibility of obtaining an inverse, 
nonlinear relationship between CPP and PI, using the Doppler spectral PI to inter-
pret the clinical situation. This is defined as the first harmonic of the flow velocity 
pulse wave divided by the mean flow velocity. The following relationship between 
PI and CPP is proposed [17, 20] (Eq. 43.2):

 
PI CPPm CVR Ca HR= × √ ×( ) × ×( ) +



A1

2 2 2
2 1/ π

 
(43.2)

PI: pulsatility index, A1: first harmonic of arterial blood pressure, CPPm: media 
of cerebral perfusion pressure, CVR: cerebrovascular resistance, Ca: cerebral arter-
ies compliance, HR: heart rate.

Although these measurements do not have sufficient evidence to replace invasive 
ICP monitoring, which is the gold standard, they are very useful complementary 
monitoring and estimation tools at the bedside of the critical patient when invasive 
monitoring is contraindicated or not available.

43.3.2  Intracranial Blood Flow Velocities Measurement

We can analyze the flow waveform in the arteries of the circle of Willis, especially 
the middle cerebral artery (MCA), evaluating their changes and morphology in real 
time. The classic MCA waveform has a low resistance pattern (Fig. 43.3).

43.3.3  Noninvasive Cerebral Perfusion Pressure 
(CPP) Estimation

Cerebral perfusion pressure (CPP) can also be estimated by this noninvasive moni-
toring technique. It depends on the ICP and mean arterial pressure (MAP); there-
fore, any factor that alters this relationship, increased ICP and/or decreased MAP, 
puts patients at risk of developing cerebral ischemia.

These alterations in CPP generate changes in the cerebral blood flow estimated 
by TCD/TCCS, with a decrease in the end-diastolic blood flow velocity (EDV) and 
a stable peak systolic blood flow velocity (PSV), increasing the value of the 
PI. Czosnyka et al. [16] developed a formula to estimate CPP (Eq. 43.2), which, 
although it has limitations to predict the value of CPP, allows us to objectify ¨real 
time¨ changes and take immediate action for their optimization.

Equation descripted by Czosnyka: (Eq. 43.3)

 
CPP MAP EDV MFV= ×( ) +/ 14

 
(43.3)
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Descripted by Belfort: (Eq. 43.4)

 
CPP MFV EDV MAP DAP= ( )×( )/ /

 
(43.4)

CPP values below 60 mmHg should alert us; however, values above 60 mmHg 
cannot always be interpreted as safe for all patients.

In a study, da Riva et al. [17] showed that PI correlates better with CPP than with 
ICP values. Other authors also observe a good relationship between PI and CPP, 
especially when the latter falls below 70 mmHg [18].

Ursino et al. [19] used a mathematical model to observe the behavior of CPP 
with respect to flow rate. In patients with CPP > 70 mmHg, there is no decrease in 
the MFV, but when the CPP values begin to decrease, the PI increases. When CPP 
is between 40 and 70 mmHg, the MFV begins to decrease while the PI continues to 
increase. With CPP values below 40 mmHg, the MFV starts to decrease rapidly 
while the PI increases. These changes occur due to increases in the ICP and decreases 
in the MAP.

It is important to bear in mind that all of the above methods have their limitations 
and are not intended to replace invasive ICP measurement. However, they would 
allow us, in the case of not having the possibility of invasive ICP measurement, 
which is contraindicated or in pathologies without clear indication of invasive ICP 
monitoring, to obtain a parameter that can guide us in making decisions at the bed-
side of the critically ill patient.

In the Van Santbrink et al. trial [21], where patients with severe TBI were moni-
tored early with TCD/TCCS, it was shown that the lowest mean MFV of MCA were 

Fig. 43.3 UP: Spectral Doppler waveform of MCA (low resistance spectral pattern). Down: 
Spectral Doppler waveform of external carotid artery (ACE) (high resistance spectral pattern)
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observed in the first 8 h of trauma. The decrease in MFV was accompanied by an 
increase in PI, where this group showed the worst evolution.

Vigué et al. [22] observed that in patients with severe TBI, 7 h elapsed from the 
time of trauma to the start of neurological monitoring, where it was initially per-
formed with jugular bulb venous oxygen saturation (SjvO2). In only 37% of these 
patients, the initial SvjO2 was 55%, with MAP of 80 mmHg or more, so resuscita-
tion of these patients could have been performed earlier. Resuscitation times would 
have been shorter if a rapid, noninvasive method of neurological monitoring had 
been available to estimate CPP at the bedside for earlier accurate resuscitation.

It is in these clinical scenarios where TCD/CCTS becomes a useful alternative 
for making decisions regarding resuscitation and/or initial treatment in coma 
patients.

The intention of this chapter is to review the available literature and to objec-
tively assess whether TCD/TCCS has a place in the early resuscitation of comatose 
patients in ICU and emergency department (ED). For practical purposes, we will 
divide the analysis of this monitoring technique and its possible applications, in 
patients with traumatic and nontraumatic coma.

43.4  TCD/TCCS and Traumatic Coma

After a TBI, the brain suffers damage that depends on the mechanism and kinetics 
of the primary injury. It is then vulnerable to secondary injury due to edema and/or 
cerebral ischemia. Ischemia is the most important poor prognostic factor in patients 
with TBI [23–25].

With the aim of acting early, supported by the Van Santbrink [21] and Vigué [22] 
trials, which demonstrate low CPP in the first hours after trauma (8  hours) and 
delayed CPP monitoring (7 hours), respectively, it is very useful to have a noninva-
sive, reproducible and portable method of neurological monitoring. In this regard, 
the TCD/TCCS meets all the conditions.

In the clinical resuscitation scenario, whether in the intensive care unit (ICU) 
and/or the emergency department (ED), all patients are resuscitated according to 
international guidelines [5, 6], following the ABCDE sequence (A: airway, B: ven-
tilation, C: circulation, D: neurological deficit, and E: body exposure).

The point ¨C¨ (circulation) of the current recommendation (ABCDE) is to main-
tain a systolic blood pressure (SBP) between 90 and 110 mmHg.

Having a noninvasive method of neuromonitoring and estimation of CPP such as 
TCD/TCCS would allow us to select patients who would benefit from a higher MAP 
(risk of cerebral ischemia) or simply a more conservative approach (risk of 
hyperemia).

Tazarourte et  al. [26] conducted a study involving 18 patients with severe 
TBI.  They were given prehospital TCD/TCCS within 90  minutes of the trauma. 
Fifty percent had abnormal TCD/TCCS with an PI > 1.4 in the MCA, interpreted as 
a patient at risk for cerebral ischemia. These patients received targeted treatment; in 
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the case of presenting MAP <80 mmHg, norepinephrine was initiated, and if the 
MAP was >80 mmHg, mannitol was used. A new TCD/TCCS was performed at the 
time of admission to the emergency department. Hundred percent of patients who 
persisted with abnormal TCD/TCCS did not survive. Those patients with normal 
TCD/TCCS (9/18) initially did not suffer clinical or ultrasound deterioration; of 
these nine patients, only one died due to uncontrolled bleeding. Although this is a 
small nonrandomized study, it allows us to think that this noninvasive neuromoni-
toring tool used promptly could guide an early and directed treatment to the clinical 
moment of the patient.

Ract et al. [27] in a prospective, nonrandomized study included 24 patients with 
severe TBI who underwent bilateral MCA TCD/TCCS on admission and post- 
admission under invasive ICP and SvjO2 monitoring. The delay from the time of 
trauma to hospital admission was 45 minutes to 7.5 hours. The first TCD/TCCS was 
performed between 7 and 29 minutes from admission and the second was performed 
between 2 and 6 hours. Brain ultrasound was considered abnormal with two of the 
following criteria:

 1. MFV < 30 cm/s
 2. EDV < 20 cm/s
 3. PI > 1.4

Forty-six percent of the patients presented with an abnormal initial brain ultra-
sound, so they received vasopressor drugs, mannitol, and/or emergency neurosur-
gery. TCD/TCCS values were normalized in all but two patients. After treatment, 
this group of patients showed ICP values >10 mmHg with respect to the group with 
normal initial brain ultrasound. However, no significant differences were observed 
in CPP and SvjO2. The corollary to this is that patients at risk of ischemia were 
detected early. Therefore, the time that the brain was subjected to the secondary 
insult was reduced thanks to timely and targeted treatment. The conclusion of the 
authors is that TCD/TCCS is a suitable method to identify the patient at risk of 
cerebral hypoperfusion allowing a guided and optimal therapy. Randomized studies 
with a larger number of patients are necessary since the parameters that should be 
used to define TCD/TCCS as abnormal are not yet well defined.

Ziegler et al. [28] conducted a study of 255 patients with severe TBI who under-
went TCD/TCCS on days 1, 2, 3, and 7 and were divided into three groups: (a) 
normal measurements (45%), (b) cerebral hypoperfusion (28%), and (c) cerebral 
vasospasm (27%). Of the patients in group (a), 43 patients were discharged, 55 were 
referred to chronic care centers, and 16 died (14% mortality). Of the patients in 
group (b), 71 patients died (98% mortality) (65 by brain death and 6 by withdrawal 
of support); the surviving patient presented moderate functional dependence. Of the 
patients in group (c), 12 were discharged, 35 went to chronic care centers, and 22 
died (32% mortality).

We can observe, in a study with greater statistical power, the difference in the evo-
lution of patients with normal TCD/TCCS, signs of hypoperfusion or vasospasm. It 
has been shown that patients with hypoperfusion have a high probability of death and 
unfavorable functional outcome. One is left to wonder what the result would have 
been like if therapy and resuscitation with TCD/TCCS had been guided by TCD/TCCS.
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43.5  TCD/TCCS and Nontraumatic Coma

The challenge is to arrive at an early diagnosis, since many causes of coma are low 
risk and can reverse spontaneously without leaving sequelae and others present high 
morbidity and mortality, if not treated properly and in time.

This group can be divided into the following:

 1. Patients who are admitted to the ICU in a coma.
 2. Patients who evolve with this pathology during their stay in the ICU.

Within group (2) we find those who, after suspending sedation/analgesia, do not 
present a neurological response. Here the intensivists pose the following questions: 
(a) The lack of response is due to a slowed down metabolism of these drugs (after 
suspension) or (b) during the period of sedoanalgesia, some acute neurologic event 
occurred that explains the coma. We must do what is necessary to quickly reach a 
diagnosis and initiate specific treatment without delay, which would worsen the 
patient’s prognosis.

The only study that evaluated resuscitation of comatose patients with both trau-
matic and nontraumatic causes is that of Tamagnone et al. [28]. The study included 
patients in coma (Glasgow ≤8), without criteria for emergency surgery or bilateral 
irritable mydriasis. Twenty-eight patients were enrolled, who underwent TCD as 
early as possible, before imaging studies. The reported diagnoses were: 6 intracere-
bral hemorrhage (ICH); 6 TBI; 6 metabolic encephalopathies; 3 meningitis; 3 acute 
ischemic stroke; 1 SAH; 1 brain tumor; 1 acute hydrocephalus; and 1 acute liver 
failure (ALF). Doppler was considered abnormal if:

 1. Pulsatility index >1.4
 2. EDV < 20 cm/s

This group was resuscitated with saline (0,9%) and norepinephrine to reach an 
MAP of 110 mmHg, if it was less than 100 mmHg. Responders were considered 
those who increased the EDV  >  20  cm/s. Thirty-two percent presented normal 
results and 69% (19 patients) abnormal results. After treatment, the TCD values 
were normalized in 13 patients (13/19 (68%)). Overall mortality was 46% (13 
patients) and that of the abnormal TCD group was 68%, being significantly higher 
in nonresponders (6/6; 100%) compared to responders (7/13; 53%). The group with 
normal TCD the mortality was 0%.

43.5.1  Nontraumatic Causes of Coma

43.5.1.1  Encephalopathy Due to Acute Liver Failure (ALF)

Approximately 50% of patients with ALF present clinical signs of cerebral edema 
and intracranial hypertension (IHT) and have an associated high mortality. This is 
due to cerebral ischemia and herniation in 38–81% of cases [30–32]. The increase 
in ICP as well as the decrease in CPP in this pathology may be correlated with 
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changes in the morphology of the cerebral blood flow velocity waveform obtained 
by TCD/TCCS spectral Doppler. Similar to IHT secondary to trauma, in liver 
pathology the waves follow a pattern of progressive decrease in EDV until it is 
reversed, leaving only a PSV [31]. In this condition, invasive ICP monitoring is not 
routinely validated. Patients often present with coagulopathies, increasing the risk 
of bleeding during placement of invasive ICP-monitoring devices and an increased 
risk of infection. This makes TCD/TCCS an ideal method for monitoring and for 
estimating ICP and CPP, while providing a useful guide to therapy of these patients.

43.5.1.2  Central Nervous System (CNS) Infection

As a cause of nontraumatic coma, bacterial meningitis carries high mortality 
(10–30%) and a high risk of developing neurological disability. It is associated with 
cerebral edema and increased ICP, which can lead to cerebral herniation. This would 
explain the poor prognosis that it presents, even with adequate treatment [33], and 
unfortunately invasive monitoring is not a standard of care. Müller et  al. [38] 
described the findings obtained with TCD in patients with meningitis; what they 
observed was an increase in MFV in patients with Glasgow >9 and a decrease in 
MFV and increase in PI in patients with Glasgow ≤9, with a statistically significant 
difference. These data suggest that these patients might benefit from early and tar-
geted resuscitation using TCD/CCTS in the early stages of this disease [34].

43.5.1.3  Cardiac Arrest (Anoxic/Hypoxic Injury)

In patients who are comatose survivors after cardiac arrest, the fundamental deter-
minant of prognosis is the time of cardiopulmonary resuscitation (CPR). Even if 
return of spontaneous circulation (ROSC) is achieved, brain perfusion does not 
immediately recover; this is known as post-resuscitation syndrome. This was docu-
mented through assessment of cerebral hemodynamic status by TCD as well as 
through metabolic status by measuring cerebral O2 extraction with SvjO2. It was 
observed that during the first 24 hours, cerebral hypoperfusion predominates. This 
was evidenced by elevated PI (>1.4) and decreased MFV (<30 cm/s) in TCD moni-
toring. After the first 24 hours, cerebral hemodynamic patterns normalized in some 
cases and became hyperemic (low PI and increased MFV) in other cases. It seems 
that during the hypoperfusion phase (first 24 hours), there is an opportunity to try to 
optimize cerebral blood flow (CBF) through the information obtained from nonin-
vasive neurological monitoring by TCD/TCCS [35–37].

43.5.1.4  Nonconculsive Status Epilepticus (NCSE)

Comatose patients due to NCSE have a high morbidity and mortality. Merceron 
et al. [38] observed that these patients had increased ICP as determined by measure-
ments of the optic nerve sheath. This study shows a correlation between the 
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presence of signs of IHT with the consequent risk of cerebral ischemia. Therefore, 
the TCD/TCCS (changes in the PI and flow velocities of the MCA) could inform us 
that cerebral blood flow varies, estimated through the variability in intracerebral 
flow velocities, thus allowing us to try to optimize these cerebral hemodynamic 
alterations in real time.

43.5.1.5  Other Causes of Coma

Other pathologies can produce coma: those that generate an intracranial mass effect 
(intracerebral hematoma, extra and subdural hematoma, intracerebral tumors, brain 
abscesses, SAH, AIS, etc.). All of these share the physiopathological mechanism of 
increased ICP, with hemodynamic alterations corresponding to IHT being expressed 
in TCD/TCCS monitoring. Its main complications would be the generation of 
edema, ischemia, and herniation of encephalic structures. This is where TCD/TCCS 
could show us patterns of hypoperfusion (PI > 1.4 and EDV < 20 cm/s) and thus 
give us the opportunity to intervene, trying to avoid or minimize secondary 
brain injury.

43.6  Resuscitation Guided by TCD/TCCS

There are multiple pathologies, traumatic and nontraumatic in origin, that could 
lead to coma. These share the same physiopathology:

 Cerebral Edema Decrease of CPP Cerebral Ischemia Herniation⇔ ⇔ ⇔   syndromes  

This physiopathological outcome determines the need for accurate diagnosis and 
early and timely treatment. The TCD/TCCS is a tool that allows us to estimate in a 
noninvasive way, and in real time, the CPP and the changes in the ICP. This is a tool 
that allows us to anticipate if the patient is undergoing a secondary brain injury or is 
at risk of developing one.

The literature is scarce, but there is a handful of small clinical studies that pro-
vide support to the notion of TCD/TCCS-guided brain resuscitation, mainly in 
patients with traumatic coma. In our opinion, the results of these studies are promis-
ing and would allow us to quickly separate patients at risk of further deterioration 
and damage to the central nervous system from those who simply recover spontane-
ously (e.g., patients with remnants of sedation). We therefore propose that when 
faced with a patient in a coma, from whatever cause, either on admission to the ICU 
or during their stay in the ICU, we use the TCD/TCCS in the following way:

 1. Initial resuscitation as indicated by international guidelines [5, 6] (ABCDE).
In point (D), when assessing the neurological deficit, we will add the perfor-

mance of TCD/TCCS and thus divide the patients between those with normal 
and abnormal results
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This last group is defined: (hypoperfusion pattern)

 (a) EDV < 20 cm/s
 (b) PI > 1.4

43.6.1  Ultrasound Protocol Proposal: Ultrasound-guided 
Cerebro-Cardiovascular Resuscitation (US-CCaRE)

The different causes of coma share the same physiopathology of a decrease in CPP, 
either by a decrease in MAP or an increase in ICP.  Based on this premise, we 
designed a treatment algorithm guided by TCD/TCCS. To do so, we will subdivide 
the group of patients with altered ultrasonographic parameters into the follow-
ing [29]:

 1. Patients admitted to the ICU for coma (Group 1)
 2. Patients who evolve with coma during ICU hospitalization (Group 2)

Both groups will be resuscitated according to the ABCDE established by the 
international guidelines already mentioned [5, 6]. By performing the TCD/TCCS at 
point (D) and obtaining abnormal results, our first goal will be to optimize the arte-
rial blood pressure (ABP). As mentioned above, the recommendations tell us to 
maintain a systolic blood pressure (SBP) between 90 and 110 mmHg.

Group 1 (Protocol)
 1. Increase MAP by 10% with respect to basal values using saline 0.9% expansion 

and/or norepinephrine infusion.
 2. After increasing the MAP by 10%, we will evaluate the CPP with the TCD/

TCCS.  If the estimated values continue to be altered, the MAP should be 
increased by another 10% and so on until the TCD/TCCS is normalized or a 
MAP of 120 mmHg is reached, provided that the patient has no contraindica-
tions (e.g., active bleeding). If so, the MAP limit will be 90 mmHg.

 3. If, despite reaching the new MAP target, the brain ultrasonographic values 
remain altered, we will focus on serum sodium concentration.  Recommendations 
are to keep the latter values between 145 and 155 mEq/L [39, 40]. If the value is 
unknown or less than 145 mEq/L, a rapid infusion of hypertonic solution (3% 
sodium chloride) should be performed. The other link in hyperosmolar therapy 
is represented by mannitol, used in doses of 0.25–1 g/kg, once the SBP is opti-
mized above 90 mmHg [6].

 4. After optimizing MAP and serum sodium concentration, with still abnormal 
TCD/TCCS values, mannitol 20% 0.7 gr/kg will be administered [26, 27] and 
new measurements will be obtained with TCD/TCCS. If these are normalized, 
we will have achieved our objective; otherwise, the patient will be classified as 
nonresponsive to treatment.
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Group 2 (Protocol)
In group 2 patients, the treatment algorithm will be similar:

 1. Increase of MAP with titratable drugs (norepinephrine), since these are patients 
who were previously hospitalized, and we can assume that they are not hypovo-
lemic, except in particular cases where the treating physician may opt for the use 
of crystalloid solutions as a first choice. Caution should be exercised, since the 
positive fluid balance (hyper-resuscitation) in both septic patients [41, 42] and 
neurocritical patients [40, 43, 44] increases their morbid-mortality.

Therefore, in patients in both groups, and in particular group 2, we must be 
cautious in the use of fluids. Each physician will use the resuscitation parameters 
and fluid response predictors that he or she best manages and/or has available.

The application of the US-CCaRE should never delay invasive ICP monitor-
ing (gold standard), complementary studies (e.g., brain CT scan), and/or emer-
gency neurosurgery. This technique does not seek to exclude the tools of standard 
care, but attempts to engage in resuscitation as a complementary tool of monitor-
ing, treatment, and follow-up.

43.7  Conclusion

There are several algorithms for the treatment of the comatose patient, both trau-
matic and nontraumatic, and all focus on initial stabilization and finding the cause 
of the coma. During the performance of the history, laboratory and imaging results, 
TCD/TCCS would allow us to estimate whether the brain perfusion is adequate, 
beyond the underlying cause. As we previously analyzed, the physiopathology 
(cerebral edema—decreased CPP—cerebral ischemia—encephalic herniation) is 
similar in all etiologies. This allows us, in the event of CPP alterations, to optimize it.

Another point to take into account is the prognosis of these patients, since in 
many cases the pathologies may present signs that can simulate brain death. Here 
the TCD/TCCS shows us if the patient presents or not patterns of circulatory arrest 
and if these do not revert with resuscitation. In this way, we would make a more 
accurate prognosis.

In addition, the TCD/TCCS is a portable monitoring method that can be used in 
the prehospital and/or at the patient’s bedside. It is reproducible, innocuous, not too 
costly, most institutions have ultrasound equipment and a 2 MHz transducer, and its 
learning curve is not too long.

We believe that this form of ultrasound-guided cerebro-cardiovascular resuscita-
tion (US-CCaRE) could complement existing protocols such as ATLS, providing 
more information about patients’ cerebral hemodynamics and guiding therapy in a 
more targeted and individualized way.

We must also define the parameters to determine whether TCD/TCCS is abnor-
mal, since these are arbitrary and not well defined. Therefore, it would be interesting 
to design studies with an adequate number of patients, randomized and prospective, 
to define the parameters of abnormal TCD/TCCS and whether US-CCaRE manages 
to decrease mortality and improve the results.
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patients

DIAGNOSIS

COMA

ABCDE
( D ) Disability

YES ABNORMAL TCD / TCCS NO
Middle Cerebral Artery (MCA)

MFV < 20 cm/s / PI > 1.4

ABNORMAL TCD / TCCS
MFV < 20 cm/s / PI > 1.4

YES

NO

YES

YES Plasmatic Na++ < 145 meq/lt

ABNORMAL TCD/TCCS REPOSITION with IV ClNa 3% ABNORMAL TCD/TCCS
MFV < 20 mmHg / PI > 1.4 MFV < 20 cm/s / PI > 1.4

Plasmatic Na++ < 145 meq/lt YES

Mannitol 20% IV
[0.7 gr/Kg] NOT RESPONDER

ABCD
Level of Consciousness (GCS)?
Bilateral Pupillary reactivity?
Hemodynamic stability?
Oxigenation?

SBP
90 – 110 mmHg

Plasmatic Na++ < 145 meq/lt
[Reposition with IV ClNa 3%]

MAP 120 mmHg or
90 mmHg (with contraindications)

[Increase10% SBPwith
Saline and/or NE]

 

ABCD Arway-breathing-circulation-disability, IMV Invasive mechanical ventilation, GCS Glasgow 
coma scale, TCD Transcranial Dopples, TCCS Transcranial color-coded duplex Sonography, PI 
Pulsatility index, MFV Mean flow velocity, SBP Systolic blood pressure, MAP Mean arterial pres-
sure, Na++ Sodium, NE Norepinephrine, IV intravenous
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Chapter 44
Post-cardiac Arrest Care: Usefulness 
of Transcranial Doppler (TCD/TCCS) 
in Cerebral Hemodynamic Monitoring 
After Resuscitation

C. Hoedemaekers

Key Points

 1. Post-cardiac arrest care is an essential part in the chain of survival after car-
diac arrest.

 2. An increased cerebrovascular resistance decreases cerebral blood flow early 
after cardiac arrest, with a concomitant decrease in oxygen demand of the brain.

 3. During the first days after cardiac arrest, cerebral blood flows restore toward 
normal values in survivors after the arrest.

 4. In non-survivors after cardiac arrest, gradual loss of vascular tone results in 
vasoplegia and cerebral hyperemia.

 5. Disturbances in cerebral autoregulation renders the brain more at risk for cere-
bral hypo- and hyperperfusion.

44.1  Introduction

Cardiac arrest is a leading cause of mortality and morbidity. The incidence of car-
diac arrest in Europe and North America ranges between 19 and 104 per 100.000 
people per year with an overall survival to hospital discharge of 10–11% [1, 2]. In a 
large cohort study from the Netherlands, the rate of survival with a favorable neuro-
logical outcome has increased over a period of 7 years, largely because of improved 
outcome rates among patients with a shockable first rhythm [3]. This increased 
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survival occurred at all stages of care in the chain of survival, that is, survival to 
emergency department admission, survival to hospital admission, and survival to 
hospital discharge, with the largest increase in survival during the prehospital phase. 
This increased survival is largely due to an increased use of automated external 
defibrillators at the site of the arrest, thus decreasing the time to restoration of spon-
taneous circulation (ROSC) [3].

After admission to the intensive care unit (ICU), approximately 60% of patients 
die before hospital discharge [4–6]. Neurological injury, leading to severe post- 
anoxic encephalopathy is responsible for the majority of deaths [5, 7]. Most survi-
vors after cardiac arrest have a good neurological recovery. Although cognitive 
decline and psychiatric symptoms frequently occur in survivors after cardiac arrest, 
the majority of the survivors maintain their independence and have a good quality 
of life 1 year after the arrest [8, 9]. Survival with a severe disability or in a vegetative 
state occurs in approximately 10% of the survivors after cardiac arrest [4, 10].

Post-cardiac arrest care is an important link in the chain of survival after cardiac 
arrest and aims at restoration of the extensive pathophysiological derangements 
caused by the whole-body ischemia and reperfusion. Improvement of post-cardiac 
arrest care can considerably improve the outcome after cardiac arrest [11]. Institution 
of protocolized post-cardiac arrest care including treatment with targeted tempera-
ture therapy, coronary angiography, and percutaneous coronary interventions sig-
nificantly improved survival in patients with a shockable rhythm after cardiac 
arrest [12].

44.2  Post-cardiac Arrest Syndrome (PCAS)

The post-cardiac arrest syndrome is a combination of pathophysiological processes 
and consists of four components: post-cardiac arrest brain injury, myocardial dys-
function, systemic ischemia/reperfusion response, and the underlying disease that 
caused the cardiac arrest [13]. The brain is highly vulnerable to ischemia due to its 
high metabolic rate in combination with the limited capacity for anaerobic metabo-
lism and energy stores. Excitotoxicity, disrupted calcium homeostasis, free radical 
formation, pathological protease cascades, inflammation, and activation of cell-
death signaling pathways can induce secondary brain injury that develops in the 
hours to days after ROSC.

Post-cardiac arrest myocardial dysfunction is characterized by low cardiac index, 
left ventricular systolic and diastolic dysfunction, and/or right ventricular failure 
[14, 15]. This usually transient cardiac dysfunction occurs in two-thirds of the 
patients after ROSC, even in the absence of underlying cardiac pathology. In the 
hours after ROSC, the low output state gradually evolves to a vasodilatory state with 
increasing cardiac index and decreased systemic vascular resistance and capillary 
leak, mimicking septic shock [14, 16]. The underlying pathology accounting for the 
cardiac arrest may further aggravate circulatory failure in patients after ROSC.
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Whole-body ischemia and subsequent reperfusion causes an inflammatory 
response with activation of the immune system and coagulation pathways. The acti-
vation of the immune system results in release of cytokines, adhesion molecules, 
and other inflammatory factors, similar to the response in sepsis [16]. Ischemia/
reperfusion activates the coagulation cascade without adequate activation of the 
fibrinolytic pathways, resulting in a procoagulant state that further aggravates the 
microcirculatory failure in post-cardiac arrest patients [17, 18].

44.3  Post-cardiac Arrest: Cerebral Blood Flow (CBF)

Restoration of circulation does not automatically restore cerebral blood flow (CBF). 
In animal models of cardiac arrest, cerebral perfusion after ROSC is characterized 
by early hyperemia followed by hypoperfusion and, finally, restoration of normal 
blood flow. Furthermore, the blood flow is heterogeneous, with areas of no flow, low 
flow, and increased flow at the level of the microcirculation [19]. The hypoxia- 
induced low flow and vasoparalysis occurs in the first 20 minutes after cardiac arrest 
[20] and is suggested to result from an imbalance between vasodilatory and vaso-
constrictive mediators such as adenosine and nitric oxide [21, 22]. The hypoperfu-
sion phase develops between 20 min and 12 h after ROSC and is characterized by 
an approximately 50% decrease in CBF [23, 24]. The arachidonic metabolites 
hydroxyeicosatetraenoic acids (HETEs) and epoxyeicosatrienoic acids (EETs) are 
potent vasoactive compounds and are considered to play an important role in this 
phase [25]. Finally, after 12–72 h, CBF returns toward normal values, remains low, 
or increases [26].

In humans, CBF after cardiac arrest is mainly studied by transcranial Doppler 
(TCD)/TCCS. Cerebral blood flow velocities (CBFV) are reduced in the first hours 
after ROSC and gradually return toward normal or increased values during the fol-
lowing 72 h [5, 27, 28].

Upon admission, the CBFV is similar in survivors versus non-survivors. In sur-
vivors after cardiac arrest, the CBFV increases to values similar to those in healthy 
volunteers, whereas in non-survivors, an overshoot in CBFV develops [29]. This 
relative hyperemia is most likely the result of a loss in vascular tone, resulting in a 
decrease in cerebrovascular resistance in these non-survivors.

During the first 72 h, the pulsatility index (PI) decreases, suggestive of a decrease 
in cerebrovascular resistance in parallel to the increase in CBFV [30]. At the same 
time, endothelin levels are high after ROSC, with gradually decreasing nitrate levels 
and gradually increasing cGMP levels [28]. This imbalance between local vasodila-
tors and constrictors induces active vasoconstriction with consequent cerebral 
hypoperfusion during this so-called “delayed hypoperfusion phase” after car-
diac arrest.

Further evidence for active vasoconstriction in the first hours after cardiac arrest 
is provided by estimation of the critical closing pressure (CrCP). The CrCP is a 
method to describe and quantify characteristics of the cerebrovascular bed in more 
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detail and is defined as the lower limit of arterial blood pressure below which ves-
sels collapse and flow ceases [31, 32]. Because the CrCP cannot be measured 
directly, a model of cerebral impedance has been developed by Varsos et al. using 
TCD and arterial blood pressure as input data [33]. The CrCP is a valuable and clini-
cally relevant tool in cerebrovascular research, as it allows to estimate changes in 
cerebrovascular tone and minimal cerebral perfusion pressure to prevent collapse of 
vessels and ischemia [34–36]. The CrCP gradually decreases in humans during the 
first 72 h after cardiac arrest, mainly as a result of a decrease in cerebrovascular 
resistance. Taken together, these results indicate that after cardiac arrest, the vaso-
motor tone gradually changes from vasoconstriction to vasodilation, allowing the 
CBF to restore towards normal levels.

44.4  Post-cardiac Arrest: Regulation of Cerebral Blood 
Flow (CBF)

Strict regulation of CBF is essential for the maintenance of constant nutrient and 
oxygen supply to the brain. The partial pressure of arterial carbon dioxide (PaCO2), 
mean arterial pressure (MAP), cerebral metabolism, and the autonomic nervous 
system are the principal regulators of CBF [37].

Brain perfusion is highly sensitive to changes in PaCO2. Arterial hypocapnia 
results in cerebrospinal fluid alkalosis, which decreases CBF, cerebral oxygen deliv-
ery, and, to a lesser extent, cerebral blood volume [38]. The cerebrovascular reactiv-
ity to changes in PaCO2 is preserved after cardiac arrest [27, 39]. This has important 
clinical implications, since prolonged or severe hypocapnia during the post- 
resuscitation phase renders the brain at risk for secondary ischemia due to cerebral 
vasoconstriction.

Cerebral autoregulation aims to maintain a constant CBF despite changes in arte-
rial blood pressure. Cerebral autoregulation can be evaluated by measuring changes 
in cerebral blood flow in response to a steady-state change in blood pressure (static 
method) or by measuring the response to a rapid change in blood pressure (dynamic 
method). While static measurements mainly evaluate the overall effect (efficiency) 
of the autoregulatory action, the dynamic responses also yield information about the 
speed in which the CBF can adapt to changes in cerebral perfusion pressure [37].

Static cerebral autoregulation was measured by TCD during the delayed hypoper-
fusion phase in 18 patients after cardiac arrest using noradrenalin for induction of a 
stepwise increase in blood pressure [40]. In 8 patients, CBF autoregulation was absent, 
and in 5 patients, the lower limit of autoregulation was significantly right shifted. 
Cerebral autoregulation was compromised in the majority of patients after cardiac 
arrest, rendering the brain more vulnerable to periods of reduced perfusion pressure.

Continuous TCD and near-infrared spectroscopy (NIRS) together with beat-to- 
beat arterial blood pressure monitoring allows quantification of the dynamic rela-
tion between cerebral blood flow derivates and arterial blood pressure. This dynamic 
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autoregulation is under control of different pathophysiological control mechanisms 
compared to static autoregulation [41] and may behave differently in disease states. 
NIRS is a noninvasive technology that can measure relative changes in oxygenated 
and deoxygenated blood. Dynamic cerebral autoregulation can be assessed in the 
time domain by calculation of a moving correlation coefficient between the mean 
arterial pressure and the ratio between oxygenated versus deoxygenated blood 
(COx) [42]. Dynamic cerebrovascular autoregulation was disturbed in one-third of 
patients after cardiac arrest [43], mainly in patients with a history of chronic arterial 
hypertension, suggesting an adaptive shift of the autoregulatory curve to the right. 
Abnormal cerebral autoregulation was independently associated with a poor neuro-
logical outcome, most likely because this renders the brain more vulnerable to rapid 
changes in blood pressure with subsequent risk of hypo- and hyperperfusion 
[43, 44].

After ROSC, CBF is initially low and restores toward normal values in the first 
72 h after cardiac arrest. This hypoperfusion may cause a mismatch between cere-
bral oxygen supply and demand, resulting in ischemia and secondary brain injury. 
The oxygen extraction fraction can be calculated from the arterial and jugular bulb 
venous oxygen content. Despite the decreased CBF in the first hours after cardiac 
arrest, the cerebral oxygen extraction fraction remained in a normal range, strongly 
suggesting a decrease in oxygen consumption [27, 28, 30]. In addition, there was no 
evidence of tissue hypoxia [45]. These data indicate that cerebral metabolism is 
decreased, especially in the first hours after cardiac arrest. It is yet unclear whether 
hypoperfusion follows the inactivity of the brain or the neurons (temporarily) 
decrease their activity as a response to low CBF.

There is ample evidence for autonomic failure after cardiac arrest. To evaluate 
the autonomic nervous system, continuous monitoring of the CBFV by TCD and 
arterial blood pressure is required. These continuous signals can be evaluated in the 
time domain, using the coefficient of variation or in the frequency domain by mea-
surement of the average spectral power in different frequency bands. The spontane-
ous variability of the CBFV signal measured by TCD and the arterial blood pressure 
was low after cardiac arrest, mainly in non-survivors [46]. In addition, the spectral 
power of both the CBFV and the blood pressure signals in the (very) low frequency 
domain was low, strongly suggesting failure of the (autonomic) nervous system in 
regulation of cerebrovascular tone or intrinsic myogenic failure of the cerebral 
blood vessels. Similarly, the heart rate variability is reduced in both low and high 
frequency power spectra in survivors and non-survivors after cardiac arrest, also 
suggesting a decrease in autonomic cardiovascular control [47, 48].

44.5  Post-cardiac Arrest: Clinical Implications

Besides the standard care that applies to all critically ill patients, optimal treatment 
of the post-cardiac arrest patients comprises a number of specific therapeutic 
strategies.
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Targeted temperature treatment after cardiac arrest significantly improves sur-
vival after cardiac arrest [49, 50]. Targeting a body temperature of 33 °C has similar 
outcomes in terms of mortality and neurological outcome as compared to targeting 
a temperature of 36 °C [51]. Use of mild therapeutic hypothermia has no profound 
effect on restoration of CBF after cardiac arrest [52]. Although mild therapeutic 
hypothermia decreases the metabolic demand of the brain compared to patients 
treated with strict normothermia, temperature by itself is not a major determinant in 
restoration of CBF toward normal values [52].

The preserved cerebrovascular reactivity to changes in PaCO2 emphasizes the 
importance of strict control of mechanical ventilation, as hypocapnia may exacer-
bate the neurological injury. Repeated transcranial Doppler and jugular bulb oxim-
etry may assist in monitoring of the CBF and cerebral oxygenation during 
mechanical ventilation to prevent cerebral hypoperfusion and ischemia.

The optimal cerebral perfusion pressure target after cardiac arrest remains to be 
established. Observational data suggest that a mean arterial pressure <65 mmHg in 
the first days after the arrest is associated with an increased mortality, independent 
of the level of vasopressor support [53]. A similar threshold was found in another 
observational cohort, in which a threshold mean arterial pressure of >70 mmHg had 
the strongest association with a favorable neurological outcome [54]. In this cohort, 
higher mean arterial blood pressure thresholds were not associated with better out-
come. A MAP below the optimal autoregulatory range during the first 48 hours after 
cardiac arrest was associated with worse outcomes compared to patients with higher 
blood pressures [55].

Large prospective intervention trials on the optimal blood pressure target are 
lacking. In addition, observational data suggesting blood pressure thresholds apply 
to populations, but these thresholds may not be appropriate for individual patients. 
To determine the optimal blood pressure range for patients after cardiac arrest, the 
strength of the autoregulation should be taken into account. TCD/TCCS is an impor-
tant tool for the determination of dynamic cerebral autoregulation after cardiac 
arrest: a moving correlation coefficient between CBFV and arterial blood pressure 
can determine the dynamic autoregulation in the time domain (Mx) [56]. This mov-
ing correlation coefficient expresses the dynamic cerebral autoregulation as abso-
lute values in the range between −1 (intact autoregulation) and +1 (defect 
autoregulation). The correlation coefficient reacts to changes in cerebral perfusion 
pressure, and the perfusion pressure at which the correlation coefficient is at its low-
est point is considered as optimal cerebral perfusion pressure. Blood pressure below 
the optimal cerebral perfusion pressure is associated with poor outcome in patients 
with acute brain injury [57].

44.6  Post-cardiac Arrest: Future Perspectives

A universal target for cerebral perfusion pressure is unlikely to be optimal for all 
individual patients. Instead, an adaptive cerebral perfusion pressure target, based on 
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the autoregulatory status of the patient, may be an alternative target based on cere-
brovascular characteristics of individual patients. In patients with traumatic brain 
injury, large retrospective cohort studies suggest that an individual target blood 
pressure strategy based on the current strength of the cerebrovascular autoregulation 
is associated with improved outcomes compared to conventional static blood pres-
sure targets [57]. It is feasible in post-cardiac arrest patients to determine an optimal 
blood pressure target [43]. Whether this approach is beneficial remains to be deter-
mined in a prospective trial. TCD is an important tool as it allows for the determina-
tion of the optimal cerebral perfusion pressure.

Post-cardiac arrest research mainly focuses on the pathophysiological changes in 
the macrocirculation. The microcirculation is an essential part of the cerevascula-
ture and consists of arterioles, capillaries, and post-capillary venules and is respon-
sible for the exchange of oxygen and nutrients and plays an important role in the 
regulation of microvascular perfusion. Sublingual microvascular flow is impaired in 
post-cardiac arrest patients, similar to that in patients with sepsis [58]. It is likely 
that the microcirculation plays a key role in the pathophysiology of acute brain 
injury, such as post-anoxic encephalopathy [56, 60]. Currently available monitoring 
techniques are unable to measure the microvascular and macrovascular CBF simul-
taneously, require transportation of the patient outside the intensive care unit, or are 
invasive in nature. Contrast-enhanced ultrasound is a promising bedside technique 
for the quantification of macrovascular and microvascular CBF with a favorable 
safety profile [61]. Changes in perfusion are detectable with this technique [62]. 
This technique may be used to examine the pathophysiological changes in the cere-
bral microcirculation during the post-cardiac arrest syndrome and to monitor the 
effect bedside and immediately of interventions such as blood pressure changes 
[59–62] on the flow in the micro and macrocirculation (Fig. 44.1).

Fig. 44.1 Transcranial 
contrast enhanced 
ultrasound view through 
the transtemporal bone 
window (B-Mode): ACA 
anterior cerebral artery, 
MCA middle cerebral 
artery, PCA posterior 
cerebral artery, CLMCA 
contralateral middle 
cerebral artery, CLSkull 
contralateral skull bone
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44.7  Conclusion

The cerebral blood flow and cerebral autoregulation are altered after cardiac arrest, 
most notably in patients with a poor outcome. TCD/TCCS plays an essential role in 
the clinical monitoring of patients after cardiac arrest, as it allows early detection of 
changes in cerebral perfusion and autoregulation and monitoring of treatment 
effects such as blood pressure manipulations. In addition, it is a valuable tool for 
research purposes that has greatly increased our current knowledge on cerebral 
blood flow and autoregulation in patients after cardiac arrest.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

CARDIAC ARREST Myocardial
Dysfunction
OPTIMIZE

RESTORATION OF SPONTANEOUS
CIRCULATION

(ROSC)

MAP
CO

Ischemia
Reperfusion

POST-CARDIAC ARREST SYNDROME
(PCAS)

Underlying
Illness

TARGETED
TEMPERATURE
MANAGEMENT

(TTM) POST-CARDIAC ARREST
BRAIN INJURY[Institutional Protocol]

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

CBFV 

CEREBRAL
AUTOREGULATION (CA)

CEREBROVASCULAR
REACTIVITY (PaCO2)

Preserved after Cardiac arrest
FREQUENTLY: HETEROGENEOUS

20 min – 12 hours post-ROSC
COMPROMISED LOW CBFV / LOWCBF (50%)

After Cardiac Arrest MONITOR: IMPORTANT
Mechanical Ventilation Settings

PEEP / TV / Cp / DP
MEASUREMENT AVOID

DYNAMIC CA HYPOPERFUSION
HYPERPERFUSION AVOID

HYPOCAPNIA
HYPERCAPNIA

MEASUREMENTS
CBFV

PSV /MFV / EDV
Spectral Doppler Waveform OBJETIVE

Pulsatility Index (PI) NORMOCAPNIA
Decrease during first 72 hs.

Individualization and Optimization the CPP:  Consider TTM and Rewarming  

CPP Cerebral Perfusion Pressure, MAP Mean Arterial Pressure, CO Cardiac output, CBFV 
Cerebral Blood Flow Velocity, PSV Peak systolic flow velocity, MFV Mean flow velocity, EDV 
end-Diastolic flow velocity, ABP Arterial Blood Pressure, CA Cerebral Autoregulation, TV Tidal 
volumen, Cp Pulmonar compliance, DP Driving pressure.

C. Hoedemaekers



739

References

 1. Benjamin EJ, Blaha MJ, Chiuve SE, et al. Heart disease and stroke statistics-2017 update: a 
report from the American Heart Association. Circulation. 2017;135:e146–603.

 2. Grasner JT, Lefering R, Koster RW, et  al. EuReCa ONE-27 Nations, ONE Europe, ONE 
Registry: a prospective one month analysis of out-of-hospital cardiac arrest outcomes in 27 
countries in Europe. Resuscitation. 2016;105:188–95.

 3. Blom MT, Beesems SG, Homma PC, et  al. Improved survival after out-of-hospital cardiac 
arrest and use of automated external defibrillators. Circulation. 2014;130:1868–75.

 4. Bouwes A, Binnekade JM, Kuiper MA, et al. Prognosis of coma after therapeutic hypother-
mia: a prospective cohort study. Ann Neurol. 2012;71:206–12.

 5. Lemiale V, Dumas F, Mongardon N, et al. Intensive care unit mortality after cardiac arrest: 
the relative contribution of shock and brain injury in a large cohort. Intensive Care Med. 
2013;39:1972–80.

 6. Sasson C, Rogers MA, Dahl J, Kellermann AL. Predictors of survival from out-of-hospital 
cardiac arrest: a systematic review and meta-analysis. Circ Cardiovasc Qual Outcomes. 
2010;3:63–81.

 7. Laver S, Farrow C, Turner D, Nolan J. Mode of death after admission to an intensive care unit 
following cardiac arrest. Intensive Care Med. 2004;30:2126–8.

 8. Lilja G, Nielsen N, Friberg H, et al. Cognitive function in survivors of out-of-hospital cardiac 
arrest after target temperature management at 33 degrees C versus 36 degrees C. Circulation. 
2015;131:1340–9.

 9. Smith K, Andrew E, Lijovic M, Nehme Z, Bernard S. Quality of life and functional outcomes 
12 months after out-of-hospital cardiac arrest. Circulation. 2015;131:174–81.

 10. Dragancea I, Horn J, Kuiper M, et al. Neurological prognostication after cardiac arrest and tar-
geted temperature management 33 degrees C versus 36 degrees C: results from a randomised 
controlled clinical trial. Resuscitation. 2015;93:164–70.

 11. Lund-Kordahl I, Olasveengen TM, Lorem T, Samdal M, Wik L, Sunde K. Improving outcome 
after out-of-hospital cardiac arrest by strengthening weak links of the local Chain of Survival; 
quality of advanced life support and post-resuscitation care. Resuscitation. 2010;81:422–6.

 12. Spaite DW, Bobrow BJ, Stolz U, et al. Statewide regionalization of postarrest care for out-of- 
hospital cardiac arrest: association with survival and neurologic outcome. Ann Emerg Med. 
2014;64:496–506 e1.

 13. Neumar RW, Nolan JP, Adrie C, et  al. Post-cardiac arrest syndrome: epidemiology, patho-
physiology, treatment, and prognostication. A consensus statement from the International 
Liaison Committee on Resuscitation (American Heart Association, Australian and New 
Zealand Council on Resuscitation, European Resuscitation Council, Heart and Stroke 
Foundation of Canada, InterAmerican Heart Foundation, Resuscitation Council of Asia, and 
the Resuscitation Council of Southern Africa); the American Heart Association Emergency 
Cardiovascular Care Committee; the Council on Cardiovascular Surgery and Anesthesia; 
the Council on Cardiopulmonary, Perioperative, and Critical Care; the Council on Clinical 
Cardiology; and the Stroke Council. Circulation 2008;118:2452–83.

 14. Laurent I, Monchi M, Chiche JD, et al. Reversible myocardial dysfunction in survivors of out- 
of- hospital cardiac arrest. J Am Coll Cardiol. 2002;40:2110–6.

 15. Ruiz-Bailen M, Aguayo de Hoyos E, Ruiz-Navarro S, et al. Reversible myocardial dysfunction 
after cardiopulmonary resuscitation. Resuscitation. 2005;66:175–81.

 16. Adrie C, Adib-Conquy M, Laurent I, et  al. Successful cardiopulmonary resuscitation after 
cardiac arrest as a "sepsis-like" syndrome. Circulation. 2002;106:562–8.

 17. Adrie C, Monchi M, Laurent I, et al. Coagulopathy after successful cardiopulmonary resusci-
tation following cardiac arrest: implication of the protein C anticoagulant pathway. J Am Coll 
Cardiol. 2005;46:21–8.

44 Post-cardiac Arrest Care: Usefulness of Transcranial Doppler (TCD/TCCS…



740

 18. Bottiger BW, Motsch J, Bohrer H, et al. Activation of blood coagulation after cardiac arrest is 
not balanced adequately by activation of endogenous fibrinolysis. Circulation. 1995;92:2572–8.

 19. Iordanova B, Li L, Clark RSB, Manole MD. Alterations in cerebral blood flow after resuscita-
tion from cardiac arrest. Front Pediatr. 2017;5:174.

 20. Lee SK, Vaagenes P, Safar P, Stezoski SW, Scanlon M. Effect of cardiac arrest time on cortical 
cerebral blood flow during subsequent standard external cardiopulmonary resuscitation in rab-
bits. Resuscitation. 1989;17:105–17.

 21. Humphreys SA, Koss MC. Role of nitric oxide in post-ischemic cerebral hyperemia in anes-
thetized rats. Eur J Pharmacol. 1998;347:223–9.

 22. Sciotti VM, Van Wylen DG.  Increases in interstitial adenosine and cerebral blood flow 
with inhibition of adenosine kinase and adenosine deaminase. J Cereb Blood Flow Metab. 
1993;13:201–7.

 23. Kagstrom E, Smith ML, Siesjo BK. Local cerebral blood flow in the recovery period following 
complete cerebral ischemia in the rat. J Cereb Blood Flow Metab. 1983;3:170–82.

 24. Safar P, Stezoski W, Nemoto EM. Amelioration of brain damage after 12 minutes' cardiac 
arrest in dogs. Arch Neurol. 1976;33:91–5.

 25. Roman RJ. P-450 metabolites of arachidonic acid in the control of cardiovascular function. 
Physiol Rev. 2002;82:131–85.

 26. Sterz F, Leonov Y, Safar P, et al. Multifocal cerebral blood flow by Xe-CT and global cerebral 
metabolism after prolonged cardiac arrest in dogs. Reperfusion with open-chest CPR or car-
diopulmonary bypass. Resuscitation. 1992;24:27–47.

 27. Bisschops LL, Hoedemaekers CW, Simons KS, van der Hoeven JG. Preserved metabolic cou-
pling and cerebrovascular reactivity during mild hypothermia after cardiac arrest. Crit Care 
Med. 2010;38:1542–7.

 28. Buunk G, van der Hoeven JG, Frolich M, Meinders AE. Cerebral vasoconstriction in comatose 
patients resuscitated from a cardiac arrest? Intensive Care Med. 1996;22:1191–6.

 29. van den Brule JM, Vinke E, van Loon LM, van der Hoeven JG, Hoedemaekers CW. Middle 
cerebral artery flow, the critical closing pressure, and the optimal mean arterial pressure in 
comatose cardiac arrest survivors-an observational study. Resuscitation. 2017;110:85–9.

 30. Lemiale V, Huet O, Vigue B, et al. Changes in cerebral blood flow and oxygen extraction dur-
ing post-resuscitation syndrome. Resuscitation. 2008;76:17–24.

 31. Burton AC. On the physical equilibrium of small blood vessels. Am J Phys. 1951;164:319–29.
 32. Dewey RC, Pieper HP, Hunt WE.  Experimental cerebral hemodynamics. Vasomotor tone, 

critical closing pressure, and vascular bed resistance. J Neurosurg. 1974;41:597–606.
 33. Varsos GV, Richards H, Kasprowicz M, et  al. Critical closing pressure determined with a 

model of cerebrovascular impedance. J Cereb Blood Flow Metab. 2013;33:235–43.
 34. Varsos GV, Budohoski KP, Czosnyka M, et al. Cerebral vasospasm affects arterial critical clos-

ing pressure. J Cereb Blood Flow Metab. 2015;35:285–91.
 35. Varsos GV, Czosnyka M, Smielewski P, et al. Cerebral critical closing pressure in hydrocepha-

lus patients undertaking infusion tests. Neurol Res. 2015;37:674–82.
 36. Varsos GV, de Riva N, Smielewski P, et al. Critical closing pressure during intracranial pres-

sure plateau waves. Neurocrit Care. 2013;18:341–8.
 37. Willie CK, Tzeng YC, Fisher JA, Ainslie PN. Integrative regulation of human brain blood flow. 

J Physiol. 2014;592:841–59.
 38. Laffey JG, Kavanagh BP. Hypocapnia. N Engl J Med. 2002;347:43–53.
 39. Buunk G, van der Hoeven JG, Meinders AE. Cerebrovascular reactivity in comatose patients 

resuscitated from a cardiac arrest. Stroke. 1997;28:1569–73.
 40. Sundgreen C, Larsen FS, Herzog TM, Knudsen GM, Boesgaard S, Aldershvile J. Autoregulation 

of cerebral blood flow in patients resuscitated from cardiac arrest. Stroke. 2001;32:128–32.
 41. Tiecks FP, Lam AM, Aaslid R, Newell DW. Comparison of static and dynamic cerebral auto-

regulation measurements. Stroke. 1995;26:1014–9.
 42. Brady KM, Lee JK, Kibler KK, et al. Continuous time-domain analysis of cerebrovascular 

autoregulation using near-infrared spectroscopy. Stroke. 2007;38:2818–25.

C. Hoedemaekers



741

 43. Ameloot K, Genbrugge C, Meex I, et al. An observational near-infrared spectroscopy study on 
cerebral autoregulation in post-cardiac arrest patients: time to drop 'one-size-fits-all' hemody-
namic targets? Resuscitation. 2015;90:121–6.

 44. Pham P, Bindra J, Chuan A, Jaeger M, Aneman A. Are changes in cerebrovascular autoregula-
tion following cardiac arrest associated with neurological outcome? Results of a pilot study. 
Resuscitation. 2015;96:192–8.

 45. Hoedemaekers CW, Ainslie PN, Hinssen S, et al. Low cerebral blood flow after cardiac arrest 
is not associated with anaerobic cerebral metabolism. Resuscitation. 2017;120:45–50.

 46. van den Brule JM, Vinke EJ, van Loon LM, van der Hoeven JG, Hoedemaekers CW. Low 
spontaneous variability in cerebral blood flow velocity in non-survivors after cardiac arrest. 
Resuscitation. 2017;111:110–5.

 47. Dougherty CM, Burr RL. Comparison of heart rate variability in survivors and nonsurvivors of 
sudden cardiac arrest. Am J Cardiol. 1992;70:441–8.

 48. Huikuri HV, Linnaluoto MK, Seppanen T, et al. Circadian rhythm of heart rate variability in 
survivors of cardiac arrest. Am J Cardiol. 1992;70:610–5.

 49. Bernard SA, Gray TW, Buist MD, et al. Treatment of comatose survivors of out-of-hospital 
cardiac arrest with induced hypothermia. N Engl J Med. 2002;346:557–63.

 50. Hypothermia after Cardiac Arrest Study G. Mild therapeutic hypothermia to improve the neu-
rologic outcome after cardiac arrest. N Engl J Med. 2002;346:549–56.

 51. Nielsen N, Wetterslev J, Cronberg T, et al. Targeted temperature management at 33 degrees C 
versus 36 degrees C after cardiac arrest. N Engl J Med. 2013;369:2197–206.

 52. Bisschops LL, van der Hoeven JG, Hoedemaekers CW. Effects of prolonged mild hypothermia 
on cerebral blood flow after cardiac arrest. Crit Care Med. 2012;40:2362–7.

 53. Bro-Jeppesen J, Annborn M, Hassager C, et al. Hemodynamics and vasopressor support dur-
ing targeted temperature management at 33 degrees C versus 36 degrees C after out-of-hospital 
cardiac arrest: a post hoc study of the target temperature management trial*. Crit Care Med. 
2015;43:318–27.

 54. Kilgannon JH, Roberts BW, Jones AE, et al. Arterial blood pressure and neurologic outcome 
after resuscitation from cardiac arrest*. Crit Care Med. 2014;42:2083–91.

 55. Lee JK, Brady KM, Chung SE, et al. A pilot study of cerebrovascular reactivity autoregulation 
after pediatric cardiac arrest. Resuscitation. 2014;85:1387–93.

 56. Czosnyka M, Smielewski P, Kirkpatrick P, Menon DK, Pickard JD. Monitoring of cerebral 
autoregulation in head-injured patients. Stroke. 1996;27:1829–34.

 57. Needham E, McFadyen C, Newcombe V, Synnot AJ, Czosnyka M, Menon D. Cerebral perfu-
sion pressure targets individualized to pressure-reactivity index in moderate to severe trau-
matic brain injury: a systematic review. J Neurotrauma. 2017;34:963–70.

 58. Omar YG, Massey M, Andersen LW, et al. Sublingual microcirculation is impaired in post- 
cardiac arrest patients. Resuscitation. 2013;84:1717–22.

 59. Dalkara T, Arsava EM. Can restoring incomplete microcirculatory reperfusion improve stroke 
outcome after thrombolysis? J Cereb Blood Flow Metab. 2012;32:2091–9.

 60. Meairs S, Kern R.  Intracranial perfusion imaging with ultrasound. Front Neurol Neurosci. 
2015;36:57–70.

 61. Vinke EJ, Kortenbout AJ, Eyding J, et al. Potential of contrast-enhanced ultrasound as a bed-
side monitoring technique in cerebral perfusion: a systematic review. Ultrasound Med Biol. 
2017;43:2751–7.

 62. Vinke EJ, Eyding J, de Korte C, Slump CH, van der Hoeven JG, Hoedemaekers 
CWE. Quantification of macrocirculation and microcirculation in brain using ultrasound per-
fusion imaging. Acta Neurochir Suppl. 2018;126:115–20.

44 Post-cardiac Arrest Care: Usefulness of Transcranial Doppler (TCD/TCCS…



743© Springer Nature Switzerland AG 2022
C. N. Rodríguez et al. (eds.), Neurosonology in Critical Care, 
https://doi.org/10.1007/978-3-030-81419-9_45

Chapter 45
Large Hemispheric Infarction (LHI): 
Usefulness of Transcranial Doppler (TCD/
TCCS)

Claudio E. Scherle Matamoros

Key Points
 1. The preferred technique to follow-up of a patient with a large hemispheric infarc-

tion (LHI) is transcranial color-coded duplex sonography (TCCS).
 2. In the patient with LHI, with confirmation by brain CT and/or MRI, the neuro-

sonology (TCCS) acquires a special relevance in the diagnosis of the site of 
arterial occlusion.

 3. The pulsatility index (PI) measured by TCCS can be used to detect and estimate, 
in a noninvasive manner, the increase in intracranial pressure in the hemisphere 
contralateral to the cerebral infarction, which could have an impact on the 
patient’s prognosis.

 4. The use of transcranial color-coded duplex sonography (TCCS) may be helpful 
in the early detection of midline shift.

45.1  Introduction

The clinical manifestations and consequences of cerebral ischemic lesions depend 
on their extent and the functional expression of the cerebral parenchymal damage 
[1]. Thus, we will assist patients with evidence of a stroke only detectable by brain 
image (silent infarctions) and in other cases with great disability, caused by a great 
volume of infarction [2]. Such is the case of large hemispheric infarction (LHI), a 
term used by Hacke et al. in 1996 to define the ischemic lesion affecting the entire 
territory of the middle cerebral (MCA), accompanied by mass effect and generally 
catastrophic prognosis [3] (Fig. 45.1).

C. E. Scherle Matamoros (*) 
Department of Neurology, Stroke Unit, Eugenio Espejo Hospital, Quito, Ecuador
e-mail: cscherle62@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81419-9_45&domain=pdf
https://doi.org/10.1007/978-3-030-81419-9_45#DOI
mailto:cscherle62@gmail.com


744

LHI occurs in at least 10% of supratentorial strokes [2], in which mortality used 
to exceed 80% [4]. However, nowadays, thanks to stroke units, multidisciplinary care 
and early decompressive craniotomy, mortality has been reduced to 25–40% [5, 6].

The most frequent etiology is embolic occlusion of the proximal segment of the 
MCA (M1). The atherothrombotic or embolic mechanism of the intracranial termi-
nal segment of the internal carotid artery (ICA) can be considered another patho-
physiological pathway [1–3].

Clinically, it manifests as a hemispheric syndrome:

• Hemiparesis
• Gaze deviation
• Language disturbances
• Visual disturbance

The NIHSS scale can be >20 points when the commitment is from the left hemi-
sphere and ≥15 when the commitment is from the right [7].

In LHI, the alterations that occur after arterial obstruction are based on cytotoxic 
edema developed in the first 72 hours as a result of cell necrosis. Simultaneously, 
with the decrease in tissue in the penumbra and the increase in the area of necrosis, 
there is rupture of the blood-brain barrier, leading to vasogenic edema [8]. Therefore, 
with the progression of edema, the pressure on the underlying tissues increases, 
distorting the cerebral parenchyma.

Once the intracranial adaptive mechanisms are exhausted, intracranial pressure 
(ICP) begins to rise. When the mean arterial pressure (MAP) is exceeded by the ICP, 
the cerebral perfusion pressure (CPP) is compromised and the self-regulatory mech-
anism deteriorates. Therefore, this intensifies ischemia and cerebral edema, 

a b

Fig. 45.1 Large hemispheric Infarction (LHI) of right middle cerebral artery (MCAR). (a) 
Subfascial hernia and displacement to the left of the ventricular system. (b) Large hemispheric 
infarction of the left middle cerebral artery (MCAL) and decompressive craniotomy. Extension of 
ischemia to the territory of the two ACA arteries and transcalvarial hernia
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increasing the risk of herniations and extension of ischemia to other arterial territo-
ries (Fig. 45.1b) [8, 9].

45.2  Occlusion Arterial Segment: Localization by 
Cerebral Ultrasound

The transcranial Doppler (TCD) and TCCS have demonstrated an excellent diag-
nostic correlation with arteriography to define the existence of arterial occlusion 
[10, 11]. Unlike MR-angiography (MRA), they do not require full patient collabora-
tion and in contrast to CT-angiography; they provide real-time information on the 
state of the vessel and intracranial circulation.

During the first 6 hours, it is possible to detect arterial occlusion in more than 
70% of patients with acute ischemic stroke. Although these data come from research 
based on digital subtraction angiography (DSA), studies conducted with TCD/
TCCS show results that compared to arteriography have a sensitivity of 80% and a 
specificity greater than 94% [12].

45.3  TCD/TCCS: Arterial Occlusion Criteria

The main sonographic finding characteristic of arterial obstruction is an attenuated 
blood flow velocity wave (spectral Doppler waveform) in the segment where the 
thrombus is located. Depending the proximity and location of the probe to the clot 
and the degree of permeability to arterial blood flow, the spectral Doppler waveform 
varies between absence and different degrees of attenuation [12] (Fig. 45.2).

Fig. 45.2 CT-Angiography (CTA) shows the occluded right M1 segment. Attenuation of the flow 
spectral waves (A to D) in relation to the approximation to the site of the occlusion
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These arterial blood flow variations have been classified according to residual 
flow in TIBI degrees. This scale is useful both for the initial assessment of the 
patient with acute ischemic stroke and for follow-up after recanalization treatment 
[13] (Fig. 45.3).

If we do not measure the MCA flow velocity and other vessels are identified 
deeper, from the anterior portion of the circle of Willis, it can be established that 
there is an occlusion in the proximal segment of the MCA. On the other hand, the 
detection of a <0.6 ratio between the mean flow velocity (MFV) of the affected 
MCA and the contralateral MCA is an indicator of proximal occlusion. In contrast, 
if flow velocity is recorded in the MCA proximal to the carotid bifurcation, the 
depth is reduced to identify if there is any more distal attenuated flow pattern in seg-
ment M1 [14]. It is recommended to start the exploration on the unaffected side so 
that we can establish the normal blood flow velocity waveform and velocity in the 
MCA, in order to be able to compare with the affected side (Fig. 45.4).

In a patient with LHI and signs of intracranial hypertension and without decom-
pressive craniotomy, distortion of intracranial structures may make it difficult to 
locate the MCA with TCD. In this situation, the TCCS provides advantages, with 
the visual support offered by B-mode and the angiographic effect of the color-coded 
sonography facilitating the exploration.

The main diagnostic criterion by TCCS of an occlusion of the M1 segment of the 
MCA is the absence of color signal and the alteration of the doppler spectrum (TIBI 
0–1) [15], being perceived the signal corresponding to the middle cerebral vein 
(MCV), the ACA (A1), the ipsilateral PCA, and the contralateral anterior circula-
tion. Tandem occlusion of the ICA is diagnosed when flow signals are absent in M1 
segment, A1 segment, and in the intracranial segment of internal carotid artery. By 
combining an anterior coronal plane with an axial plane at the protuberance level, 
the terminal portion of the ICA [16] can be accessed. If we use a TCD machine, it 
is possible to access the terminal portion of the carotid artery through the temporal 
acoustic window and the carotid siphon through the ophthalmic acoustic win-
dow [17].

Fig. 45.3 TIBI degrees (thrombolysis in brain ischemia). TIBI 1: Systolic waves of variable 
velocity and duration in which the diastole may be inverted (reverberant flow). TIBI 2: Flattening 
of the systole-wave of variable duration and pulsatility (PI) is less than 1.2. TIBI 3: Progressively, 
the systole acquires normal acceleration and the diastole is positive, but there is a difference of 
more than 30% with respect to the mean flow velocity (vmf) with the homologous artery [13]. To 
establish in which segment of the MCA the occlusion is located, the depth at which the worst 
residual flow signal is detected (degree TIBI 0-1) should be considered [14]
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In 2009, a committee of TCCS experts proposed to reduce the TIBI criteria to a 
grading of four categories, resulting in the COGIF (Consensus on Grading 
Intracranial Flow obstruction) criteria [18]:

 1. COGIF 1 would imply complete vessel occlusion (TIBI 0).
 2. COGIF 2 represents the absence of diastolic flow (equivalent to TIBI 1).
 3. COGIF 3, low systolic and diastolic velocities coexist, suggesting partial recan-

alization (equivalent to 2–3 TIBI).
 4. COGIF 4 corresponds to complete perfusion, including this group of three 

subcategories:

 4.1 Normal flow.
 4.2 Stenotic flow (TIBI 4).
 4.3 Increased flow in a segment or hyperperfusion (encompasses the TIBI 4–5 

criteria).

A

B

C

Fig. 45.4 Correlation between angio-TC and TCD. Absence of flow signal at 50 mm depth on the 
left side. Asymmetry between flow velocities in both MCAs and a smaller representation in mode 
M of the occluded side. On the right side, normal sonograms are presented (A: Corresponds to 
segment A1 of the anterior cerebral artery. B: Middle cerebral artery near the bifurcation. C: 
Middle cerebral sonogram near segment M2)
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45.4  Large Hemispheric Infarction (LHI): Intracranial 
Hypertension Monitoring

In 1974, Gosling and King introduced the concept of pulsatility index (PI) in the 
study of cerebral hemodynamics. It is a parameter that describes and quantifies the 
relationship between the peak velocity, the end-diastolic velocity, and the mean flow 
velocity. This index estimates the degree of resistance to flow (cerebral impedance) 
that exists in arterioles [19].

As the ICP increases, the CPP decreases, which translates into an initial decrease 
in the end-diastolic velocity (spectral Doppler waveform with resistive pattern) and 
a progressive increase in the PI. High pulsatility (PI between 1.2 and 1.6) correlates 
with moderate intracranial hypertension (ICH). PI >3 correlates with a severe 
increase in ICP and cerebral circulation arrest [20, 21]. This is true under condition 
that MAP is normal and patient is not hypocapnic [22]. Pulsatility index may be 
affected by hemodynamic, respiratory, and hematological factors, so its instant 
value is not always sufficient to characterize intracranial hemodynamic condi-
tions [22].

For the measurement of the Gosling’s index, flow velocity measurement is usu-
ally performed in the MCA. In the context of the LHI, in which the artery is occluded 
and the arterioles have undergone structural changes, it is reasonable to find that the 
resistance indices (PI and RI) are increased not necessarily as an expression of the 
increase in ICP but rather of the occlusion of the vessel.

Studies in patients with intracerebral hemorrhage (ICH) evaluated with TCD/
TCCS have found that increased PI in the unaffected hemisphere correlates with 
30-day mortality, with 80% sensitivity and 94% specificity [23, 24]. Therefore, 
measurement of PI in the contralateral hemisphere can provide prognostic data.

45.5  Large Hemispheric Infarction: Midline Shift Diagnosis

The monitoring of changes in the cerebral midline through the TCCS over time 
(trends) is very useful in the follow-up of these patients, especially after 16 hours of 
evolution. It is a rapid and reliable diagnostic method of herniation, which is useful 
for identifying the group of patients at risk who may benefit from a decompressive 
craniectomy [24].

Determination of midline shift needs to be done with TCCS. The neurocritical 
patient is approached:

 1. Patient position: Supine
 2. Select the probe: Low frequency (2.5 mHz)
 3. Selection of acoustic window: Transtemporal window (with orbital direction, 

above the zygomatic arch)
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 4. Select the initial insonation plane: Mesencephalic plane (the hypoecogenic 
image of the midbrain surrounded by the cerebrospinal fluid is first identified)

 5. Ultrasound equipment setting: Image depth of 14–16 cm, so that the contralat-
eral temporal bone is identified.

 6. Selection of insonation plane for midline shift measurement: Ventricular plane. 
By gently tilting the transducer approximately 10° in the cephalic direction, it is 
possible to identify the two hyperecogenic lines corresponding to the walls of 
the third ventricle between the two thalamus (hypoechoic) (Fig. 45.4). The dis-
tance between the transducer and the center of the third ventricle is measured in 
a perpendicular line on both sides. The midline deviation is calculated by 
 subtracting the ipsilateral measure (A) from the contralateral measure (B) 
divided by 2 [25]. (Fig. 45.5) (For more details, see Chap. 62 on cerebral paren-
chyma and ultrasound.)

45.6  LHI: Optic Nerve Sheath Diameter (ONSD)

The optic nerve is sheathed by the dura, arachnoidea, and pia sheath. There is a 
liquor communication to the arachnoidal space of the brain. If the ICP increases, the 
NO sheath is edematized and swollen, which can be measured with ultrasound. The 
normal value of ONSD is <5 mm; if it is larger, it may be related to an increase in 
ICP greater than 20 mm Hg [26].

Transorbital exploration should be performed with the patient in a supine posi-
tion, the head elevated from 20 to 30 degrees and with the eyelids closed. A thin 
layer of ultrasound gel is applied to the transducer, which is then placed on the 
temporal side of the eye in a transverse position to the longitudinal axis of the body, 
to reach an axial plane of the eyeball, papilla, and optic nerve in their longitudinal 
course (Fig. 45.6).

Fig. 45.5 Correlation between MRI and TCCS: Left: Brain MRI. Right: TCCS ventricular plane 
((T): thalamus; Arrow: third ventricle)
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Pressing the eyeball should be avoided at all times so as not to cause pain or to 
modify the intraocular pressure and thus avoid arterial or venous hemodynamic 
variations.

45.7  Conclusion

The different techniques of neurosonology are diagnostic tools that should be used 
in the evaluation of the patient with an LHI of the middle cerebral artery. Their use 
helps to establish the severity of the patient and the selection of therapeutic 
measures.

Fig. 45.6 ONSD 
ultrasound: axial plane
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 Algorithm

Intensive Care Unit (ICU)
Emergency Department (ED)

Clinical Status of Patient
ABCD
Level of consciousness (GCS)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxigenation?
NIHSS > 15

DIAGNOSIS

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

Pulsatility Index (PI)
Monitoring

Arterial Occlusion Location
MCA (M1 Segment)

ICA (Siphon)

PI<1.2 PI>1.2

YES

YES
Intracranial Hypertension

Consider Treatment
1. Osmotherapy
2. Decompressive Craniectomy

Non-Contrast Brain CTscan
MCA Territory

Monitoring Daily
TCD/TCCS Trends

ONSD
> 5 mm

TCCS
Midline Shift (MLS)

LARGE HEMISPHERIC INFARCTION
(LHI)

 

ABCD Airway-breathing-circulation-disability, GCS Glasgow coma scale, NIHSS National 
Institute of Healt Stroke Scale, ICA Internal Carotid Artery, MCA Middle Cerebral Artery, ONSD 
Optic Nerve Sheath Diameter, CT Computed Tomography.
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Chapter 46
Non-Convulsive Status Epilepticus (NCSE) 
in ICU: Bedside Usefulness of TCD 
in Comatose Patient Diagnosis. When 
the EEG Is Too Far

Alshimaa Shaban Othman and Foad Abd-Allah

Key Points
 1. Nonconvulsive status epilepticus (NCSE) is an important cause for unexplained 

impairment of consciousness, particularly in the intensive care unit (ICU).
 2. Generation of abnormally prolonged or repeatedly recurrent brain electrical 

activity represents a metabolic burden not only on the neurons but also on the 
glial cells. This should be coupled by increase in cerebral blood flow (CBF).

 3. The merits of the TCCS (transcranial color-coded duplex sonography) are being 
available, fast, bedside, safe, repeatable, and not interfering with continuous 
monitoring in the ICU.

 4. TCCS assessment can help not only in diagnosis and follow-up of NCSE/IIC, 
but also in identifying the underlying etiology: arterial stenosis as a cause of 
acute ischemic stroke (AIS), dural venous sinus thrombosis, hydrocephalus, 
increased of ICP (by MLS, ONSD, and papilledema measurements) as in cases 
caused of space-occupying lesions (SOLs) (neoplasms, intra- and extra-axial 
hematoma, etc.).

 5. Indirect assessment of cerebral blood flow (CBF) through cerebral blood flow 
velocities (CBFVs) measurement using TCD/TCCS was the most studied appli-
cation of neurosonology in epileptic seizures, due to its ability to provide real- 
time evaluation at bedside.

 6. EEG is the gold standard for diagnosis of NCSE/IIC; however, it can be unavail-
able or not conclusive enough. In these cases, vascular imaging can help to 
establish the diagnosis.
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46.1  Introduction

Nonconvulsive status epilepticus (NCSE) is an important cause for unexplained 
impairment of consciousness, particularly in the intensive care unit (ICU). However, 
the diagnosis is frequently missed, with negative impact on patient’s outcome [1]. 
This can be partly explained by lack/paucity of prominent motor manifestations in 
NCSE, which was demonstrated in the new report of the international league against 
epilepsy (ILAE) about definition and classification of SE (Table 46.1).

Also, NCSE have several mimics, which further make the diagnosis challenging 
[3]. Another important point is that the diagnosis of NCSE heavily relies on the 
availability of electroencephalogram (EEG). According to the modified Salzburg 
criteria (mSCNC), a compatible clinical manifestations of ≥10  min and EEG 
changes of ≥10 s is required for the diagnosis of NCSE (Fig. 46.1).

Unfortunately, EEG and/or experienced EEG interpreter are not always available 
along the hour in some centers [3]. Also, some equivocal patterns might be demon-
strated in EEG, with uncertain risk of neuronal injury and, thus the decision to initi-
ate/escalate AED is controversial [1]. In these situations, there is an urge for other 
investigatory modality which can be used at bedside to estimate the risk of seizure 
activity and/or neuronal injury, justifying the use of AED and even continuous IV 
anesthetic drug infusion.

46.2  NCSE: ICU Epidemiology

NCSE as heterogeneous and complex electroclinical condition (electrographic sei-
zure activity without clear clinical convulsive activity) is common among critically 
ill patients in the ICU, ranging from 10% to 67% with high morbidity and mortality 
rates (approximately 18% [5]), and must therefore be diagnosed promptly. 
Homeostatic derangement, brain injury, and the use of polypharmacy makes those 

Table 46.1 Classification of nonconvulsive status epilepticus (NCSE) [2]

Status epilepticus without prominent motor features; nonconvulsive status epilepticus (NCSE)

1. NCSE with coma (i.e., subtle SE)
2. NCSE without coma:
   2a. Generalized NCSE without coma (i.e., absence SE)
   2b.  Focal NCSE without coma, without consciousness impairment (i.e., aura continua with 

preserved awareness)
   2c.  Focal NCSE without coma, without consciousness impairment, with language 

impairment, i.e., aphasic SE
   2d.  Focal NCSE without coma, with consciousness impairment (i.e., aura continua with 

impaired awareness)
   2e. NCSE without coma, unknown focal or generalized (i.e., autonomic SE)

NCSE nonconvulsive status epilepticus, SE status epilepticus
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patients highly susceptible to the development of NCSE [1]. The occurrence of 
NCSE prolongs the duration of ICU stay, ventilator dependency, and thus increases 
the risk of infection, negatively impacting the outcome. Nevertheless, both the clini-
cal suspicion and EEG diagnosis are challenging within the noisy environment of 
ICU [1]. Multiple EEG-related factors add to the diagnostic difficulty including:

 1. Unavailability of EEG. Particularly in resource-limited centers.
 2. Possible NCSE, which was regarded as a gray land of debate among some 

authors [6].
 3. Lack of surface EEG discharge compatible with mSCNC, in highly suspicious 

clinical situations, and where depth electrodes cannot be used/are unavail-
able [3].

 4. Some equivocal EEG patterns may improve after IV benzodiazepines, though 
they are not of epileptic nature [3].

 5. Metabolic/septic/drug-induced encephalopathy or encephalopathy associated 
with acute brain injury with epileptiform EEG discharges [2].

 6. Differentiating post-ictal confusion from confusion due to NCSE following 
CSE [7].

 7. Demonstration of one or more patterns of the ictal-interictal continuum 
(ICC) [1, 8].

Epileptiform discharges

Frequency >2.5 cycles per s* Frequency ≥2.5 cycles per s

Continuous (quasi-) rhythmic
delta-theta activity with
frequency >0.5 cycles per s*

Typical
spatiotemporal
evolution*

Subtle clinical ictal
phenomenon during the
EEG patterns mentioned above*

Fluctuation
without
definitive
evolution*

EEG and clinical
improvement
after IV AED*

EEG and clinical
improvement
after IV AED*

No other secondary criteria
are fulfilled

No

NCSE Possible NCSE No NCSE

IV AED

Clinical suspicion of NCSE No epileptiform discharges

Fig. 46.1 Modified Salzburg consensus criteria for the diagnosis of NCSE (mSCNC). AED anti-
epileptic drugs, NCSE nonconvulsive status epilepticus. (Courtesy: Leitinger et al. [4])
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46.2.1  Ictal-Interictal Continuum (IIC)

The widespread use of continuous EEG monitoring in the ICU has enabled recogni-
tion of some equivocal patterns that do not meet the proposed criteria for NCSE, but 
they possess some ictal/pre-ictal behavior. They represent a state of unstable meta-
bolic demands, with risk of neuronal injury, depending on the patient’s biological 
background, and thus the institution of AEDs should be individually evaluated [1, 
8]. These patterns include lateralized or generalized (quasi-) periodic discharge 
(PD), lateralized or generalized (quasi-) rhythmic delta activity (RDA), burst sup-
pression (BS), stimulus-induced rhythmic/periodic ictal discharge {SIRP(I)Ds}, 
brief (potentially ictal) rhythmic discharges {B(I)RDs}, extreme delta brush, and 
sharp waves with triphasic morphology (TM) [1].

46.3  NCSE: Cerebral Hemodynamics Changes

Hauf M et al. (2009) [9] shows regional cortical perfusion changes in patients with 
NCSE by perfusion CT (PCT). Regional hyperperfusion during seizure activity 
(increased CBF and CBV) and reduction of regional perfusion in post-ictal stage.

Generation of abnormally prolonged or repeatedly recurrent seizure activity rep-
resents a metabolic burden not only on the neurons but also on the glial cells. This 
should be coupled by increase in cerebral blood flow (CBF) to meet the needs of the 
hyperactive brain and clean the resultant waste products, according to the neurovas-
cular coupling concept [10].

According to this concept, the state of hyperperfusion demonstrated in vascular 
and perfusion studies in cases of NCSE and IIC can be understood [8, 11–13]. 
However, with prolonged and persistent epileptic activity, the increase of CBF 
becomes insufficient to meet the metabolic needs of the exhausted tissue, with pro-
gressive mitochondrial and energy failure and uncoupling state or homeostatic fail-
ure ensues, which participates in secondary neuronal injury, perpetuating the 
epileptic activity. This can also explain the hypoperfusion state late in the course of 
SE or post-ictally [11]. An important observation is that while initial hyperperfusion 
is usually localized in the epileptogenic zone, this is not always the case for the 
delayed/post-ictal hypoperfusion, which sometimes occur across multiple vascular 
territories, a condition that might denote the involvement of more widespread dys-
function with prolonged ictal activity [14].

46.4  TCD/TCCS: Usefulness in the NCSE Diagnosis 
at Bedside

Neurosonology assessment includes sequential application of three modes: color 
Doppler, B-mode, and pulsed-wave Doppler. Whenever Doppler is combined with 
B-mode, we get a duplex study [15].
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In addition to the several advantages of TCD/TCCS, the most concerning for 
NCSE/IIC are their bedside availability to continuous monitoring, providing real- 
time relationship to clinical and EEG changes.

TCD/TCCS assessment can help not only in diagnosis and follow-up of NCSE/
IIC, but also in identifying the underlying etiology [1]: arterial stenosis as a cause of 
acute ischemic stroke (AIS), dural venous sinus thrombosis, hydrocephalus, increased 
of ICP (by MLS, ONSD, and papilledema measurements) as in cases caused of 
space-occupying lesions (neoplasms, intra- and extra-axial hematoma, etc.).

Merceron et al. (2014) [11] have assessed optic nerve sheath diameter (ONSD) 
using ocular sonography in ICU patients with suspected NCSE, and they found that 
all the examined population had increased ONSD, with no significant difference 
between those with and those without NCSE. However, their cohort consisted of 
comatose patients with meningitis, traumatic brain injury (TBI), and stroke, in addi-
tion to status epilepticus (SE). They concluded that the underlying cause of the 
coma, rather than the presence of SE per se, was responsible for elevation of ICP, 
which was reflected by the increase in ONSD in both study groups [11].

According to the neurovascular coupling principle, it is expected to have a state 
of hyperperfusion during ictal activity. Hyperperfusion means increase in cerebral 
blood flow (CBF), which is well represented by flow velocities of the cerebral basal 
arteries, particularly the middle cerebral artery (MCA), being the largest and most 
studied intracranial artery [16, 17]. This is the basis of assessment by TCD/TCCS in 
epilepsy, seizures, or suspected ictal activity. In the boundary conditions (e.g., IIC 
and possible NCSE), the presence of epileptic discharge co-localizing with hyper-
perfusion defines electro-perfusive SE [8].

Merceron, et al. (2014) [11] used TCD to estimate CBF through CBFVs measure-
ments in comatose patients with NCSE in the ICU, whereas several trials have used 
TCD to estimate CBFVs changes during brief or recurrent epileptic seizures. Most of 
these studies were preplanned in patients with recurrent seizures, which enabled 
obtaining a baseline reference for comparison, using different formulas. The most 
used parameter was mean flow velocity of the middle cerebral artery (MCA MVF), 
via the transtemporal window at depth 50–60 mm, using the 2 MHz pulsed wave 
probe, with the patient lying supine [18, 16, 19–22]. However, sometimes this is not 
always feasible in comatose patients suspected of having NCSE/IIC, because the 
clinical state may be alternant without free period for baseline assessment. This might 
require comparison with CBFV values from a healthy control- patient, if available.

The accuracy of TCD in helping to diagnose NCSE in comatose patients was 
addressed by Merceron et al. (2014), who recruited 38 comatose patients (GCS ≤9) 
admitted to the ICU for continuous EEG monitoring and ICP monitoring [11], 
where 26.3% had NCSE by continuous EEG monitoring. TCD performed routinely 
in the minutes after EEG monitoring initiation. TCD was performed on the right and 
left mean cerebral arteries (MCAs) through transtemporal acoustic window; peak 
systolic velocity (PSV), end-diastolic velocity (EDV), and mean flow velocity 
(MFV) were recorded. Also, the pulsatility index (PI) was calculated.

Their results showed that TCD CBFVs were higher in those with NCSE (26.3%) 
than those without NCSE (73.7%), reflecting cerebral hyperperfusion in patients 
with NCSE where mean PSV was 116 cm/s (55% more) and mean EDV was 45 cm/s 
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(73% more). The difference of pulsatility index (PI) values was not statistically 
significant, which may be explained by the elevation of all CBFVs. The authors 
recommended that TCD can be used as an ancillary tool to investigate the possibil-
ity of NCSE in comatose ICU patients, but not as a primary diagnostic tool.

46.5  NCSE/IIC: TCD/TCCS Insonation Protocol

Whenever the diagnosis of NCSE is questionable, apply TCD/TCCS protocol as 
demonstrated in (Table 46.2). The primary goal is to demonstrate a state of hyper-
perfusion with increased CBFVs, co-localized/co-lateralized with the hypothesized 

Table 46.2 Proposed setting for TCD/TCCS in NCSE [11, 23, 24]

Position of the 
patient Supine

Patient state According to the clinical context (disorders of consciousness/coma)
Probe 2 MHz-pulsed wave (low frequency)
Acoustic window Transtemporal (most frequently used) and/or other windows
Artery Bilateral: MCA, ACA, PCA, OA, BA, VA, intracranial ICA, and 

extracranial)
TCD (depth (mm)) According to the insonated artery: 50–60 mm for MCA. Consider 

monitoring the other arteries
TCCS (depth (mm)) 14–16 mm: To insonate circle of Willis and contralateral bone skull
Measurements 
(cm/s)

MFV, PSV, EDV. Spectral Doppler waveform analysis

Hemodynamic 
indexes

PI, RI, BHI, LR

Brain parenchymal 
structures

MLS, 3th ventricle, lateral ventricles, space-occupying lesions, ONSD

TCD/TCCS: 
Protocol

1.  Compare measurements values with baseline values of the patient 
himself (if available). If not, compare for age and sex-matched with 
healthy controls

2. Serial/continuous insonation may be needed
3.  Always compare one hemisphere hemodynamic measurements to the 

other
4.  Consider the structural brain imaging (for spatial co-localization and 

secondary effect on CBFVs)
5. Search for spatial co-localization with the EEG
6.  If the decision to escalate AEDs was made, follow-up the previously 

documented parameters to check response to treatment
7.  Consider the trends of the hemodynamic measured values and evaluate 

them with the clinical situation of the critically ill patient

TCD transcranial Doppler, NCSE nonconvulsive status epilepticus, IIC ictal-interictal continuum, 
MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, OA oph-
thalmic artery, BA basilar artery, ICA internal carotid artery, MFV mean flow velocity, PSV peak 
systolic velocity, EDV end diastolic velocity, PI pulsatility index, RI resistivity index, BHI breath 
holding index, LR Lindegaard ratio, AED antiepileptic drugs, MLS midline shift
Sufficient data are not available regarding the proposed length/frequency of monitoring. 
Accordingly, this might be tailored on a case-by-case basis
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epileptogenic zone, identified based on semiology, structural imaging, and EEG (if 
available).

The following cutoffs could be adopted from Merceron et al. trial, where areas 
under ROC curves compare the accuracy of cutoff values of the different MCA 
hemodynamic parameters:

 1. Mean systolic velocity (mean PSV) at 95 cm/s
 2. Maximal systolic velocity (max PSV) at 105 cm/s
 3. Mean end-diastolic velocity (mean EDV) at 31 cm/s
 4. Maximal end-diastolic velocity (maximal EDV) at 40 cm/s

The best performance was found for mean PSV at a cutoff value of 95 cm/s and 
maximal PSV of 105  cm/s, with superior performance of the mean PSV cutoff 
value, with no statistically significant difference between velocity parameters on 
both sides, consistent with the generalized ictal activity demonstrated by the EEG 
[11]. Pulsatility index (PI) was measured in middle cerebral arteries (MCA) bilater-
ally, with no statistically significant difference between patients with and without 
NCSE. However, segmental changes in flow velocity within a single artery usually 
co-localized with the epileptogenic zone during the hyperperfusion (ictal) state [18].

In TCD monitoring of focal seizures (with/without impairment of conscious-
ness), increase in CBFVs was always higher on the seizure onset side (19–184% 
higher than the contralateral side); these changes usually started few seconds (1–7 s) 
after EEG onset [18, 22].

Follow up the trends and relationship between clinical and EEG progression/
resolution [22]. Progressive increase of CBFVs might denote seizure activity. The 
development of hypoperfusion in context of clinical and/or EEG improvement 
might be taken as a marker of good response to treatment, particularly if co- localized 
in the initial area of hyperperfusion. Whereas the development of generalized hypo-
perfusion might denote widespread neuronal injury, which could be an indication 
for treatment escalation, especially with active EEG changes.

Changes in CBFVs usually return to baseline within 47 ± 7 s [18, 22]. Monitoring 
could be stopped if the subject and/or EEG/TCD parameters recover to normal/
baseline condition from a seizure [18].

46.6  Conclusion

 1. NCSE is an important cause of disorders of consciousness and/or coma in the 
ICU, with diverse presentations, and thus should always be kept in mind as a 
possible differential diagnosis.

 2. EEG is the gold standard for diagnosis of NCSE/IIC; however, it can be unavail-
able or not conclusive enough. In these cases, vascular imaging can help to 
establish the diagnosis.

 3. Hyper-perfusion is the cerebral hemodynamic pattern, which can be assessed 
non-invasively measuring the CBFVs by TCD/TCCS in the focus of seizure 
activity (epileptogenic zone).
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 4. The transition from hyperperfusion to hypoperfusion may denote treatment suc-
cess, or exhaustion of the neurons, depending on the clinical scenarios.

 5. TCCS can help in the diagnosis of NCSE/IIC and estimation of possible causes 
(brain parenchyma, MLS, ONSD, etc.).

 6. More trials are needed to establish TCD/TCCS as useful tool to diagnose 
NCSE/IIC.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

DIAGNOSIS

Subarachnoid Hemorrhage (SAH) Ischemic Stroke Traumatic Brain Injury (TBI)

CNS infection (Meningitis/Encephalitis) Intracerebral Hemorrhage (ICH) Acute Liver Failure (ALF)

Brain Tumors Preeclampsia Neurosurgery Peri-operative

Possible NCSE? (Ictal Activity)

Definite NCSE YES NO / Equivocal

Transcranial Doppler (TCD)
Transcranial Color-Codedduplex Sonography (TCCS)

Brain Parenchyma US Cerebral Hemodynamics Neuro-Orbital Ultrasound

Arterial Approach / Venous approach (clinical context)
Transtemporal Bone Window Transtemporal Bone Window Transorbital Window
1. Mesencephalic Plane TCD (Depth 50 –60 mm) / TCCS (Depth 14-16 cm) I. ONSD
2. Diencephalic Plane MCA (Middle Cerebral Artery) II. Ophthalmic Artery
3. Ventricular Plane Spectral Doppler wave-formanalysis/ Pulsatility Index (PI) III. PLR

1. Mean Flow velocity (MFV) High ICP or ICA Compromise?
2. Peak Systolic velocity (PSV)

a) Midline Shift (MLS) 3. End-Diastolic velocity (EDV)
b) Ventricular diameter NO
c) Space-occupying lesions

Monitor other Vascular Territories (clinical context)
ACA / PCA / VA / BA / ICA / OA Still Clinical Suspicion

Another Imaging modality
HYPOPERFUSION HYPERPERFUSION

Not always co-localized in the
Epileptogenic Zone : Sometimes
occur across multiple vascular 

territories (Low CBFV)

(Increase CBFV : During Ictal Activity) Fingerprints of ictal pattern?
Increase Brain electrical activity ⇔ Metabolic Burden

Co-localized with Epileptogenic Zone YES NO

Metabolic probing / Deep Sz

Evaluate AED Therapy
& Follow-upPost-ictal YES NO Consider DD

IV AED Tria
Check the Response

EEG
(mSCNC)

ABCD
Level of consciousness (GCS)?
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxygenation?

DISORDERS OF CONSCIOUSNESS / COMA?
Out of proportion to imaging and metabolic abnormalities

mSCNC: modified Salzburg criteria; ONSD: Optic Nerve Sheat Diameter; ACA: Anterior Cerebral Artery; PCA: Posterior Cerebral Artery; VA: Vertebral Artery;
BA: Basilar Artery; ICA: Internal Carotid Artery; OA: Ophthalmic Artery; Sz: Seizure; DD: Differential Diagnosis; AED: Antiepilectic Drug;
NCSE: Non-Convulsive Status Epileptic; EEG: Electroencephalogram; ICP: Intracranial Pressure.; CBFV: Cerebral Blood Flow Velocity; (1) Consider AED;
PLR: Pupillary light reflex.  

mSCNC modified Salzburg criteria, ONSD optic nerve sheath diameter, ACA anterior Cerebral 
artery, PCA posterior cerebral artery, VA vertebral artery, BA basilar artery, ICA internal carotid 
artery, OA ophthalmic artery, Sz seizure, DD differential diagnosis, AED antiepileptic drug, NCSE 
nonconvulsive status epileptic, EEG electroencephalogram, ICP intracranial pressure, CBFV cere-
bral blood flow velocity, (1) Consider AED, PLR pupillary light reflex
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Chapter 47
Patient with Preeclampsia in ICU: 
Usefulness of the Transcranial Doppler 
(TCD/TCCS) to Monitor and Predict 
the Most Common Neurological 
Complications

Teelkien Van Veen and Ronney B. Panerai

Key Points
 1. Preeclampsia/eclampsia is a heterogeneous systemic disorder, characterized by 

new-onset hypertension and proteinuria in pregnancy after the 20th week of 
pregnancy.

 2. Cerebral involvement of preeclampsia is one of the most feared complications as 
it can lead to death or significant short- or long-term morbidity.

 3. Normal pregnancy leads to increased cerebral perfusion pressure, decreased 
cerebral resistance, and redistribution of cerebral blood flow to the posterior cir-
culation. Dynamic cerebral autoregulation is enhanced when compared to 
healthy nonpregnant women.

 4. Preeclampsia can lead to increased cerebral blood flow velocity/volume and 
decreased resistance. However, cerebral perfusion pressure can be either normal, 
decreased, or increased.

 5. Dynamic cerebral autoregulation is impaired in most women with preeclampsia, 
and most severely impaired in women with chronic hypertension who develop 
superimposed preeclampsia.
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47.1  Introduction

During pregnancy, approximately 10% of women are diagnosed with some form of 
hypertension [1]. This incidence is rising due to changes in maternal characteristics, 
such as increasing number of mothers with advanced maternal age, presence of 
comorbidities, and higher prepregnancy weight [2, 3]. Although appropriate prena-
tal care has reduced the number of poor outcomes, hypertensive disorders of preg-
nancy are still among the leading causes of maternal mortality and severe morbidity 
in both developed [4] and developing countries [1, 5], accounting for more than 
50,000 maternal deaths annually [2]. While the absolute mortality is much lower in 
developed countries, hypertension has nevertheless been implicated in approxi-
mately 20% of maternal deaths [5, 6], with cerebrovascular complications being the 
primary cause in over 50% [4, 6]. Both the incidence of hypertension and the mor-
bidity/mortality rate are affected by geographic, social, economic, and racial differ-
ences [6, 7]. Although rare, eclampsia, the onset of seizures or coma in a preeclamptic 
woman, is still the most feared pregnancy complication, with a mortality rate of 
approximately 1% in developed countries [4], but as high as 26% in developing 
countries [8].

47.2  Hypertensive Disorders of Pregnancy

Hypertensive disorders of pregnancy range in a spectrum from chronic hypertension 
(CHTN) to gestational hypertension (GHTN), preeclampsia (PEE), and superim-
posed preeclampsia in the setting of chronic hypertension (SiPEE) [9]. All are part 
of a dynamic process, where CHTN can progress to SiPEE, and GHTN to PEE, and 
patients can deteriorate rapidly [9].

47.2.1  Preeclampsia (PEE)

Preeclampsia is a systemic disorder that is typically characterized by new-onset 
hypertension and proteinuria in pregnancy after the 20th week of pregnancy in a 
previously normotensive woman. If a woman with chronic hypertension develops 
proteinuria after 20 weeks of gestation, this is called superimposed preeclampsia. In 
case of baseline proteinuria, SiPEE is defined by a sudden increase in proteinuria, 
worsening or resistant hypertension in the last half of pregnancy or development of 
signs and symptoms of severe preeclampsia [10].
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Preeclampsia can develop up to 4 weeks postpartum, but most cases of postpar-
tum preeclampsia occur in the first 48 h. In the absence of proteinuria, PEE is diag-
nosed as hypertension with new development of thrombocytopenia, impaired liver 
function, renal insufficiency, pulmonary edema, or cerebral or visual distur-
bances [9].

Involvement of the brain can cause eclampsia: grand mal seizures or coma in a 
woman with preeclampsia, in the absence of other neurologic conditions that could 
account for the seizure [7]. Recurrent seizures can lead to hypoxia, maternal injury, 
aspiration pneumonia, and status epilepticus. While the incidence of eclampsia is 
1 in 2000 in high-income countries, it is estimated to be 1 in 100 to 1 in 1700 deliv-
eries in low- and middle-income countries [11].

Despite being the focus of many studies, the exact pathophysiology of pre-
eclampsia remains unclear. It is a heterogeneous disorder, characterized by two 
major subtypes:

 (a) Placental subtype (placental ischemic–hypoxic stress, followed by systemic 
maternal inflammation)

 (b) Maternal subtype (metabolic–immunologic)

These two subtypes have different etiologies and phenotypes. The placental 
subtype usually causes early-onset preeclampsia and fetal growth restriction. The 
maternal subtype typically develops later, due to endothelial dysfunction and 
microvascular damage. Immune dysregulation plays a substantial role in both 
subtypes [12], and leads to generalized maternal endothelial dysfunction and, 
hence, symptomatic clinical disease, by which the fetus, central nervous system, 
lungs, liver, kidneys, systemic vasculature, coagulation, and the heart may be 
affected [13].

47.2.1.1  Management of Preeclampsia/Eclampsia

The only definite cure for preeclampsia is delivery. However, for women who 
are remote from term (<34  weeks gestation), expectant management can be 
attempted until development of maternal or fetal indications for delivery. In case 
of severe disease or eclampsia, magnesium sulfate should be started to prevent 
(further) seizures and antihypertensives (often intravenous) to lower pressures. 
In case of eclampsia, first priority is to support respiratory and cardiovascular 
functions. After this initial stabilization, the maternal and fetal condition needs 
to be evaluated and a plan regarding the need for delivery or observation has to 
be made [13].
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47.3  Cerebrovascular Complications of Hypertension 
in Pregnancy

While multiple maternal organs can be affected, cerebral involvement is one of the 
most feared complications as it can lead to death or significant short- or long-term 
morbidity [6]. The risk of cerebrovascular complications during pregnancy is 
increased in all hypertensive disorders [14–16] but is most pronounced in severe 
preeclampsia [15, 16].

The neurological complications range from headache, visual disturbances, and 
hyperreflexia to tonic-clonic seizures, coma, and stroke. Gross and microscopic his-
topathology have demonstrated intracerebral hemorrhage, petechiae, cerebral 
edema, vasculopathy, ischemic brain damage, microinfarcts, and fibrinoid necrosis 
[17, 18]. Magnetic resonance imaging (MRI) has shown abnormal scans with non-
specific foci of increased signal in the deep cerebral white matter on T2-weighted 
images in 50% of the women with severe preeclampsia [19]. Widespread diffuse 
cerebral edema or localized hypodense lesions have been found with computed 
tomography (CT) imaging. This combination of radiologic anomalies and clinical 
symptoms is also known as posterior reversible leucoencephalopathy syndrome 
(PRES). In the absence of serious neurological symptoms, imaging is predomi-
nantly unremarkable [17].

Recent studies show promising results on the detection of cerebral biomarkers 
(S100B, neuron-specific enolase (NSE), neurofilament light chain (NfL), and tua) 
to diagnose cerebral complications at onset or before onset of preeclampsia [11].

The pathophysiology of these cerebrovascular complications remains poorly 
understood. Two opposing theories are both based on endothelial dysfunction and 
poor cerebral autoregulation:

 1. Vasoconstriction/hypoperfusion
 2. Hypertension/hyperperfusion [20]

The first theory suggests that endothelial dysfunction, caused by systemic toxic-
ity, leads to vasoconstriction, ischemia, and subsequent brain edema due to increased 
permeability of endothelium [20]. This theory is supported by the vasospasm seen 
on cerebral angiograms in some women with eclampsia [21, 22], the fact that vaso-
genic edema is typically found in the watershed zones [23], and the systemic vaso-
constriction seen in preeclampsia [13].

The second theory is based on loss of cerebral autoregulation. In the presence of 
endothelial dysfunction, sudden elevations in systemic blood pressure may exceed 
the cerebrovascular autoregulatory capacity, leading to forced dilatation of cerebral 
arteries, causing hyperperfusion, blood-brain barrier disruption, and edema [24, 
25]. Interestingly, 20–40% of eclamptic patients never develop overt hypertension 
prior to convulsions or a stroke [26–28], suggesting an important role for autoregu-
latory dysfunction in the underlying pathophysiology.
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It remains unclear why the parietooccipital lobes are most often involved [24, 25, 
29], but it is hypothesized that the decreased sympathetic innervation of the verte-
brobasilar arteries, as compared to that of the internal carotid artery system, plays a 
role [30]. Although the exact role of the autonomic nervous system on the regulation 
of cerebral blood flow remains controversial [31], recent studies do suggest an auto-
nomic, mainly sympathetic, role in cerebral blood flow control [32, 33], protecting 
the brain from autoregulation breakthrough and loss of integrity of the blood-brain 
barrier [34, 35]. The decreased sympathetic innervation in the vertebrobasilar region 
may allow autoregulatory breakthrough at a lower pressure than in other more 
densely innervated areas during acute hypertension [30, 36].

47.4  Cerebral Hemodynamics in Pregnancy

The systemic cardiovascular changes in pregnancy are characterized by a significant 
fall in peripheral vascular resistance, leading to a drop in mean arterial pressure with 
a nadir at 20–24 weeks. The cardiac output and plasma volume both will increase 
by 40–50%. This maternal accommodation to pregnancy begins shortly after con-
ception, driven by circulating hormones, with changes noted as early as 5–6 weeks 
gestation, and is necessary for normal growth and development of the fetal- 
placental unit.

The cerebral circulation is dependent on a constant blood supply and relative 
intolerant to increases or decreases in blood volume. Its adaptation to the systemic 
hemodynamic changes seen in pregnancy is therefore unique from other organs, 
which undergo substantial increase in perfusion. The cerebral arteries react to preg-
nancy through several mechanisms, including changes in vascular structure, blood- 
brain barrier properties, and counteracting the effect of circulating vasoactive factors 
in order to maintain brain homeostasis [37].

Animal models have been used to study the structural changes in the cerebral 
vasculature. In pregnant rats, both the lower and upper limits of the cerebral blood 
flow (CBF) autoregulation curve are extended [37], protecting the brain in cases of 
acute hypotension (e.g., after excessive blood loss postpartum) and hypertension 
(e.g., in acute hypertension or peripartum stress). Also in rats, parenchymal arteries 
undergo outward hypertrophic remodeling, which may cause autoregulatory break-
through in acute hypertension [38].

In pregnant women, mainly transcranial Doppler ultrasound (TCD/TCCS) and 
MRI have been applied to study the changes in maternal cerebral blood flow. The 
flow velocity, flow volume, and resistance index (RI) in the middle and anterior 
cerebral artery (MCA and ACA) seem to be decreased in late pregnancy when 
compared to nonpregnant women. However, the cerebral perfusion pressure 
(CPP), global blood flow, and diastolic velocity in the posterior cerebral artery are 
increased [39–43]. This suggests that during normal pregnancy, there may be 
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some degree of redistribution of cerebral blood flow from the MCA and ACA ter-
ritory to that of the PCA, explaining the vulnerability of the posterior circulation 
in preeclampsia [17, 44]. This is in line with the attenuated sympathetic innerva-
tion seen in the posterior cerebral circulation (vertebrobasilar arteries) when com-
pared with the anterior circulation (MCA and ACA, arising from internal carotid 
arteries) [30].

The dynamic cerebral autoregulation of both the MCA and PCA is enhanced in 
the second half of pregnancy, when compared to nonpregnant fertile women 
[45, 46].

47.5  Cerebral Hemodynamics in Preeclampsia

Several neuroradiological imaging techniques have been used to improve the under-
standing of cerebrovascular hemodynamic changes and the association with neuro-
logical symptoms seen in preeclampsia. Both TCD/TCCS and MRI have shown 
increased cerebral blood flow velocity/volume and decreased resistance [47–50] in 
the MCA and PCA of women with preeclampsia when compared to normotensive 
controls [23, 48, 51], which persisted up to 10 days postpartum [52] but had returned 
to normal at 6–8 weeks after delivery [51] (Table 47.1).

Since preeclampsia is a heterogeneous condition, the extent of these hemody-
namic changes is also diverse. It can lead to either normal, under-, or overperfusion 
(as indicated by CPP and compared to 95% confidence intervals for normal preg-
nancy); 52% of women with mild preeclampsia have underperfusion and 59% of 
women with severe preeclampsia have overperfusion [53]. Furthermore, preeclamp-
tic women with headache were much more likely to have abnormal CPP than those 
without headache [54, 55]. The severity of preeclampsia seems to correlate with the 
degree of any TCD/TCCS abnormality, in a way that patients with severe pre-
eclampsia or superimposed preeclampsia have the highest CPP or CBFV [47, 
54, 55].

Table 47.1 Tendency of values according to gestational age: cerebral blood flow velocities, 
pulsatility index (PI), cerebral perfusion pressure (CPP), and ICA blood flow

MCA MCA MCA MCA MCA ICA
PSV EDV MFV PI CPP CBF

Gestational age cm/s cm/s cm/s – mmHg ml/min

8–20 weeks 97–102 31–47 60–71 0.92–1.0 37–50 318 ± 40.6
22–32 weeks 91–100 37–43 55–62 0.81–1.07 41–60
≥36 weeks 86–92 37–44 55–58 0.76–0.91 46–63 381 ± 50

CPP cerebral perfusion pressure (mmHg), CBF cerebral blood flow, PI pulsatility Index, ICA 
internal carotid artery, PSV peak systolic velocity, EDV end-diastolic velocity, MFV mean flow 
velocity [39–41, 65]
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Dynamic cerebral autoregulation (CA) is impaired in preeclampsia, and even 
more so in superimposed preeclampsia when compared to pregnant controls [56, 
57]. These studies did not find a correlation between the autoregulatory index (ARI) 
and blood pressure, and impaired autoregulation could not be identified based on 
clinical symptoms such as headache or visual disturbances. The largest degree of 
impairment is seen in women with superimposed preeclampsia who required two or 
more antihypertensive drugs to control their blood pressure [57].

Very little is known about the cerebral autoregulation in eclampsia. Only one 
study, by Oehm et al., based on transfer function analysis of arterial blood pressure 
(ABP) and CBF velocity (TCD/TCCS), showed a severely reduced phase shift and 
elevated gain in two patients with eclampsia [58]. These changes are highly sugges-
tive of an impaired dynamic CA in these patients.

47.6  TCD/TCCS: For Prediction of Preeclampsia

Although there is no proven effective method for the prevention of preeclampsia, 
identifying women at risk would allow individually tailored antenatal care and early 
delivery if needed, thereby reducing the risk of developing severe complications.

Previous studies have used different risk factors including clinical history, com-
plete blood count, and biochemical markers to predict preeclampsia, but none are 
highly predictive [13].

The use of transcranial Doppler for this purpose also has shown conflicting 
results. A large prospective study showed that transcranial Doppler indices of low 
resistance in the MCA in the second trimester are predictive of the subsequent 
development of preeclampsia in a low-risk, ethnically homogeneous population 
[59, 60]. The autoregulation index of normotensive women does not seem to be 
predictive of the development of preeclampsia [46, 56, 60].

However, women with chronic hypertension who subsequently experienced pre-
eclampsia had lower ARIs compared with those who did not. Their ARI was com-
parable to patients who already had superimposed preeclampsia [56]. Whether the 
lower ARI is due to preexistent differences or early affected cerebral circulation in 
pregnant women with chronic hypertension remains to be determined.

47.7  TCD/TCCS: Approach for Bedside Monitoring

In the setting of acute severe preeclampsia or eclampsia, stabilization of the mater-
nal condition, by starting antihypertensives and magnesium sulfate, and support 
respiratory and cardiovascular functions, is the first priority. The exact mechanism 
by which magnesium sulfate decrease the risk of eclampsia is not known, nor is it 
clear what the effect of the different antihypertensive agents is on the cerebral 
vasculature.
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In small studies, TCD/TCCS has been used to determine the effect of labetalol, 
magnesium sulfate, and nimodipine on the CPP. Labetalol and magnesium sulfate 
decreased CPP 180 min after administration [61, 62], while nimodipine showed a 
trend toward increase [62]. Another study showed decrease in CPP after magnesium 
sulfate in those women with high baseline CPP, but a small increase in those with 
normal range CPP [63]. If this will be confirmed in bigger studies, and the effect on 
cerebral autoregulation is examined, transcranial Doppler may have a role in guid-
ing the choice of any one antihypertensive agent over another.

Another application for TCD/TCCS might be the evaluation of dynamic cerebral 
autoregulation to predict short- and long-term cerebral complications (as has been 
studied in stroke patients [64]), such as eclampsia, neurological complications, 
impaired cognitive function, and stroke [11].

47.8  Conclusion

Preeclampsia/eclampsia is a heterogenous systemic disorder, with cerebral compli-
cations being a significant factor in maternal morbidity and mortality. The TCD/
TCCS anomalies are usually characterized by increased cerebral blood flow veloc-
ity/volume, cerebral perfusion pressure, and decreased resistance. However, the 
flow and perfusion pressure can also be normal, decreased, or increased, possibly 
reflecting the different etiologies of this heterogenous disorder.

It is not yet possible to predict those who might have an eclamptic seizure, nor 
the long-term outcome after cerebral involvement. Future research should focus on 
this topic, which will also contribute to the understanding of this heterogenic dis-
ease. Because of the systemic nature and the heterogeneity, collaboration should be 
sought with different disciplines, and probably peripheral biomarkers and in vitro 
studies should be added to the cerebral imaging.

A second important aim should be to examine the effect on the cerebral circula-
tion of different antihypertensive drugs administered to treat acute severe hyperten-
sion. TCD/TCCS is especially suitable for this purpose, because of its efficiency 
and bedside application.

This potential new knowledge might considerably change the way we see and 
treat preeclampsia.
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 Algorithm

EMERGENCY DEPARTMENT (ED)
INTENSIVE CARE UNIT (ICU)

Clinical Status of Patient

ABCD
Level of consciousness (GCS)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxygenation?STANDARD OF CARE

MANAGEMENT OF:
HIGH ABP
IV Labetalol
Other Drugs DIAGNOSIS

NEUROPROTECTION
IV Magnesium Sulfate

MONITOR
Mental Status CRITICALLYILL PATIENT

Respiratory Status PREECLAMPSIA
Cardiovascular Status

Fluid Status
Renal Status

Deep tendon reflexes
Fetal condition

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

BRAIN PARENCHYMA CEREBRAL HEMODYNAMICS CEREBRAL AUTOREGULATION

MONITOR MONITOR MONITOR
Transtemporal Window Transtemporal Window Transtemporal Window

ICP PSV/MFV/EDV Anterior Circulation
I. MLS MCA/ACA/PCA I. MCA

Diencephalic Plane (3th V) Transforaminal Window Posterior Circulation
II. ICH PSV/MFV/EDV II. PCA

Hematoma Volume BA/VA
III. HYDROCEPHALUS
Ventricular Plane (LV) ASSESS
Transorbital Window ASSESS Trends of values

ICP Trends of Values CA Impaired?
I. ONSD I. ICP CA Preserved?

Pulsatility Index (PI)
Resistance Index (RI)

CONSIDER Spectral Doppler waveform
Neurosurgical Consult? II. TREATMENT
Medical Management IV Antihypertensives

IV Magnesium Sulfate
Delivery

OPTIMIZE: CPP  

ABCD airway-breathing-circulation-disability, MLS midline shift, ICP intracranial pressure, CA 
cerebral autoregulation, ICH Intracerebral hemorrhage, 3rd V third ventricle, LV lateral ventricles, 
ONSD optic nerve sheath diameter, PSV peak systolic velocity, MFV mean flow velocity, EDV 
end-diastolic velocity, CPP cerebral perfusion pressure, MCA middle cerebral artery, ACA anterior 
cerebral artery, PCA posterior cerebral artery, BA basilar artery, VA vertebral artery, ABP arterial 
blood pressure
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Chapter 48
ECMO Patient in Intensive Care Unit: 
Usefulness of Neurosonology in Neurologic 
Monitoring

Loïc Le Guennec and Alain Combes

Key Points
 1. Nonpulsatile blood flow caused by the ECMO pump might affect cerebral auto-

regulation through the alteration of the myogenic response.
 2. The addition of an IABP influences CBF depending on the systolic antegrade 

blood flow by spontaneous cardiac function. It decreases CBF in patients with 
cardiac stun because of transient end-diastolic reversal of intracranial blood flow 
induced by this device.

 3. Too-rapid hypercapnia correction after VV ECMO cannulation might lead to 
cerebral vasoconstriction and cerebrovascular complications.

 4. No correlation has been made yet, neither between MES and ECMO flow rate 
nor between MES and neurological outcome.

 5. TCD/TCCS is a good tool to assess cerebral circulatory arrest during ECMO 
only in patients with an LVEF higher than 20%.
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48.1  Introduction

Extracorporeal membrane oxygenation (ECMO) is an emergency support proce-
dure used to provide cardiac and/or pulmonary support in patient refractory to con-
ventional therapies [1]. Over recent years, the number of patients treated with 
ECMO has increased [2, 3] and risk–benefit balance ratio has improved [3, 4]. 
ECMO circuit is either in a veno-venous (VV) configuration or in a veno-arterial 
(VA) configuration. It is associated to a centrifugal pump, which provides a continu-
ous flow in the circuit, and to a membrane oxygenator. VV ECMO is used in acute 
respiratory distress syndrome (ARDS), and VA ECMO in refractory cardiogenic 
shock and cardiac arrest.

In VA ECMO, the circuit includes an inflow cannula, which drains blood from 
the venous system, and an outflow cannula, which delivers the warmed oxygenated 
blood back into the arterial system in order to restore a circulatory flow [5]. It is 
used for refractory cardiac dysfunction, regardless of the underlying cardiac pathol-
ogy (myocarditis, cardiomyopathy, postcardiotomy heart failure, primary graft fail-
ure after heart transplantation, ventricular dysfunction in patients with acute 
coronary syndrome, acute intoxications due to cardiotropic drugs, cardiac arrest) 
[5]. Intra-aortic balloon pump (IABP) is often added in those patients to protect 
against hydrostatic pulmonary edema [6], or to improve coronary bypass graft flows 
and cardiac function in refractory postoperative cardiogenic shock [7, 8]. It reduces 
left ventricular afterload, improves coronary perfusion, and provides a pulsatile 
blood flow [9, 10].

In VV ECMO, the outflow cannula delivers oxygenated and decarboxylated 
blood to the vena cava and the right atrium. The aim of this configuration is to insure 
a normal blood gas exchange during ARDS refractory to conventional therapy 
[5, 11].

The Extracorporeal Life Support Organization (ELSO) collects data since 2002 
from 359 centers managing with ECMO worldwide [12]. ELSO reported overall 
outcomes in 2018 in 35,632 adult patients, among which 15,686 were VV ECMO 
with a survival rate of 66% and 15,201 were VA ECMO with a survival rate of 55%; 
there were also 4745 extracorporeal cardiopulmonary resuscitation with a survival 
rate of 38% [12]. These data show that survival rate is higher in VV than in 
VA ECMO.

Use of ECMO is associated with several cerebrovascular complications (anoxic 
cerebral injury, ischemic stroke and cerebral hemorrhage, epileptic seizures, coma 
and brain death) [13–15], responsible for high morbidity and mortality [13, 16]. 
Many pre-ECMO factors are associated with neurological injury, but during the 
course of ECMO, the modality used is also diversely associated to nervous system 
complication. Stroke occurs mainly during VA ECMO [15], whereas cerebral 
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hemorrhage is mostly observed during VV ECMO [14, 17]. These complications 
have an important impact in terms of outcome, and consequently on multidisci-
plinary team decisions.

It is likely that both VA and VV ECMO affect cerebral blood flow (CBF) and 
impact cerebral hemodynamics, resulting in neurological impairment [15, 17–20]. 
IABP might also play a role in CBF modification in patients with cardiac failure 
[10]. Early detection and specific care for neurological complications could improve 
the prognosis of these patients. Indeed, because of the critical condition of those 
patients and the use of deep sedation and anesthesia, it can be difficult to diagnose 
a neurological event under ECMO.  Moreover, those neurological complications 
may be underestimated because of the difficulty to transfer these patients to other 
wards and to perform neuroimaging examinations.

As transcranial Doppler (TCD)/transcranial color-coded duplex sonography 
(TCCS) is a noninvasive monitoring procedure able to detect cerebral hemodynamic 
changes in real-time, microembolism, and has been used extensively in neurological 
and neurosurgical patients to monitor CBF velocities, there is an increasing litera-
ture about its usefulness in ECMO patients to detect as soon as possible ECMO- 
related cerebrovascular complication.

The aim of this chapter is to review literature concerning dynamic monitoring of 
CBF by TCD during ECMO and to give practical considerations.

48.2  Cerebral Hemodynamics

48.2.1  Physiological Mechanisms

The three processes responsible of cerebral hemodynamics regulation are the cere-
brovascular responses to: (1) brain metabolism, called neurovascular coupling; (2) 
autonomic neurogenic regulation; and (3) changes in cerebral perfusion pressure 
(CPP), called cerebral autoregulation (CA).

Neurovascular coupling aim is to increase the CBF in response to regional or 
global brain metabolic demands. This metabolic regulation is effected by vasoactive 
mediators concentration changes in the perineuronal space such as CO2, O2, lactate, 
NO, K+, Ca2+, H+, and adenosine [21–24].

Neurogenic regulation of the vascular tone is triggered by perivascular sympa-
thetic and cholinergic nerves that originate from peripheral nerve ganglia and intrin-
sic brain neurons [25]. This mechanism depends on autonomic nervous system 
reactivity and, for example, plays an important role in the pathophysiology of the 
migraine [26].
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CA is the ability of cerebral arterioles to maintain stable CBF while mean arterial 
blood pressure (MAP) and CPP vary [27]. The CPP is defined as the difference 
between the MAP and the intracranial pressure, which is the pressure of the cere-
brospinal fluid in the subarachnoid space. The constant CBF is obtained by vasodi-
lation and vasoconstriction of cerebral arterioles. This mechanism allows to maintain 
proper brain perfusion and to supply the brain with the necessary oxygen and energy 
substrates under physiological and pathological conditions. Indeed, changes in per-
fusion pressure occur under normal conditions, as exercise or during a change in 
posture, or may result from pathological conditions such as subarachnoid hemor-
rhage (SAH), traumatic brain injury, stroke, or drugs administration. The myogenic 
response observed in CA process is the intrinsic ability of small arteries and pial 
arterioles smooth muscle cells to respond to changes in transmural vascular pres-
sure resulting from MAP or CPP modification. This innate myogenic mechanism is 
not regulated by the autonomic nervous system. It is responsible for myogenic tone 
and subsequently cerebral vascular resistance.

Segmental and regional heterogeneity within the brain can result in varying lev-
els of CBF in different regions of the brain, over the same range of CPP [28].

In pathological conditions, cerebral hemodynamics may become dysfunctional. 
Several disease states resulting in impaired CA are known, such as traumatic brain 
injury [29, 30], ischemic stroke [31, 32], intracerebral hemorrhage [33, 34], and 
subarachnoid hemorrhage [35, 36].

48.2.2  Regulation During ECMO

In adult patients, there is limited literature about CA impairment during ECMO.
Although pre-ECMO factors, such as hypoxia, hypercapnia, hypoperfusion, or 

hypertension, can disrupt systemic blood flow regulation, leaving the brain vulner-
able to changes in blood pressure [37], it has been shown that cannulation of great 
blood vessels and alterations of pulsatile flow during the course of ECMO also 
affect CA [38, 39]. Most of those studies have been done in pediatric patients and 
have used near infrared spectrophotometry (NIRS) to assess this impairment. Thus, 
both pre- and ECMO factors may contribute to cerebrovascular complications com-
monly seen in ECMO.

48.2.2.1  VA ECMO

Various factors can alter CBF during ECMO. One of the main hypotheses is that the 
laminar blood flow caused by the ECMO pump affects CA through the myogenic 
response. The effect of nonpulsatile flow on the brain has been of concern first in 
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cardiopulmonary bypass (CPB). An experimental animal study in the 1980s com-
pared pulsatile and nonpulsatile bypass in a canine stroke model and found that 
pulsatile flow increased CBF significantly over nonpulsatile flow, showing the 
importance of pulsatile blood flow in ischemic brain disease [40]. In adult patients 
undergoing CPB, the mean lower limit of autoregulation, under which a drop in 
CPP results in a loss of CBF, has been found to be the MAP at 66 mmHg [41], but 
instead of targeting a specific MAP, CA monitoring using cerebral oximetry index 
to individualize optimal blood pressure is widely used to prevent neuronal 
injury [42].

During VA ECMO, CA has been evaluated in the early 1990s in newborn lambs 
[43]. Nonpulsatile roller-pump were used in this work. CA was evaluated during the 
course of ECMO by lowering the CPP via an increase in intracranial pressure 
through infusion of artificial cerebrospinal fluid into the lateral ventricle. CA was 
found to be impaired in lamb on VA ECMO (flow rates of 120–150 mL/kg/min) 
compared to control animals with right jugular vein and carotid artery ligation.

Multiple studies using NIRS and neuroimaging have shown abnormal CA in 
infants undergoing VA ECMO [20, 44, 45], but those studies are lacking in adult 
patients. Indeed, in neonates, the outflow arterial cannulation site can be the carotid 
artery, which can itself impact on CBF, whereas outflow arterial cannulation site in 
adult is often the femoral artery. However, when the outflow arterial cannula is the 
femoral artery, clinicians fear that the brain receives hypoxemic and undercarboxyl-
ated blood ejected from a residual activity of the left ventricle, in patient with poor 
lung function. This upper body differential hypoxemia defined as “Harlequin syn-
drome” [46] is usually detected by the monitoring of oxygen saturation within the 
right upper limb and could also impact CA.

The addition of an IABP in conjunction with VA ECMO to protect against hydro-
static pulmonary edema [6], or to improve coronary bypass graft flows and cardiac 
function in refractory postoperative cardiogenic shock [7, 8, 47], has also been 
shown to modify cerebral hemodynamics. Indeed, one study has shown, in patients 
with refractory cardiogenic shock after cardiac surgery requiring VA ECMO, that 
the addition of an IABP influences CBF depending on the systolic antegrade blood 
flow by spontaneous cardiac function. In this study, the addition of an IABP to VA 
ECMO support decreased the CBF in patients with cardiac stun, and it increased 
CBF in patients without cardiac stun [48].

48.2.2.2  VV ECMO

The main metabolic factors known to cause significant changes in CBF are PaCO2 
and pH. These parameters can rapidly change during VV ECMO [49]. Intracranial 
bleeding is the most frequent cerebrovascular complication during VV ECMO, and 
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it has been found that a decrease in PaCO2 after ECMO cannulation was indepen-
dently associated with this complication [17]. However, because rapid decrease in 
PaCO2 leads to cerebral vasoconstriction, the relationship between PaCO2 change 
and cerebral bleeding is difficult to understand. One hypothesis could be that those 
cerebral bleeding was in fact secondary hemorrhagic transformation after cerebral 
infarction due to a cerebral vasoconstriction induced by VV ECMO.

Another factor that could impair cerebral hemodynamic during VV ECMO is the 
internal jugular vein occlusion due to the inflow cannula, which can cause cerebral 
venous hypertension, resulting in a decreased CBF within the first hours of cannula-
tion, as it has been described in newborn [50]. In those studies, this effect tends to 
disappear after 24 h of VV ECMO, with normalization of the CBF [50, 51].

We can see that various factors can alter CBF during both VA and VV ECMO, 
and noninvasive monitoring procedures able to detect those cerebral hemodynamic 
changes in real time might be useful in everyday medical practice.

48.3  Transcranial Doppler Monitoring

TCD/TCCS is the reference tool to monitor CBF velocities. It is broadly used by 
neurointensivists. Briefly, it emits pulse wave ultrasounds that penetrate brain 
parenchyma and are reflected back after being scattered by circulating red blood 
cells. The frequency of this echo is then proportional to red blood cells velocity. 
Measurement of the pulsatility index (PI) (calculated as systolic velocity – diastolic 
velocity)/mean velocity), which reflects vascular resistance, is then performed to 
evaluate cerebral blood. In physiological condition, PIs ranges approximately from 
0.8 to 1.4 depending on patient’s age.

Studies looking at TCD/TCCS on adult patients treated with ECMO are very 
limited in literature. However, this tool can be useful to assess CA during ECMO 
and has numerous advantages compared to other modalities, as it is a noninvasive 
technique, available at bedside, and repeatable without any risk of radiation.

48.3.1  VA ECMO

In 2016, a study in eight VA ECMO patients without IABP, implanted for cardio-
genic shock or cardiac arrest, has shown a correlation between lowering of PIs and 
left ventricular ejection fraction (LVEF) [19]. Indeed, as the heart systolic function 
gives rise to the upstroke observed on TCDs, patients with a severely reduced LVEF 
displayed lower or noncomputable PIs. In this study, an ejection fraction (EF) of 
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less than 10% resulted in a nonpulsatile TCD waveform. Moreover, in those patients, 
the measurement of the diastolic phase during TCD for calculation of PIs corre-
sponded to the nonpulsatile flow generated by the ECMO circuit. In an expected 
manner, when the EF increased during recovery or following placement of total 
artificial heart and ECMO decannulation, the systolic upstroke increases in ampli-
tude, resulting in higher PIs values, and returns to normal. This study shows that low 
or noncomputable PIs and lack of systolic upstroke should not be mistaken with 
cerebral vasodilation in VA ECMO patients with laminar flow, and that rising of 
their PIs during the course of ECMO can be related to a cardiac recovery. However, 
focal or asymmetrical PIs modifications still suggest changes of vascular resistance 
and should evoke cerebrovascular disease [52, 53].

As IABP is increasingly used in addition to VA ECMO to improve coronary 
bypass graft flows and cardiac function, and protects against hydrostatic pulmonary 
edema in critically ill patients [6–8], some studies have evaluated the impact of this 
combination on CBF. As a reminder, the effect of IABP alone on CBF is controver-
sial, and there are some examples of contradictions in literature. For example, a 
study in patients with IABP support alone after cardiac surgery found that this 
device caused a small but significant increase in systolic antegrade mean flow veloc-
ity in the middle cerebral artery, but because 30% of those patients displayed tran-
sient end-diastolic reversal of intracranial blood flow induced by this device, the 
resulting average flow velocity was not influenced by the IABP [54]. An older study 
has also shown in 56 patients on IABP assistance alone a reduction of 11.6% in the 
ocular blood flow measured by ocular pneumoplethysmography [55].

However, the effect of the combination of VA ECMO and IABP on the CBF is 
not well known. Only one prospective study has investigated with TCD the effect of 
IABP in addition to VA ECMO on the CBF, analyzing the blood flow of the bilateral 
middle cerebral arteries [48].

In this work, 12 adult patients receiving VA ECMO and IABP support for refrac-
tory postcardiotomy cardiogenic shock after coronary artery bypass were analyzed. 
The IABP was implanted before VA ECMO. The CBF velocity were measured once 
every 12 h, under “turned on” IABP and “turned off” IABP support. Patients pro-
vided their own control values through the “turned off” IABP condition. All 12 
patients were successfully weaned from the IABP and VA ECMO, 8 patients were 
able to be discharged from the hospital, and survival rate was 66.7%. Cerebrovascular 
complications were not observed in this study. Concerning their CBF, no statisti-
cally significant differences for the mean CBFs were observed between VA ECMO 
alone and VA ECMO with IABP support, but the authors divided patients into two 
groups, considering their cardiac functional state and their basal pulsatile pressure 
without IABP support. Their conclusions were that the addition of an IABP to VA 
ECMO significantly decreased the mean CBF in patients with basal pulsatile pres-
sure under 10 mmHg and led to a significant increase in the mean CBF values in 
patients with basal pulsatile pressure higher than 10 mmHg. The CBF decrease in 
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cardiac-stunned patient with VA ECMO and IABP seems to be due to the diastolic 
inflation of the IABP, which might intermittently compromise the retrograde flow, 
as it has been described in patients with cardiogenic shock and IABP alone [54].

Finally, in a recent retrospective study performed in 20 VA ECMO patients 
implanted for cardiogenic shock and/or cardiac arrest, 4 different TCD/TCCS wave-
form were correlated to LVEF values and IABP support [56]: (1) double systolic 
peak pattern in patients with both cardiac systole and IABP waves detectable; (2) 
Normal waveform pattern in patient with detectable cardiac systole wave with no 
IABP or IABP turned off; (3) systolic IABP peak into a continuous demodulate 
waveform pattern in patient with undetectable cardiac systolic wave; (4) continuous 
and nonpulsatile flow corresponding to VA ECMO flow in patient without detect-
able cardiac systole and no IABP, or IABP turned off. In that study, cardiac systolic 
peaks could be detected by TCD/TCSS when LVEF was above 20%.

Figure 48.1 shows patterns of TCD/TCCS waveforms of VA ECMO with IABP 
from our center.

a

b

Fig. 48.1 Patterns of TCD waveforms of VA ECMO and VA ECMO with IABP patients, depend-
ing on their LVEF. Patient with LVEF of 30% and PP of 20 mmHg with VA ECMO and IABP. TCD 
monitoring of the right proximal segment of the middle cerebral artery of the right median cerebral 
artery showing (a) IABP off: Detectable cardiac systolic peak within a continuous demodulate 
waveform pattern. (b) IABP on: Double systolic peak corresponding to cardiac systole and IABP 
peak. ECMO extracorporeal membrane oxygenation, VA veno-arterial, LVEF left ventricular ejec-
tion fraction, PP pulsatile pressure, IABP intra-aortic balloon pump
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48.3.2  VV ECMO

Concerning VV ECMO, a pediatric study [51] has shown in 19 newborns infants, 
among which 1 developed intracranial hemorrhage, that, except in this case of cere-
bral hemorrhage where the velocity in each of the cerebral arteries was higher com-
pared with cases without cerebral complications, the CBF was either maintained or 
gradually increased before and during ECMO.  Because most of these newborns 
were treated with double-lumen cannula, introduced into the right internal jugular 
vein, CBF trends to decrease within the first hours of cannulation, probably because 
of a transitory cerebral venous hypertension [50]. As described before, this effect 
trends to disappeared in the first day of VV ECMO, with normalization of the CBF.

48.4  TCD/TCCS: Cerebrovascular Complications 
During ECMO

ECMO use is associated with cerebrovascular diseases. In this paragraph, we focus 
on ischemic stroke and cerebral hemorrhage during ECMO and the contribution of 
TCD/TCCS in their early detection and specific care. We also discuss about brain 
death, even if this complication is mainly due to pre-ECMO factors, because of the 
specific management of brain-dead donor supported by this device, and the poten-
tial usefulness of TCD/TCCS in this particular situation. Algorithm resumes TCD/
TCCS patterns depending on ECMO type.

48.4.1  Ischemic Stroke

48.4.1.1  VA ECMO

Ischemic strokes are more commonly observed in VA ECMO patients [15]. In 2016, 
a series of 137 patients with VA ECMO reported its incidence, diagnosed by brain 
imaging, at 10% [57]. However, this number was estimated at 50% in a 2006 study 
in which a cerebral magnetic resonance imaging (MRI) was performed systemati-
cally during the longitudinal follow-up of survivors, with median follow-up at 
5 years [15]. Finally, in a study of 84 patients undergoing VA ECMO, where a brain 
autopsy was performed in 25% of non-survivors (10 patients), ischemic brain 
lesions were found in 70% of them, although neurological disorder was not notified 
during their stay [13].

Regarding the risk factors for ischemic stroke, a recent study of 171 patients 
including 80% of VA ECMO reported that a lactate level >10 mmol/L before ECMO 
cannulation was an independent risk factor of their occurrence [58].
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48.4.1.2  VV ECMO

Ischemic stroke is less common in patients with VV ECMO compared to VA 
ECMO. The largest cohort that investigates neurological complications in patients 
undergoing VV ECMO has reported its incidence at 2% [17]. In this study, ischemic 
strokes occurred after a median of 21 days after ECMO implantation [17].

In 2006, a study in which a brain MRI was performed in survivors, no ischemic 
injury was found [15]. Studies with brain autopsy of patients undergoing VV ECMO 
have not been published so far.

48.4.1.3  Pathophysiological Mechanisms and TCD/TCCS Contribution

Mechanisms responsible for ischemic strokes are most likely to be different depend-
ing on the ECMO type. Regarding the mechanism of ischemic injury in patients 
undergoing VA ECMO, no study has analyzed their origin, but considering that 
these patients are more prone to ischemic stroke because of their underlying heart 
disease that motivates ECMO cannulation, the main cause seems to be cardioem-
bolic stroke.

The role of the ECMO circuit itself in those strokes remains unclear, but it is 
likely that, regardless of the underlying disease, the presence of an ECMO may 
itself be a source of embolism. Indeed, the shear stress imposed by the flow pump 
generates an increased platelet activation, which causes their aggregation [59]. This 
is particularly observed with centrifugal pumps, widely used nowadays because of 
a decreased hemolysis compared to old roller-pump systems [59].

Another mechanism that can explain the high frequency of ischemic stroke in VA 
ECMO patients is cerebral hypoperfusion during initial cardiogenic shock. In this 
situation, cerebral infarctions have a particular topography, called “watershed cere-
bral infarction,” also known as “border zone infarcts,” because they occurred at the 
border between cerebral vascular territories where the tissue is farthest from arterial 
supply, and thus most vulnerable to reductions in perfusion. They are observed at 
the level of anastomoses between the different cerebral arterial territories, anterior, 
middle, and posterior.

For patients under VV ECMO, stroke physiopathology is less obvious than for 
VA ECMO. A mechanism involving a paradoxical embolism, responsible for 2% of 
ischemic strokes [60], could be evoked during VV ECMO, especially in ARDS 
patients with elevation of right atrial pressures induced by ultraprotective mechani-
cal ventilation and high level of positive end-expiratory pressure, responsible for a 
reopening of their foramen ovale, and therefore, a higher risk of venous thrombo-
embolism toward the arterial circulation. Finally, too-rapid correction of hypercap-
nia can result in respiratory alkalemia in these patients and may be responsible for 
cerebrovascular vasoconstriction and reduction in CBF that may cause ischemic 
injury [61].
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TCD/TCCS can be used to identifying vessel occlusions and to monitor stroke 
response to treatment [62]. It is also used for microembolic signals (MES) detection 
[63]. MES are high-intensity transient signals detected by TCD/TCCS and have 
been shown to correspond to microemboli made of air, platelet, fibrinogen, or ath-
eromatous material [63]. Their detection is correlated with recurrent ischemic stroke 
in patient with acute cerebral infarction [64]. They are also used as predictors of 
cerebral events in patients with symptomatic and asymptomatic carotid disease [65].

As cerebral infarctions might be caused by microemboli created in the arterial 
line during the ECMO support, studies have investigated if TCD/TCCS can aid in 
detecting microemboli arising from the ECMO circuit [66, 67]. In a 2010 study, six 
VA ECMO patients were evaluated for MES [66]. Among them, four had refractory 
postcardiotomy cardiogenic shock, and two were implanted because of cardiac 
arrest. All patients were assisted with IABP and with continuous renal replacement 
therapy. The authors reported a correlation between MES count and high flow rate 
of ECMO support (≥4 l/min). In 2016, a largest study in 55 patients with VA, VV 
ECMO, and extracorporeal CO2 removal (ECCO2R) had been performed and inves-
tigated if MES could be correlated to neurological outcome [67]. In this study, MES 
count was higher in VA ECMO patient than other, but no correlation was made, 
neither between MES and ECMO flow rate nor between MES and neurological 
outcome.

48.4.2  Intracerebral Hemorrhage

It is important to note that it can be difficult to distinguish between primary cerebral 
hemorrhage and secondary hemorrhagic transformation after cerebral infarction, 
which is correlated with the size of cerebral infarction [68].

48.4.2.1  VA ECMO

In 2013, the ELSO registry reported a rate of intracranial hemorrhage of 2% in 
patients undergoing VA ECMO. In 1999, a retrospective study searching for risk 
factors of cerebral hemorrhage during VA ECMO reported that neither the underly-
ing disease nor the site of cannulation was associated with an increased risk of 
cerebral hemorrhage, as well as MAP, ECMO flow rate, or ECMO duration [69]. In 
addition, there was no evidence of a link between high activated clotting time (ACT) 
or low prothrombin time (PTT) and intracranial hemorrhage. In contrast, thrombo-
cytopenia <50,000/mm3 was an independent risk factor associated with a high risk 
of cerebral hemorrhage. Acute renal failure and hemodialysis were also associated 
with risk of intracranial bleeding. Unexpectedly, female sex was an independent 
risk factor for cerebral hemorrhage [69].
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48.4.2.2  VV ECMO

In 2013, the ELSO registry reported a higher rate of HIC in patients under VV 
ECMO at 4% [14], and this number was up to 15% in a recent study with 25 patients 
[70]. The largest series specifically dealing with cerebrovascular complications in 
VV ECMO reported a rate of brain bleeding of 7.5% [17]. In this study, the average 
duration of onset of cerebral bleeding was 3 days after VV ECMO implantation. 
Intracranial hemorrhage was independently associated with acute renal failure upon 
admission to intensive care, too-rapid correction of PaCO2 upon VV ECMO initia-
tion, and was not associated with patient’s age or hemostasis disorders.

48.4.2.3  Pathophysiological Mechanisms and TCD/TCCS Contribution

In the same way as for ischemic stroke, it is likely that pathophysiological mecha-
nisms causing brain bleeding are different depending on the type of ECMO.

In VA ECMO patients, sudden restoration of brain flow could lead to intracranial 
edema, equivalent to a cerebral hyperperfusion syndrome, leading to hemorrhagic 
transformation, particularly in patients with previous ischemic stroke, by analogy 
with what is observed in patients undergoing carotid endarterectomy [71].

For VV ECMO, rapid correction of hypercapnia is an independent factor of the 
occurrence of cerebral hemorrhage [17]. Cerebral vasoconstriction induced by this 
too-rapid decline in PaCO2 at the initiation of VV ECMO could be responsible for 
cerebral edema, with initial ischemic lesions evolving rapidly to and hemorrhagic 
transformation [61].

No study has yet investigated the usefulness of TCD/TCCS to prevent and moni-
tor intracranial hemorrhage during VA or VV ECMO.

48.4.3  Brain Death During ECMO

Brain death is in 84% of cases directly related to pre-ECMO factors and cerebral 
edema secondary to cardiac arrest in ECMO patients [72]. Other causes are repre-
sented by ischemic strokes or intracranial bleeding occurring during ECMO sup-
port, representing respectively 4% and 12% of brain death during ECMO [72]. 
Patients on ECMO, and particularly patients implanted for refractory cardiac arrest, 
are increasingly regarded as potential organ donors, but high plasma levels of seda-
tive drugs and hypothermia in those critically ill patients can make electroencepha-
logram examination unreliable and can delay brain death confirmation of brain 
death, as well as neurovascular imaging, because of the difficulty to transport these 
patients to radiology. TCD/TCCS could overcome all these limitations. To confirm 
a cerebral circulatory arrest with TCD/TCCS, several patterns are mandatory as a 
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reverberating flow, systolic spikes, and absence of signal, while mean flow velocity 
value detection is not required [73].

In 2018, a retrospective analysis has been performed in 25 patients (20 VA 
ECMO and 5 CPB) to evaluate the feasibility of cerebral circulatory arrest diagnosis 
by TCD during the circulatory support [56]. Indeed, TCD/TCCS is a worldwide 
accepted technique for cerebral circulatory arrest diagnosis for brain death confir-
mation [74]. In that study, brain death occurred in five patients. Those patients with 
VA ECMO were either assisted with IABP or had a LVEF higher than 20%. TCD/
TCCS brain death patterns were found in all five patients. The lack of brain dead 
patients without IABP or with very low cardiac output in this study is highlighted 
by their authors as a major limitation to conclude whether TCD/TCCS can be used 
to confirm cerebral circulatory arrest in patients with laminar, nonpulsatile arte-
rial flow.

48.5  Practical Considerations and Limitations

The specific management of these cerebrovascular complications remains the same 
as that of brain-damaged patients [75]. However, the evolution of patients on ECMO 
support during their stay in intensive care unit includes events that impose several 
constraints, for example, on patient’s coagulation and oxygenation state, thus limit-
ing specific therapeutic possibilities of these cerebrovascular complications. Even if 
TCD/TCCS is a practical tool to be informed about cerebral hemodynamics state in 
patients on ECMO support, the therapeutic impact of TCD/TCCS monitoring can 
be limited due to the many restrictions imposed by this circulatory device. Indeed, 
the heterogeneity of patients under ECMO requires individualized therapeutic strat-
egies concerning ECMO flow rate or IABP use, which can rely on extra- neurological 
failures.

In the following paragraphs, we will exemplify two situations where TCD/TCCS 
findings should not be followed by circulatory device support parameter changes.

48.5.1  VA ECMO

As said previously, IABP is often added to VA ECMO, particularly in nonpulsatile 
patient with very low LVEF, in order to off-load the left ventricle and to protect 
against hydrostatic pulmonary edema [6]. TCD/TCCS has shown that in this sub-
population, IABP activation decreases CBF due to a transient end-diastolic reversal 
of intracranial blood flow during the diastolic inflation of the IABP [48]. Common 
sense should therefore avoid this device in patient with cardiac stun, but without an 
IABP, the probability that those VA ECMO patients develop severe hydrostatic 
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pulmonary edema and ARDS is high. During the cardiac recovery process on 
ECMO, the heart might eject desaturated blood from the left ventricle, and evolve 
toward an “Harlequin syndrome” [46] which is deleterious for the brain, and might 
be responsible for hypoxic-ischemic encephalopathy.

Therefore, IABP should be added in those VA ECMO patients with cardiac stun, 
even if TCD/TCCS finds a reduction in CBF.

48.5.2  VV ECMO

Some severe ARDS patients develop severe hypercapnia with respiratory acidosis 
and consequently, display cerebral vasodilatation patterns and a decreased CBF on 
TCD/TCCS monitoring [76]. After VV ECMO cannulation of these patients, com-
mon sense would tend to restore a normal PaCO2 in order to restore a physiological 
pH and a normal CBF, but as told previously, intracranial bleeding is the most fre-
quent cerebrovascular complication during VV ECMO, associated with rapid 
hypercapnia correction due to too-high extracorporeal gas flow on the circuit after 
cannulation [17].

Therefore, hypercapnia after cannulation should be respected within the first 
hours of VV ECMO, even if TCD/TCCS shows a vasodilatation pattern with a 
decreased CBF.

48.6  Conclusion

TCD/TCCS studies of patient undergoing ECMO are mandatory, and due to the 
lack of evidence regarding its usefulness during this circulatory report, it is not yet 
recommended as a regular and systematic monitoring tool during the follow-up of 
those patients for early detection or specific care of ECMO-induced neurological 
complications.

However, TCD/TCCS can represent a useful bedside tool to detect cerebral 
hemodynamic changes in real time in sedated and critically ill patients, in which 
clinical examination can hardly diagnose a neurological complication. Indeed, some 
medical centers, as “Baylor St. Luke’s Medical Center” in Houston (Texas, USA), 
have established a neuromonitoring protocol for patients on ECMO support, in 
which daily TCD/TCCS are performed [77].
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

Brain Death DIAGNOSIS
Limitations to Diagnose

Laminar/Non-pulsatile Flow
LVEF <10% ARDS

Refractory Cardiogenic Shock
Cardiac Arrest

ECCO2R
Hypercapnic Situations

ALLOWS: Low MV Strategy
EFFECT of IABP OBJECTIVE: CO2 Clearance

Decrease CBF
PROTECT: Hydrostatic Pulmonary Edema ECMO

Transcranial Doppler (TCD)
Transcranial Color-Codede duplex Sonography (TCCS)

VA-ECMO VV-ECMO

Pulsatile
Pressure

<10 mmHg

Pulsatile
Pressure

>10 mmHg

CORRECTION OF PaCO2

Rapid Correction

IABP off IABP off

Continuous
demodulated

waveform

Cardiac
Systolic

Peak
Detected

Cerebral Vasoconstriction
Cerebral Ischemia and Edema

Low CBF
Analysis of Spectral Doppler Waveform

HIGH PI and LOWEDV
IABP on

IABP on Double 
Systolic Peak
(cardiac and 

IABP)

Systolic Peak within
a continuous

demodulated spectral
waveform

EFFECT OF IABP
Increase CBF

CEREBRAL AUTOREGULATION (CA)

Considerations Considerations
Return Cannula? Return Cannula?

FA / SCA / AAo Internal Jugular Vein (IJV ) ?
Non pulsatile flow? Low CBV drainage: Cerebral Venous Hypertension

ECMO PUMP: Laminar Blood Flow Rapid correction of PaCO2 ?
Lactate > 10 mmol/L? Respiratory Alkalemia

Before ECMO cannulation Cerebral vasoconstriction:  Low CBF
Flow Pump? Paradoxical Embolism?

ECMO CIRCUIT: Source of embolism High Right Atrial pressures: Reopening of FO
Platelet activation: Clots Formation Flow Pump?

Thrombocytopenia ? ECMO CIRCUIT:  Source of Embolism

<50,000/mm3 Thrombocytopenia ?
AKI / Hemodialysis ? <50,000/mm3

AKI / Hemodialysis ?

OPTIMIZE
CPP

• ABCD
• Level of consciousness (GCS)
• Bilateral Pupillary reactivity
• Hemodynamic stability?
• Oxygenation?

Acute Ischemic Stroke?
Intracerebral Hemorrhage?  

ABCD airway-breathing-circulation-disability, GCS Glasgow coma score, LVEF left ventricular 
ejection fraction, CBF Cerebral blood flow, MV mechanical ventilation, IABP Intra-aortic blood 
pump, PI pulsatility index, EDV end-diastolic velocity, FA femoral artery, SCA subclavian artery, 
AAo aortic, CBV cerebral blood volume, FO foramen ovale, AKI acute renal injury, CPP cerebral 
perfusion pressure
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Chapter 49
Neuro-ICU: Usefulness of Transcranial 
Doppler (TCD/TCCS) to Monitoring 
of Neurological Impact from Mechanical 
Ventilation and Prone Position in ARDS 
Patients

Anna Teresa Mazzeo, Giulia Catozzi, Simone Caccia, and Luciana Mascia

Key Points
 1. An intense brain-lung interconnection is described in the neurological critically 

ill patients for whom acute respiratory distress syndrome represents the most 
common non-neurologic organ dysfunction.

 2. Maintaining adequate cerebral blood flow (CBF) to meet metabolic demands 
after a neurological insult is critical to prevent secondary brain injury. Several 
factors influence CBF and in turn affect intracranial pressure.

 3. Adequate oxygenation and tight CO2 control, avoiding hypoxemia and hyper-
capnia, represent the main target of the ventilatory management of neurocritical 
patients.

 4. In case of refractory hypoxemia, prone position represents an important option 
for critically ill patients to improve oxygenation.

 5. Transcranial Doppler (TCD/TCCS) can be useful in acute brain injured patients 
with acute respiratory distress syndrome to monitor the effects induced by 
mechanical ventilation on cerebral hemodynamics.
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49.1  Introduction

The presence of a brain-lung cross-talk has been increasingly recognized in the 
critical care setting and may affect management of the neurologically critically ill 
patient developing respiratory complications.

Acute brain injured patients are at risk to develop extracerebral dysfunctions, 
with adverse effects on distal organs and systems, and increased morbidity and mor-
tality. A high incidence of respiratory failure has been in particular described and 
may adversely affect outcome.

The aim of this chapter is to describe the main factors responsible for the devel-
opment of acute respiratory distress syndrome (ARDS) after acute brain injury and 
the main ventilatory strategies for its treatment. Furthermore, patients developing 
ARDS may frequently present a compromise of cerebral autoregulation mecha-
nisms, which can be studied with the use of transcranial Doppler (TCD/TCCS) 
monitoring.

49.2  Neuro-ICU: Acute Respiratory Distress Syndrome

ARDS is an acute diffuse, inflammatory lung injury, presenting with increased pul-
monary vascular permeability, increased lung weight, and loss of aerated lung tissue.

According to the Berlin definition, the clinical hallmarks of ARDS are hypox-
emia and bilateral radiographic opacities (not fully explained by effusions, lobar/
lung collapse, or nodules), associated with increased venous admixture, increased 
physiological dead space, and decreased lung compliance [1] (Table 49.1).

It has been recently observed that 10% of all patients admitted to the intensive 
care unit (ICU) and 23% of mechanically ventilated patients have ARDS, with 46% 
mortality in the subgroup of patients with severe ARDS [2].

Table 49.1 ARDS Berlin Definition

Timing <1 week of a known clinical insult or new/worsening respiratory 
symptoms

Chest imaging (chest 
radiograph or computed 
tomography scan)

Bilateral opacities not fully explained by effusions, lobar/lung 
collapse, or nodules

Origin of edema Respiratory failure not fully explained by cardiac failure/fluid 
overload; need objective assessment to exclude hydrostatic 
edema if no risk factor present

Mild ARDS 200 mmHg < PaO2/FiO2 ≤300 mmHg with PEEP ≥5 cmH2O
Moderate ARDS 100 mmHg < PaO2/FiO2 ≤200 mmHg with PEEP ≥5 cmH2O
Severe ARDS PaO2/FiO2 ≤100 mmHg with PEEP ≥5 cmH2O

FiO2 fraction of inspired oxygen, PaO2 partial pressure of arterial oxygen, PEEP positive end- 
expiratory pressure
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In neurocritically ill patients, ARDS is the most common non-neurologic organ 
dysfunction, occurring in the early phase after severe acute brain injury, with a 
reported incidence of 10–20%.

Developing ARDS after traumatic brain injury (TBI) involves low partial pres-
sure of oxygen in brain tissue, worse neurologic outcomes, and higher healthcare 
costs [3].

Pulmonary complications are commonly seen in neurologically critically ill 
patients with mechanical ventilation, and it has been observed that ARDS occurs in 
up to 20–38% of cases of subarachnoid hemorrhage (SAH), TBI, and spontaneous 
intracerebral hemorrhage, with a 35% reported incidence in a mixed cohort of neu-
rologically critically ill patients [4].

Despite the clinical importance of ARDS after TBI, predicting which patients are 
at highest risk to develop ARDS is difficult and little has been discovered about the 
factors driving this association [3]. Major underlying ARDS risk factors are aspira-
tion pneumonia, atelectasis, and lung contusion. Even the severity of brain injury 
seems to play an important role, and a severely and globally altered initial brain 
computed tomography (CT) scan and low Glasgow Coma Scale (GCS) have been 
reported as potential risk factors for the development of ARDS in patients with 
acute brain injury. The need for prolonged mechanical ventilation, frequent proce-
dural and operative interventions, and patient comorbidities are conditions posing 
further risk for developing ARDS [5].

In addition, other interventions, such as exposure to blood products, may potenti-
ate pulmonary injury in a susceptible host or lead directly to transfusion-related 
ARDS [3]. Induced hypertension and positive fluid balance, frequently required for 
the management of cerebral perfusion pressure (CPP) in patients with elevated 
intracranial pressure (ICP), has also been associated with an increased incidence 
of ARDS.

ARDS has a great impact on morbidity and is a major contributor to mortality in 
patients suffering from brain injury. It is associated with longer duration of mechan-
ical ventilation and longer ICU length of stay, and it also worsens long-term neuro-
logic outcome [6, 7].

The presence of a brain-lung interconnection has been increasingly hypothesized 
in the critical care scenario and represents a leading event in the emerging and clini-
cally relevant field of organ cross-talk. It has been shown that brain injured patients 
are at risk to develop extracerebral dysfunctions, thus determining adverse effects 
on distal organs and systems, with a high incidence of respiratory failure. The phys-
iopathological mechanism of ARDS has been described by the “double hit model” 
[8], presuming that the catecholamine storm and the systemic production of inflam-
matory mediators following TBI (first hit) set up a systemic inflammatory environ-
ment responsible for the increased lung susceptibility to injurious strategies of 
mechanical ventilation, infections, or invasive therapies (second hit) (Fig. 49.1).

At respiratory level the two mechanisms proposed to explain ARDS occurring 
after acute brain injury are a massive increase in sympathetic activity and an 
increased production of pro-inflammatory cytokines released into the systemic 

49 Neuro-ICU: Usefulness of Transcranial Doppler (TCD/TCCS) to Monitoring…



800

circulation, which play a central role in the development of this potentially life- 
threatening complication [9].

Catecholamine storm originating in the central nervous system following head 
trauma, causing high blood levels of catecholamines with high levels of norepineph-
rine in the vicinity of organs via sympathetic endings, caused by an acute increase 
in ICP (“blast injury theory”). This induces an increase in vascular hydrostatic pres-
sure and pulmonary endothelial damage with a consequent increase in capillary 
permeability allowing outflow of protein-rich plasma into the interstitium and alve-
oli, producing ARDS. Using a dual tracer approach to measure the rate of extravas-
cular protein accumulation in the lung in the event of increased ICP, McClellan 
et al. [10] observed that ICP elevation led to a nearly threefold rise in protein leak 
index, a measure of pulmonary vascular protein permeability. This was associated 
with an increase in systemic and pulmonary pressures, suggesting a role for auto-
nomic nervous system activation in the development of neurogenic pulmonary 
edema. Therefore, it is important to distinguish increase in permeability from the 
effect of increase in pulmonary microvascular pressure [10].

First Hit
(Cathecolamine Storm,
Systemic Production of

Inflammatorty Mediators)

Second Hit
(Injurious Strategies fo MV,

Infections, Invasive Therapies)

Normal Lung

Preconditioned
Lung

ARDSSecondary Brain Damage

Traumatic
Brain Injury

Mechanical
Ventilation

Fig. 49.1 Double hit model. The catecholamine storm and the systemic production of inflamma-
tory mediators following traumatic brain injury (first hit) set up a systemic inflammatory environ-
ment responsible for the increased lung susceptibility to injurious strategies of mechanical 
ventilation, infections, or invasive therapies, as blood products transfusions (second hit). MV 
mechanical ventilation, ARDS acute respiratory distress syndrome, TBI traumatic brain injury
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However, acting alone or in combination with the above described blast injury 
model, a significant role has recently been suggested for neuroinflammation, in the 
genesis of ARDS following TBI. A complex network of inflammatory mediators, in 
fact, plays a central role in this mechanism and, while neuroinflammatory response 
represents initially a coordinated effort to protect the brain after injury, it may then 
become dysregulated and be responsible for the activation of the secondary injury 
cascade leading to single or multiple organ dysfunction [11] (Fig. 49.2).

There is a strict relationship between lung and brain injury in mechanically ven-
tilated neurocritical patients. On one side, respiratory dysfunction is a potentially 
deleterious factor responsible for secondary insults to the brain, associated with 
poor neurologic outcome. Maintenance of respiratory homeostasis throughout an 
adequate mechanical ventilation strategy is, thus, a critical factor in the care of brain 
injured patients. On the other side, the occurrence of ARDS after brain injury is 
increasingly recognized, and represents the most frequent among extracranial com-
plications of brain injury, increasing per se morbidity and mortality [9].

Traumatic
Brain Injury

Neuroinflammatory
Response

Single/Mutiple
Organ Dysfunction

Secondary Injury
Cascade Activation

Systemic
Inflammatory

Disease

NeuroinflammationARDS

Fig. 49.2 Role of neuroinflammatory response. A complex network of inflammatory mediators 
plays a central role in the genesis of ARDS following TBI. Neuroinflammatory response represents 
initially a coordinated effort to protect the brain after injury, then it may become dysregulated and 
be responsible for the activation of the secondary injury cascade leading to single or multiple organ 
dysfunction. ARDS acute respiratory distress syndrome
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49.3  Carbon Dioxide and Cerebral Blood Flow

Human brain is characterized by an intense metabolic activity. It receives 10–15% 
of cardiac output (CO) at rest, and it consumes about 20% of the total oxygen con-
tent present in the body, even though representing only 1–2% of body weight. 
Therefore, the high cerebral metabolic demand entails the need for a constant cere-
bral blood flow (CBF), although CBF determinants are subject to a wide range of 
possible variations. At the level of cerebral parenchyma CPP is the difference 
between the intra-arterial pressure and the venous pressure. Venous pressure is usu-
ally around 2–5 mmHg and is directly influenced by ICP. As a consequence CPP is 
calculated as the difference between mean arterial pressure (MAP) and ICP.

Autoregulation of CBF is defined as the ability of the arterial circulation to main-
tain relatively constant blood flow through changes in diameter of the cerebral ves-
sels, in order to meet the metabolic needs, despite changes in CPP. In a CPP range 
of 50–150 mmHg, CBF is kept at about 50 ml per 100 g of tissue per minute. If CPP 
moves above or below this range, cerebral autoregulation mechanisms lose effec-
tiveness and CBF becomes passively dependent on CPP, and consequently on MAP, 
in a linear manner.

Initially this reduction of flow is compensated by an increase in the rate of oxy-
gen extraction by cerebral parenchyma; once this compensation mechanism is no 
longer able to satisfy the metabolic brain requests, pathological changes character-
istics of ischemia will start to occur. CBF control mechanisms, therefore, ensure 
that blood supply is kept constant with changes in the systemic arterial pressure and 
that it is adequate for quantitative variations in excess or defect of toxic metabolites 
and energy substrates.

Cerebral autoregulation is the mechanism that maintains a stable CBF by modi-
fying the caliber of arterial vessels, for a given level of cerebral metabolism, despite 
fluctuations of CPP. It is graphically visualized as the correlation between CBF and 
CPP or MAP in which the three key elements of the curve are represented by the 
lower limit, the upper limit, and the plateau (Fig. 49.3).

Cerebral autoregulation is based on the reactivity of cerebral vessels which 
undergo dilatation in response to a reduction in CPP, and constriction in response to 
a CPP increase.

It is however essential to consider that cerebrovascular tone is not controlled 
exclusively by CPP, but it is the result of the interaction of flow-related factors 
(MAP, ICP) and flow-independent factors (PaCO2, PaO2, pH, hemoglobin, hemato-
crit, temperature), each one playing a fundamental role in defining the limits of 
autoregulation curve.

Cerebral autoregulation of the arterial flow is based on variations in vascular 
resistance, a mechanism known as “cerebrovascular reactivity.“Among different 
factors, PaCO2 is considered to be the most powerful one, which is able to modulate 
the complex control mechanism of CBF regulation. Indeed variations in PaCO2 
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result in significant cerebrovascular responses: an increase in PaCO2 (hypercapnia) 
causes a dilation of cerebral arteries leading to an increase in CBF, while reduction 
in PaCO2 (hypocapnia) causes vasoconstriction and therefore a reduction of CBF 
[12], maintaining the cerebral and cerebrospinal fluid pH constant (Fig. 49.3).

Blood oxygen content is also fundamentally important in the regulation of CBF, 
since one of the fundamental goals of cerebral perfusion is oxygen delivery. Oxygen 
regulates CBF both alone and via an integrated mechanism that involves interplay 
with carbon dioxide, perfusion pressure, and maybe other physiological pro-
cesses [13].

Under hypercapnia condition, the plateau of the autoregulation curve undergoes 
a reduction in amplitude proportional to hypercapnia severity.

Cerebrovascular reactivity to CO2 represents a protective mechanism of cerebral 
homeostasis aimed at guaranteeing pH stability in front of PaCO2 variations. It is 
evident that this mechanism can compromise the functionality of cerebral autoregu-
lation by limiting the possibility to modulate the caliber of cerebral arteries [13].
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Fig. 49.3 Cerebral autoregulation. Green continuous line: cerebral autoregulation curve in nor-
mocapnia conditions; Red dotted line: CBF response to hypoxia; gray dotted line: CBF response 
to hypercapnia; blue dotted line: cerebral autoregulation curve in hypercapnia conditions. PaO2 
under 50 mmHg determines an important acceleration of CBF, up to a possible maximum increase 
of 400% for PaO2 values under 20 mmHg (hypoxic vasodilation). For PaCO2 values between 20 
and 80 mmHg, CBF increases from 2% to 4% for each mmHg increase in PaCO2, so that hypocap-
nia induces vasoconstriction, while hypercapnia induces vasodilation. Hypercapnic conditions 
result in a plateau width reduction of the autoregulation curve, which is proportional to hypercap-
nia severity
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49.4  ARDS: Mechanical Ventilation Management

The choice of the optimal ventilatory strategy to avoid the occurrence of injurious 
events, primarily to the lung and then to other organs, is essential in any critically ill 
patient. Modern respiratory management of head injury patient affected by ARDS 
aims to avoid secondary insults both to the damaged brain and to the injured lungs, 
with the consciousness that the two affected systems are tightly interconnected [9].

However, there is no published recommendation on which ventilator setting, in 
terms of tidal volume, respiratory rate, and positive end-expiratory pressure (PEEP) 
levels, should be used to obtain the safest respiratory targets. The standard of care 
for these critically ill patients consists in the use of low tidal volume ventilation, 
defined as “protective mechanical ventilation” [14].

Since the occurrence of ARDS in brain injured patients is not rare, the applica-
tion of protective ventilation strategies in neurointensive care unit (NICU) is 
increasingly proposed. Mechanical ventilation is an integral part in the care of neu-
rologic critically ill patients, and tight control of respiratory variables, such as PaO2 
and PaCO2, remains the main goal of therapy.

Data on the effect of protective mechanical ventilation on NICU patients is still 
lacking, either for the prevention of VILI or for the treatment of coexisting ARDS 
[9], but several reviews have been published describing the importance of optimal 
ventilatory strategies in the management of acute brain injured patients [9, 
11, 15–17].

Critical care management of such patients aims, on the one side, brain protection 
and, on the other, lung protection. Since it is well known that brain and lung treat-
ment strategies can be in conflict, at least for the acute phase of the injury, the asser-
tion “one size does not fit all” well explains this difficult task. Hence individualized 
treatment is mandatory, and, over time, priorities may change, shifting from “brain 
over lung” to “lung over brain.” For this reason, a unique agreement on which may 
be considered the most effective ventilatory strategy in these patients has not been 
achieved. The main target of mechanical ventilation after acute brain injury is main-
taining optimal oxygenation and tight control of PaCO2, even if there is no pub-
lished recommendation on which ventilatory settings should be applied to obtain 
these goals [9].

The new Brain Trauma Foundation guidelines on TBI [18] stated that normal 
ventilation is currently the goal for severe TBI patients in the absence of cerebral 
herniation and normal PaCO2 ranges from 35 to 45 mmHg. They also stated that 
severe TBI patients receive mechanical ventilation, which can tightly regulate 
PaCO2 levels through rate and tidal volume adjustments, but no precise indications 
are presented.

Conventional targets of mechanical ventilation in TBI patients are represented by 
the application of adequate tidal volumes to maintain lower range of normocapnia 
and adequate levels of PEEP to optimize oxygenation while preserving central 
venous drainage.

In order to prevent lung injury in acute brain injured patients, a combination of 
protective ventilation together with tight CO2 control is essential. The injurious 
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effects of both severe hyper- and hypo-capnia on cerebrovascular system demand a 
continuous monitoring of CO2 levels to avoid critically dangerous values. PaCO2 
should be maintained at approximately 35 mmHg and hyperventilation, applied in 
case of severe intracranial hypertension, should be avoided during the first 24 h after 
injury when CBF is often critically reduced [11].

Optimal ventilatory management of ARDS providing reduced tidal volumes and 
minute ventilation is often accompanied by an increase in PaCO2, defined “permis-
sive hypercapnia” which is usually well-tolerated in the non-neurologically ill 
patient, but in case of intracranial hypertension, it can have deleterious effects and 
should be avoided. However, It remains unclear if the outcome benefits of lung- 
protective ventilation (low tidal volume) reported in other populations would also 
be seen in brain injured ones [19].

Application of PEEP is part of the protective mechanical ventilatory strategy and 
it permits to recruit previously collapsed alveoli. Improvement in arterial oxygen-
ation and reduction of respiratory system elastance, can be safely obtained by inten-
sivists applying PEEP, in front of some mandatory conditions, represented in 
(Fig. 49.4).

It has been demonstrated that if the value of PEEP is lower than ICP, the associ-
ated increase in intrathoracic pressure does not translate into an increase in ICP [20].

Nowadays it is unknown if there is an optimal PEEP level for acute brain injury 
patients.

Neurointensivists face two competing priorities: on the one hand, the need to 
ensure the best care for the injured brain through tight CO2 control and adequate 

Maintenance of euvolemia to minimize the PEEP
effects on arterial pressure and then on cerebral
perfusion pressure

PEEP level must be lower than ICP to minimize 
interference with venous drainage

Effects of PEEP on alveolar recruitment/
overdistension should be carefully measured

Optimal individualized head elevation (about 30
degrees) is maintained, to ensure effective cerebro-
venous outflow without adversely affecting CPP

Carefully monitoring of hemodynamic (MAP,
CVP), respiratory (paO2, paCO2) and cerebral
parameters (ICP, CPP) is provided

PEEP

Fig. 49.4 Safe application 
of PEEP. Application of 
PEEP is part of the 
protective mechanical 
ventilatory strategy and it 
permits to recruit 
previously collapsed 
alveoli. Improvement in 
arterial oxygenation and 
reduction of respiratory 
system elastance can be 
safely obtained by 
neurointensivists applying 
PEEP, in front of some 
mandatory conditions, 
including patient 
euvolemia, not exceed ICP 
level, measurement of 
respiratory system 
mechanics, patient head 
elevation, and careful 
hemodynamic, respiratory, 
and cerebral monitoring
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PaO2 targets to prevent secondary cerebral ischemia, and, on the other hand, the 
need to prevent or mitigate VILI, using low tidal volumes, plateau pressure 
<30 cmH2O, and adequate PEEP levels, which is, however, a ventilatory strategy 
with potential adverse effects on cerebral hemodynamics [9].

Since there is a potential conflict, a compromise needs to be achieved to set the 
optimal treatment strategy.

In a recent large international survey on the respiratory management and ventila-
tory strategies of TBI patients admitted to ICU, low tidal volumes with a PaCO2 
target of 36–40 mmHg were utilized, and lower levels of PEEP in the case of intra-
cranial hypertension. In the case of refractory respiratory failure, the most frequent 
rescue therapy was the use of neuromuscular blocking agent, followed by recruit-
ment maneuvers and prone position [21]. In this survey it was evident that the con-
cept of lung protective ventilation is spreading also in the particular setting of acute 
brain injury patients [21]. The importance of neuromonitoring (in particular ICP, 
brain oxygenation, and TCD monitoring) while applying protective mechanical 
ventilation to titrate effects of ventilatory strategies on cerebral hemodynamics and 
to avoid adverse effect on cerebral homeostasis has been underlined in literature 
[15]. The use of neuromonitoring will in fact help to optimize the use of protective 
ventilation in acute brain injured patients, especially in cases complicated 
with ARDS.

49.4.1  Physiological Consequences of PEEP

PEEP has a fundamental role in improving pulmonary mechanics, increasing func-
tional residual capacity, minimizing recruitment-derecruitment of the lung, decreas-
ing pulmonary shunt, and improving arterial oxygenation, but can also have a 
potentially deleterious impact on many physiologic functions influencing cerebral 
circulation and ICP through hemodynamic and CO2-mediated mechanisms.

From a hemodynamic point of view, PEEP application results in an increased 
central venous pressure (CVP) and a decreased MAP, due to the hindered cerebral 
venous drainage and reduced cardiac output. The decrease in MAP can diminish 
CBF in patients with impaired cerebral autoregulation, leading to a MAP-dependent 
cerebral perfusion with a higher risk of ischemia. Euvolemia need to be guaranteed 
to avoid cerebral hypoperfusion [22]. On the other hand, the increase in CVP may 
be responsible for an increase in cerebral blood volume and a deleterious rise in ICP.

Mechanical ventilation can also affect cerebral circulation through a CO2- 
induced mechanism. The increase in PaCO2 directly causes vasodilation of cerebral 
arteries increasing cerebral blood volume and rising ICP, especially if intracranial 
compliance is reduced [23]. If application of PEEP predominantly determines alve-
olar recruitment, pulmonary elastance decreases, and PaCO2 is lowered because of 
the reopening of previously collapsed and perfused areas, reducing shunt without 
effects on ICP and CPP. Conversely, if application of PEEP predominantly deter-
mines hyperinflation of normal alveoli, pulmonary elastance and respiratory dead 
space increase and a rise in PaCO2 will show, consequently increasing ICP.
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McGuire et al. [20] studied in a cohort of 18 neurosurgical intensive care sub-
jects, including post-traumatic brain injury, SAH, obstructive hydrocephalus, and 
intracerebral hemorrhage patients, the application of PEEP up to 15 cmH2O. In a 
group with ICP elevation (>15 mmHg), no significant change in ICP occurred at any 
PEEP level applied, while in a second group with normal ICP values, elevation of 
PEEP levels at 10 and 15 cmH2O produced a significant increase in ICP of 1.9 and 
1.5 mmHg, respectively. It is possible that PEEP application induces significant ICP 
elevation only in patients with low cerebral compliance. The PEEP effect on ICP is 
variable when applied to patients with neurologic injuries; however, the overall 
impact is considered to be modest [19].

Interestingly for our discussion, Boone et al. [24], in a large population of 341 
subjects with acute brain injury and varying categories of acute lung injury, investi-
gated PEEP application and found a significantly relationship between PEEP and 
both ICP and CPP in the severe lung injury cohort (defined as PaO2/FiO2<100, 
according to the Berlin criteria for ARDS [1]), even though the increase was not 
clinically meaningful. In fact, a rise of 5 cmH2O in PEEP produced a 1.6 mmHg 
augmentation and a 4.3 mmHg decrease in ICP and CPP, respectively, suggesting 
that PEEP can be applied safely in patients with acute brain injury without clinically 
significant effect on ICP or CPP.

In the end there is a complex interaction between mechanical ventilation and 
cerebral hemodynamics, which is affected by respiratory elements and patient- 
specific variables, tightly interconnected to each other, including level of applied 
PEEP, effectiveness of cerebral autoregulation, patient position, cardiovascular and 
volemic status, and basal ICP level.

Though application of PEEP in patients with brain injury remains controversial, 
a judicious adaption of PEEP to the demand in patients with lung injury is feasible.

Since in the event of ARDS complicating TBI, a combination of a protective 
strategy of ventilation together with tight CO2 control becomes essential, an “open 
lung approach” consisting of low tidal volume ventilation to avoid overdistension of 
the lung, ventilation with elevated PEEP levels to avoid collapse of lung paren-
chyma, and reopening of the collapsed alveoli through recruiting maneuvers has 
been positively evaluated in the care of neurosurgical patients with concomitant 
lung injury [25].

49.4.2  Prone Position

Ventilation provided in the prone position could have beneficial effects on patient 
oxygenation, and it is independently correlated with positive outcomes in ARDS 
patients [26–28].

Prone position improves gas exchange with several mechanisms including alveo-
lar recruitment, redistribution of ventilation toward dorsal areas that remain well 
perfused, homogenization of tidal volume distribution, and possible improved pos-
tural drainage of secretions [29] (Table 49.2).
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This technique is beneficial, showing outcome improvement, to patients with 
moderate to severe ARDS when used for prolonged periods of 16 h or more each 
day, in a 180° prone position [30, 31].

The actual recommendation for adult patients with severe ARDS is to receive 
prone positioning for more than 12 h per day [32, 33].

Since patient positioning has a great impact on ICP, supine 30° head-up posture 
is recommended to achieve the lowest ICP. However, in patients with severe respira-
tory insufficiency and hypoxemia, the situation can be different because, theoreti-
cally, an improved gas exchange and arterial oxygenation can result in lower ICP, 
given the beneficial effect of improved oxygen transport to the damaged brain [34].

The effect of ventilation in the prone position on head injured patients may also 
be considered.

Only a few studies with a small number of patients have provided data of the 
influence of prone position on ICP and CPP, leading to contradictory results, with 
only one study from Reinprecht et al. including patients with ARDS. In this study it 
was demonstrated that prone positioning was associated with a significant improve-
ment of arterial oxygenation and cerebral tissue oxygenation, and that these benefi-
cial effects on cerebral tissue oxygenation resulting from increased arterial 
oxygenation appeared to outweigh the expected adverse effect on cerebral tissue 
oxygenation by decreasing CPP in ARDS patients [19, 35].

At present, there are insufficient data to distinguish benefits and risks of prone 
positioning in patients with increased ICP. A raised ICP is regarded as a contraindi-
cation to prone positioning, so that this therapeutic measure is often withheld in 
patients suffering from acute brain injury [36].

It may be possible that head rotation could have an impact on the venous drain-
age during prone positioning, leading to elevated ICP. Furthermore, the neurologi-
cal examination of patients with acute brain injury is difficult during this therapeutic 
position [36].

In conclusion, prone position could be considered to improve oxygenation in 
NICU patients, when needed, even in the presence of acute brain injury, but caution 
and implementation of neuromonitoring are advised during the treatment.

Table 49.2 Prone position benefits and adverse effects

Benefits Adverse Effects

Extent and duration of severe 
hypoxemia is reduced
Decreased propensity to ventilator- 
induced lung injury
Diminished occurrence of nosocomial 
or ventilator-associated pneumonia

Inadvertent extubation and risk of a potentially 
catastrophic hypoxemia episode
Inadvertent bronchial intubation, worsening hypoxemia 
and increasing risk of barotrauma (e.g., pneumothorax)
Development of pressure sores
Ocular complications
Intracranial hypertension, potentially compromising 
cerebral circulation
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49.5  TCD/TCCS: ARDS Patient

Transcranial Doppler (TCD/TCCS) sonography represents a useful additional 
instrument among all the monitoring tools available in the critical care scenario. It 
is safe, inexpensive, repeatable, and well suited for routine clinical use, allowing a 
series of physiological bedside measurements. Specifically, TCD/TCCS allows the 
measurement of blood flow velocities of the large cerebral arteries, without expos-
ing the patient to any kind of risk. It may be useful when invasive tools are not 
indicated (in case of mild-moderate degrees of TBI), contraindicated (patients with 
hemostatic disorders), unavailable (such as in general ICU), or as daily monitoring 
[37]. TCD/TCCS is operator-dependent, and training is necessary to reliably assess 
the examination of cerebral arteries.

TCD/TCCS is able to detect relevant changes in cerebrovascular system dynam-
ics associated with ICP increase due to mechanical ventilation treatment, playing a 
primary role in assessing the alteration of CBF associated with changes in ICP [37].

CBF is influenced by several physiological factors, among which are the partial 
pressures of oxygen and carbon dioxide. Acute respiratory pathological conditions, 
such ARDS, imply a severe alteration of pulmonary function, seriously compromis-
ing gas exchange. This fact determines deranged values of PaO2 and PaCO2 in 
ARDS patients, and, since CBF is strictly affected by these variables, cerebral per-
fusion may be compromised, leading to potentially harmful events. Furthermore, 
the physiological mechanism of cerebral autoregulation may be pathologically 
affected because of acute severe modification in oxygenation and carbon dioxide 
removal.

TCD/TCCS monitoring in the neurocritically ill patients provides the clinician 
with several data which can guide clinical management. The study of cerebral auto-
regulation is one of these.

Noninvasive assessment of dynamic cerebral autoregulation is possible through 
a mathematical analysis of the correlation between changes in flow velocity at the 
level of the middle cerebral artery (MCA), and fluctuations of MAP. Mean flow 
velocity in MCA can be obtained by TCD/TCCS, while MAP is obtained through 
invasive monitoring of arterial pressure [38].

In particular, a TCD/TCCS-derived index, Mx Index, has been employed as a 
method to predict dynamic autoregulation of the patient, since it represents a linear 
regression correlation coefficient defining the dependence of oscillations in mean 
flow velocity in the MCA from oscillations in CPP.

Mx has been cross-validated with other methods of autoregulation assessment, 
and it showed a good performance in predicting dynamic autoregulation in response 
to temporary hemodynamic changes [39]. Another useful TCD/TCCS-derived 
index is Mxa, a correlation coefficient which takes into consideration the arterial 
blood pressure (ABP) rather than CPP, indicating the correlation between mean 
flow velocity and ABP. High Mxa values suggest high dependence of CBF velocity 
from ABP, hence an impaired autoregulation [40]. Furthermore, Mxa formula 
implies a completely noninvasive method from a cerebral point of view, as ABP 
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detection doesn’t require ICP invasive measurement, but only the placement of an 
arterial catheter.

Cerebral autoregulation mechanism can be compromised or abolished in differ-
ent pathological conditions, both affecting primarily the central nervous system and 
other organs, particularly when admission in ICU is required, such as ARDS. Patients 
suffering from severe ARDS develop an impairment of respiratory gas exchange. 
Given the close relationship between PaO2 and PaCO2 with CBF, this condition 
characterized by hypoxemia and hypercapnia can negatively affect, and even com-
promise CBF autoregulation. In this clinical scenario TCD/TCCS represents a valid 
monitoring tool; measuring mean-CBF velocity in MCA (MFVMCA) on ARDS 
patients through trans-temporal acoustic window initially, it is possible, through 
TCD/TCSS-derived autoregulation calculated indices (e.g., Mx and Mxa), to realize 
a real-time, bedside cerebral autoregulation diagnostic assessment.

A few authors have studied TCD/TCCS as a useful bedside monitoring tool for 
the assessment of CBF velocity and its correlation with cerebrovascular reactivity, 
in different clinical scenario.

When ICP increases, or MAP and CPP decrease, CBF velocity is subject to lin-
ear reduction, with end-diastolic velocity (EDV) falling more than peak-systolic 
velocity (PSV) [41]. This leads to an augmentation in systolic-diastolic velocity 
difference and increase in TCD/TCCS-derived pulsatility index (PI), calculated as 
the ratio between systolic-diastolic flow velocity difference and mean flow velocity 
[41]. In healthy individuals, PI ranges between 0.8 and 1.2 and increases with age. 
PI, in fact, is the most widely used surrogate indicator for ICP and it is recognized 
to positively correlate with ICP increase [42–45]. It is important to note that as 
opposed to CBF velocities, PI is not influenced by the angle of insonation of the 
probe. As such, it is considered a more robust predictor of ICP.

Increased intrathoracic pressure and subsequent ICP elevation produces specific 
changes in the cerebral artery blood flow velocity waveform that can be seen as 
decreasing EDV and increasing PI.  In mild to moderate TBI, PI values >1.25 or 
EDV <25 cm/s are considered signs of a pathological cerebral condition since they 
are associated to secondary neurological deterioration [37].

Cigada et al. [46] tested cerebral CO2 vasoreactivity in 21 healthy subjects by 
adding CO2 to inspiratory gases to achieve a hypercapnic state. The healthy volun-
teers were connected through a mouthpiece to a mechanical ventilator set in the 
intermittent positive pressure ventilation mode and fed by two tanks, one of which 
contained 5% CO2; the examiner varied inspiratory CO2 concentration from 0% to 
5% at fixed time intervals and measured end-tidal CO2 (EtCO2) at the mouthpiece. 
TCD/TCCS of MCA was continuously performed through the duration of the test, 
and mean flow velocity and PI were recorded every 10 s together with EtCO2, non-
invasive arterial blood pressure (ABP), and heart rate. Cerebral CO2 vasoreactivity 
was calculated as the percentage change in mean flow velocity or PI for mmHg 
change in EtCO2 (assuming normal EtCO2 = 40 mmHg). Authors found a linear 
correlation between CO2 changes (represented by end-tidal CO2 values) and mean 
flow velocity and PI: whether EtCO2 was increased by 15.3 ± 2.9 mmHg (range 
11 ± 21) from the initial value of 30.0 ± 2.1 mmHg, a highly significant increase in 
mean flow velocity of 60 ± 9 cm/s was noted; PI showed a lower but yet significant 
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increase of 0.90 ± 0.11. This is consistent with findings presented by Kirkham et al. 
[47] and Eng et al. [48], who reported a very good linear correlation between CBF 
velocity and EtCO2 over a wide range of CO2 values (20 ± 60 mmHg).

In 21 patients with severe head injury or SAH, who required mechanical ventila-
tion and ICP monitoring, Caricato et al. [49] applied in random sequence 0, 5, 8, and 
12  cmH2O of PEEP, and observed, together with a CPP reduction, a significant 
decrease in MCA blood flow velocity (from 73.1 ± 27.9 to 67.4 ± 27.1 cm/s), likely 
due to a cerebral autoregulation impairment, but only in patients with normal respi-
ratory system compliance. While, no significant variation in ICP and cerebral com-
pliance was observed.

Mascia et al. [22] studied 12 severely head injured patients with acute lung injury, 
who underwent random PEEP application of 0, 5, and 10 cmH2O. Patients with pre-
test ICP values lower than 10 mmHg or higher than 15 mmHg were excluded, to 
prevent PEEP from being transmitted through cerebral veins and to avoid increase in 
PaCO2. Furthermore, all the subjects were nursed with 30° head position. TCD/
TCCS measurements at the level of the MCA were recorded during periods of hemo-
dynamic stability after PEEP application. The rise in ICP was paralleled by a signifi-
cant increase in mean flow velocity (from 53 ± 4 to 59 ± 5 cm/s) in those patients 
where application of PEEP induced predominantly alveolar hyperinflation, confirm-
ing the CO2-induced cerebral vasodilation; when the predominant effect was the 
alveolar recruitment, no change in ICP and mean flow velocity was showed.

Schramm et al. [40] studied the relationship between PEEP and autoregulation in 
20 patients with ARDS by means of TCD-derived Mxa index. CBF velocity and 
Mxa were recorded at baseline and then PEEP was applied with progressive incre-
ments of 1 cmH2O, each followed by a 5 min period of stabilization. TCD measure-
ments were repeated after an optimal level of PEEP was reached, defined as the 
individual PEEP level obtained after an increase in peripheral oxygen saturation. 
CBF velocity and ABP for Mxa calculation were recorded over a period of 1 h and 
the time-averaged values were calculated. Positive values of Mxa represent correla-
tion between ABP and CBF velocity, which implies autoregulation impairment as 
cerebral blood flow depends on ABP. Negative values of Mxa, or null Mxa, express 
active cerebrovascular response to blood pressure changes, hence a preserved auto-
regulation. Elevation of PEEP from 9.2 ± 1 to 14.3 ± 1 cmH2O did not affect CBF 
velocity to a clinically relevant extent, as well as the rise in Mxa from 0.317 ± 0.35 
to 0.414 ± 0.32 was found to be without clinical relevance, since a relevant differ-
ence between two Mxa values should be greater than 0.2. A plausible explanation is 
that autoregulation impairment, defined as Mxa >0.3, was already present at base-
line, hence PEEP elevation did not further influence autoregulation in these patients. 
Likewise, there was no correlation between PaCO2 elevation and autoregulation 
impairment. Therefore, in this study, application of PEEP and elevation of PaCO2 in 
ARDS patients did not further impair cerebral autoregulation.

The adjustment of PEEP to an optimal level in patients with respiratory failure 
seems to be safe with regard to CBF velocity and autoregulation. Furthermore, the 
impaired autoregulation in the majority of the ARDS patients should be considered 
when ranges for MAP/CPP management are set in these patients to avoid cerebral 
hypoperfusion or hyperperfusion [40].
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Another interesting application of TCD/TCCS in acute brain injured patients 
complicated with respiratory failure is the study of cerebral blood flow velocities 
(CBFV) in patients ventilated in prone positioning, known the potential adverse 
effects of this position on intracranial hypertension.

Robba et al. studied patients undergoing spine surgery and suggested that TCD/
TCCS, with its derived indices, can be a useful, safe, quick, and easy technique to 
noninvasively detect ICP, since it may be increased in prone position. In critically ill 
patients with both elevated ICP and respiratory illness treated with ventilation in the 
prone position (such as patients with ischemic stroke and brain swelling compli-
cated by aspiration pneumonia leading to ARDS), a noninvasive ICP monitoring 
through TCD could be a valid option to monitor intracranial hypertension [50].

49.6  Conclusion

In conclusion TCD/TCCS allows to continuously monitor the effects of several 
respiratory treatments for ARDS patients in ICU, on the central nervous system. Its 
usefulness varies between several experimental settings of application, investigating 
physiological variables, such as CBFV, cerebral autoregulation and cerebrovascular 
reactivity, and their interactions with mechanical ventilation and its parameters, 
adjustable from the critical care physician (tidal volume, respiratory rate, PEEP). 
TCD/TCCS has the potential to provide insight if PEEP, recruitment maneuvers, 
and prone positioning are causing pathological changes in cerebral hemodynam-
ics [37].

Being an easily available monitoring tool, TCD allows the clinician to perform 
cerebral hemodynamic assessment routinely in the ICU/NICU. It can be useful to 
monitor the different cerebral hemodynamic response to the same ventilator setting 
and strategy between different patients, and also to monitor how the same patient 
adapts his cerebral physiology over time, day by day, during all the mechanical 
ventilation period.

The use of TCD/TCCS in neurocritically ill patients allows the clinician to have 
a comprehensive picture, not only of cerebral physiology but also of the possible 
effects of respiratory failure on cerebral pathophysiology, and, most importantly, it 
allows to study the effect of some intensive/aggressive respiratory treatments on 
cerebrovascular physiology.

TCD could potentially be used to guide mechanical ventilation and at the same 
time to monitor simultaneous relevant cerebrovascular physiological variables. 
These data taken altogether address relevant clinical aspects of the patient treatment 
and can guide our objectives like tolerance of recruitment maneuvers, set the appro-
priate value of PEEP, and decide the minimum tolerable minute ventilation [37].

Even if a clinical validation for routine TCD use in this setting is still lacking, 
nevertheless, a growing clinical interest and preliminary results from literature 
encourage an increasingly promising application of TCD in the routine NICU 
scenario.
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Therefore, nowadays, TCD/TCCS can be considered a modern, useful, low-cost 
bedside monitoring tool that can offer important information in the neurologically 
critically ill patients complicated by ARDS and other types of respiratory failure.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

DIAGNOSIS

Subarachnoid Hemorrhage (SAH) Ischemic Stroke Traumatic Brain Injury (TBI)

CNS infection (Meningitis/Encephalitis) Intracerebral Hemorrhage (ICH) Acute Liver Failure (ALF)

Brain Tumors Preeclampsia Neurosurgery Peri-operative

Acute Respiratory Distress Syndrome
(ARDS)

Multimodal Monitoring (MMM)

MECHANICAL VENTILATION Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)[ Protective Mechanical Ventilation approach ]

ADECUATE OXYGENATION TRANSTEMPORAL ACOUSTIC WINDOW

Application PEEP lower tan ICP Insonation MCAR and MCAL

Plateau Pressure < 30 cmH2O

SPECTRAL DOPPLER WAVEFORM

TIGHT CO2CONTROL Flow velocities / Pulsatility Index (PI)

Control Tidal Volume and Respiratory rate ANALIZE:
[ Titration PaCO2 35±2 mmHg ] MFV / PSV / EDV

[ Effects of PaCO2 on CBF ]

CONTROLED MECHANICAL VENTILATION

Volume Mode (VCV) CEREBRAL AUTOREGULATION

[ Careful respiratory system pressure monitoring ] Indexes:

1. Mx

2. Mxa

PRONE POSITION

CONSIDER I

[ PaO2/FiO2≤150 ] MONITOR

[ 12-16hours / day ] Cerebral physiology adaptation to
Mechanical Ventilation

ABCD

Level of Consciousness (GCS)

Biateral Pupillary reactivity?

Hemodynamic Stability?

Oxygenation?

 

MFV Mean flow Velocity, PSV Peak systolic flow velocity, EDV End-diastolic flow velocity, CBF 
Cerebral Blood Flow, MCAR Right Middle Cerebral Artery, MCAL Left Middle cerebral artery, ICP 
Intracranial Pressure, Mx Mean flow index, ICP Intracranial pressure
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Chapter 50
Acute Liver Failure (ALF) in ICU: 
Usefulness of Transcranial Doppler  
(TCD/TCCS)

Anselmo A. Abdo-Cuza

Key Points
 1. Acute liver failure (ALF) is a potentially serious syndrome characterized by liver 

dysfunction (altered liver biochemistry plus coagulopathy) and encephalopathy.
 2. Brain edema and intracranial hypertension complicate 75–80% of patients diag-

nosed with ALF and grade III or IV hepatic encephalopathy (HE), and are the 
leading cause of death.

 3. Invasive intracranial pressure measurement has been considered the gold stan-
dard method of monitoring intracranial hypertension accompanying HE in ALF.

 4. Noninvasive neuromonitoring is a suitable alternative without the adverse events 
of invasive techniques.

 5. The study of cerebral hemodynamics by TCD/TCCS allows us to establish five 
hemodynamic patterns (hypoperfusion, high resistance, hyperemia, vasospasm, 
or cerebral circulatory arrest) with prognostic and therapeutic implications.

 6. The use of TCD/TCCS together with jugular bulb venous oxygen saturation 
(SjvO2) monitoring (cerebral hemodynamic-metabolic monitoring) could help to 
understand the pathophysiology of HE.

50.1  Introduction

Acute liver failure (ALF) is a potentially serious syndrome that occurs more often in 
young people without a history of liver disease, with an incidence of fewer than ten 
cases per million people. It is characterized by liver dysfunction (altered liver biochem-
istry plus coagulopathy) and encephalopathy. The most frequent etiologies are viral 
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infections (hepatitis A, B, and E viruses) and drug toxins [1, 2]. In theory, it is a revers-
ible condition but 60–95% of patients (with non-acetaminophen-related etiology) 
progress to multiorgan failure and death if they do not undergo liver transplantation.

50.2  Hepatic Encephalopathy

It is the brain dysfunction secondary to liver failure. The clinical spectrum of pre-
sentation may range from apparent normality detectable only by neuropsychologi-
cal or electrophysiological studies, to coma [3]. The time between the onset of 
jaundice and the appearance of encephalopathy has diagnostic and prognostic 
implications. In the hyperacute presentation (less than 7 days), cerebral edema, and 
intracranial hypertension are highly frequent, but the prognosis for recovery is more 
favorable than in the subacute form (more than 7 days), in which the appearance of 
even low-grade encephalopathy implies a worse outcome.

50.3  Hepatic Encephalopathy: Pathophysiology

The most recent studies involve increased ammonium concentrations and a cytokine- 
mediated inflammatory component (IL-1, IL-6, TNF) associated or not with sepsis, 
as the main mechanisms responsible for the neurological dysfunction that character-
izes hepatic encephalopathy (HE) [4].

High levels of blood ammonia cross the blood–brain barrier (BBB), where it is 
metabolized by astrocytes to glutamine. It is the accumulation of glutamine that 
causes astrocyte edema with the consequent increase in intracranial pressure (ICP) 
and decrease in cerebral perfusion pressure (CPP).

In relation to hemodynamics and brain metabolism, a wide spectrum of possibili-
ties has been described, from a decrease in cerebral blood flow (CBF), which in 
early phases is coupled with a decrease in brain metabolism, to high CBF values. In 
advanced phases and in a progressive manner, alteration of cerebral autoregulation 
favors an excessive CBF for the metabolic demand and the increased probability of 
cerebral edema with a decrease in cerebral perfusion down to a complete cessation 
of cerebral circulation accompanying brain death. Brain edema and intracranial 
hypertension complicate 75–80% of patients diagnosed with ALF and grade III or 
IV HE and are the leading cause of death.

50.4  Acute Liver Failure: Invasive Intracranial Pressure  
Monitoring

Neurological function in patients with ALF has been conventionally assessed by 
clinical and electroencephalographic tests. Imaging studies that are accessible to 
critically ill patients make it possible to rule out visible structural lesions, including 
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intracranial hemorrhage (ICH). High-level centers have been using the gold stan-
dard technique for ICP monitoring: intracranial placement of catheters for invasive 
measurement [5, 6]. The US ALF Study Group published an article in 2005 examin-
ing the experience on 332 patients diagnosed with severe HE and ALF (grades III 
and IV) at 25 centers in the USA [7]. Invasive ICP was monitored in 28% of patients, 
with variability across centers. Fresh frozen plasma (FFP) was used in 91% of pre-
procedure actions, while post-procedure ICH appeared in 10%. Performance in the 
two groups differed in relation to greater use of mannitol, barbiturates, and vaso-
pressors in the study group whose ICP was monitored invasively. Survival at 30 days 
among patients who received liver transplantation was 85% in the two groups. The 
authors conclude that, although the incidence of ICH has decreased over time, seri-
ous complications related to the procedure are real. There was a more aggressive 
treatment of intracranial hypertension in the invasively monitored group and the 
results in survival warrant further studies with longer observation time, before a 
recommendation on its usefulness can be made.

In 2017 Rajajee et al. [8] published a single-center study in a hospital with a large 
volume of liver transplantation. The authors show the results from 24 patients out of 
37 diagnosed with ALF who were monitored invasively for ICP. They present a pre- 
procedure protocol where they administered activated factor VII; they only use 
intraparenchymal catheters and then perform computed tomography (CT) scans to 
evaluate bleeding complications, which were present in only one case. In the nonin-
vasively monitored group, 15% died in brain death, compared to 4% in the inva-
sively monitored group. The author of this chapter notes that out of 37 patients in 
the study diagnosed with ALF, 80% had contraindications for liver transplantation, 
which is the treatment of choice for most patients in this clinical situation.

Although the authors conclude that ICP monitoring according to the protocol 
described in the research is a procedure with a low incidence of complications and 
associated with superior results, they propose future studies with noninvasive meth-
ods such as ultrasound of the optic nerve and transcranial Doppler.

50.5  Acute Liver Failure: Noninvasive Intracranial 
Pressure Monitoring

The use of noninvasive methods to monitor ICP has been one of the chimeras of 
intensive care. Noninvasiveness would eliminate the main complications associated 
with the invasive method: bleeding and infection of the central nervous system. 
Moreover, some of the methods tested are less expensive and use traditional hospital 
equipment, features that make them desirable for intensive care units (ICUs) in 
developing countries. Today, although there has been progress, the invasive method 
remains the gold standard. Among the noninvasive methods of ICP estimation are 
the following: the cochlear fluid pressure analyzer by tympanic membrane displace-
ment, tissue oxygenation monitoring by near infrared spectroscopy, fontanometry in 
neonates and the one that currently arouses most interest in emergency medicine 
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and ICU, the transorbital ultrasound measurement of the diameter of the optic nerve 
sheath [9, 10]. In general, these methods are attractive but even if they show a good 
correlation with invasive ICP measurement (a situation not unanimously achieved) 
they provide limited information that requires the complement of other methods, an 
action known as multimodal monitoring [11, 12].

50.6  Acute Liver Failure: Monitoring of Hemodynamics 
and Brain Metabolism

Most of the initial trials were performed by a few groups which used for the CBF 
evaluation, the Xenon 133 washing technique with the Kety-Schmidt equation. 
Brain metabolic activity was determined according to the arteriovenous oxygen dif-
ference (AVDO2) between jugular bulb venous oxygen saturation (SjvO2) obtained 
through blood from the jugular vein and arterial blood sample.

Aggarwal et al. [13] conducted a study to determine the incidence of patients 
diagnosed with ALF in five phases of hemodynamics and brain metabolism, which 
they established according to previous studies. The authors describe a phase one 
characterized by decreased CBF and normal ICP values. Phases two and three are 
characterized by elevated CBF with normal and elevated ICP, respectively. Phase 
four with decreased CBF and increased ICP; and Phase five: brain death. The phases 
describe the theory that changes in CBF precede and contribute to increased ICP 
and brain edema. The measurement of CBF was performed by the Xenon-133 brain 
clearance technique and ICP was monitored with a fiberoptic catheter placed in the 
epidural space. The results show that in the first evaluation of the patients under 
study, there were 10 patients in phase one (decreased CBF and normal ICP), 8 
patients in phase two, and 8 patients in phase three; both phases were characterized 
by increased CBF. Among patients who received only medical treatment, 9 out of 
11 survived in phase one or two, while all those in phase three and four died. The 
criterion for cerebral ischemia was defined according to AVDO2 evaluation. In eight 
patients with CBF below 20 ml/100 g/min, no ischemia was evident due to flow- 
metabolism coupling. Similarly, by means of AVDO2 analysis, 80.8% of patients 
were diagnosed with hyperemia pattern and by means of CBF measurement it was 
diagnosed in 65.4%. This research was published in 2005  in the journal Liver 
Transplantation and as far as we know, there is no publication that replicates the 
data presented with similar methodology.

50.7  Acute Liver Failure: Cerebral Hemodynamics 
Monitoring by TCD/TCCS

The introduction of Transcranial Doppler (TCD) in 1982 by Rune Aaslid repre-
sented an important step in the study of cerebral hemodynamics in a noninvasive 
way and at the patient’s bedside. Through three acoustic windows (transtemporal, 
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transorbital, and transoccipital) the brain vessels that constitute the Circle of Willis 
can be insonated, using a low frequency transducer (e.g. 2 MHz pulsed Doppler). A 
fourth window, the submandibular window, allows the assessment of the hemody-
namics of the distal extracranial segments of the carotid arteries, using the same 
transducer. At the end of the 1980s and favored by technological advances in ultra-
sound machines and transducers, transcranial color-coded duplex sonography 
(TCCS) was introduced in the adult population: this technique combines the acqui-
sition of color and spectral images by transcranial Doppler together with two- 
dimensional images [14].

Since the introduction of transcranial Doppler, several studies have validated the 
technique as a reliable indirect measurement of CBF at baseline and under changing 
physiological conditions. In order to make the measurements comparable at the 
time of interpretation, it is necessary to know the variables that can modify cerebral 
blood flow velocities and the pulsatility index (Table 50.1).

PI has been evaluated as a reflection of cerebral vascular resistance (CVR), 
although there is research that demonstrates its dependence on multiple cerebral 
hemodynamic factors, such as blood pressure amplitude, compliance, and cerebral 
arterial bed resistance, among others, which make its interpretation complex [15]. 
Some authors have suggested that it more accurately reflects cerebral perfusion 
pressure (CPP) than ICP.

One of the first studies using TCD in patients with ALF was published by Strauss 
et al. [16] in 2001, where they evaluated the variability of a group of measurements 
in eight patients during normoventilation and hyperventilation. They report a modi-
fication of the values of CBF (ml/100 g/min) from 43 to 32; right mean blood flow 
velocity [MFVRMCA] (cm/sec.) from 52 to 43; SjvO2 (%) from 68 to 55 and mean 
arterial blood pressure [MAP] (mmHg) from 80 to 71. The correlation between 
CBF and MFVRMCA was poor (r = 0.30). The authors concluded that TCD can be 
used in the monitoring of patients with ALF but its interpretation is recommended 
together with SjvO2.

Table 50.1 Most frequent factors that can change the mean flow velocity (MFV) and Pulsatility 
index (PI) values

Mean flow velocity (MFV) Pulsatility Index (PI)
Increase Decrease Increase Decrease

Diminished vessel area 
(vasospasm and stenosis)
Anemia
Hyperthermia
Hypervolemia
High ABP
Hypercapnia
Hypoxemia
Volatile anesthetics

Age
Hyperviscosity
Dehydration
Low cardiac output
Low blood pressure
Hypothermia
Sedative and 
hypnotic drugs

IHT
Hypocapnia
Aortic 
insufficiency
Chronic high 
ABP
Leukoaraiosis

Hypercapnia
AVM
Post-stenotic 
vasodilation
Hyperemia
Hypervolemia

ABP Arterial blood pressure, IHT Intracranial hypertension, AVM Arterio-venous malformation
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In 2010 Kawakami et al. [17] published a small series of six patients with ALF 
and reported high PI values in those with unfavorable evolution without possibility 
of transplantation, in contrast with those who had spontaneous recovery or received 
liver transplantation, who presented PI within normal range. The authors suggested 
that PI can be used as a prognostic factor and indicator for transplantation.

Abdo et al. [18, 19] presented in 2003 a series of five severe patients with ALF 
who underwent a TCD/TCCS study of cerebral hemodynamics on admission to the 
ICU and were compared with a control group of neurocritical patients of different 
etiologies. In the study group, a pattern of cerebral hypoperfusion with significantly 
altered MFVRMCA and PI values was observed more often than in the control group. 
The same group of researchers published in 2015 an extension of the series with 21 
patients. The sonographic patterns of cerebral hemodynamics were as follows: low- 
flow, 12 patients (57.1%); high resistance, 5 patients (23.8%); and hyperemic, 4 
patients (19%). Death was associated with hypoperfusion and high brain resistance 
patterns, while the hyperemic pattern was associated with survival.

If a distribution of patients according to the phases of hemodynamics and brain 
metabolism described by Aggarwal et al. [13] is carried out as a theoretical exercise, 
and CBF is replaced by MFVRMCA while ICP by PI, we would find different results: 
52.4% of patients in phase four (decreased CBF, elevated ICP), 23.9% in a situation 
not recognized by the original study (normal CBF, elevated ICP), and only 19% in 
phases two or three (hyperemia). CBF monitoring, perhaps more reliable but logisti-
cally complex in ICUs, finds a predominance of hyperemia situation (defined by 
AVDO2 measurements) and associates this pattern with worse outcome. The use of 
TCD/TCCS, a method available at the bedside, reproducible and noninvasive, shows 
a predominance of hypoperfusion pattern with high resistance, which was associ-
ated with worse outcome.

At the present time (data collection phase) in our working group, with the intro-
duction of ultrasound-guided retrograde catheterization of the jugular vein, we 
incorporate new variables into the analysis of cerebral hemodynamics. We incorpo-
rated SjvO2 and cerebral oxygen extraction fraction (O2EF), the latter providing 
greater accuracy on the transport-consumption-metabolism relationship, than 
AVDO2, used in the pioneering studies on the subject.

In the opinion of the author of this chapter, the data provided by TCD/TCCS on 
cerebral hemodynamics allow the formation of a pathophysiological sequence on 
HE secondary to ALF that can be initiated by a high resistance pattern (elevated PI 
with normal MFVRMCA), expression of ammonium-glutamine damage in the astro-
cyte that generates cerebral edema; or initiated by a hyperemic pattern with normal 
PI, expression of increased CBF secondary to vasodilation by increased cytokines 
or self-regulatory disorders or motor vessel reactivity. The hyperemic pattern, 
according to its pathophysiology, can be associated with better survival, given the 
possibilities of action in the ICU. In more advanced stages, associated with worse 
prognosis, patients have a decreased CBF (assessed by MFVRMCA) and increased 
ICP (assessed by PI). Patients with a hypoperfusion pattern would have a worse 
prognosis and less chance of surviving while waiting for transplantation, than 
patients with a hyperemic pattern, who would have a better chance.

A. A. Abdo-Cuza



823

Another utility of the TCD/TCCS study in patients with ALF lies in the assess-
ment of contraindications to transplantation in patients with severe neurological 
impairment. Traditionally there have been two situations related to cerebral hemo-
dynamics that contraindicate liver transplantation. These are the presence of ICP 
values above 40 mmHg or CPP values below 50 mmHg, for at least 2 hours. In 
2008, Bindi et al. [20] presented three HE patients with clinically impaired ALF 
(three-point Glasgow Coma Scale) and severe electroencephalographic impairment, 
at a time when a decision on transplantation had to be made thanks to an available 
organ. The group took into account the results of MFVRMCA and PI by TCD: patient 
1 (low MFV: 36  cm/s, high PI: 2.8), patient 2 (low MFV: 18  cm/s, high PI: 4), 
patient 3 (low MFV: 20 cm/s, high PI: 4). Liver transplantation was successfully 
performed in all three patients who slowly recovered consciousness, even in the 
presence of severe clinical deterioration. These results suggest the usefulness of 
TCD to correctly evaluate the feasibility of liver transplantation without the need of 
invasive ICP or CPP measurement.

50.8  Acute Liver Failure: TCD/TCCS Protocol

Once the patient is admitted to the ICU, hemodynamic and metabolic stabilization 
will be performed if necessary. A brain CT/MRI is necessary to rule out any neuro-
logical complications associated with HE (cerebral infarction, ICH).

Prior to performing a neuroimaging and TCD, the following prerequisites should 
be checked: MAP >65 mmHg; blood oxygen pressure (PO2) 60–110 mmHg; carbon 
dioxide pressure (PCO2) 35–45 mmHg; body temperature 35–38 °C; hemoglobin 
>7  g/L; and pulse oximetry saturation >92%. TCD will be performed with the 
patient in a supine position. The vessels to be explored will be insonated with a 
2 MHz pulsed Doppler transducer. The sample volume, gain, and power will be kept 
constant during the investigation. The right and left MCA sonograms will be dis-
played bilaterally through the time window in depths between 45 and 55 mm. Side- 
to- side asymmetry of MCA blood flow velocity values will be considered if the 
difference is greater than 20%.

For patients with high mean CBF velocities, the distal extracranial portion of the 
ipsilateral internal carotid artery (ICA) will be explored through the submandibular 
window at a depth between 30 and 55 mm, with the 2 MHz transducer in pulsed 
Doppler mode, in order to record its mean velocity and calculate the Lindegaard 
index (ratio between the MFVMCA and MFVICA).

The flow tracing (velocity and spectral waveform) must be kept constant for at 
least 30 seconds per isolated artery, before the values of the parameters under study 
(MFVMCA, PI) are recorded and collected.

Brain hemodynamic patterns are defined as follows:

 1. Normal: MFVMCA and PI within the reference values.
 2. Hypoperfusion or low flow: MFVMCA below the reference values, regardless 

of the PI.
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 3. Hyperemic: MFVMCA greater than reference values, with Lindegaard index <3, 
regardless of PI.

 4. Vasospasm: MFVMCA greater than the reference values, with Lindegaard Index 
>3, independent of the PI.

 5. High resistance: PI greater than the reference values.
 6. Cerebral Circulatory Arrest (CCA): reverberant flow, isolated systolic spikes, or 

“disappearance” of previously detected flows. To certify this diagnosis, both 
MCA (anterior circulation) and the basilar artery (BA) or intracranial vertebral 
arteries (VA) (posterior circulation) must show similar spectra. To confirm the 
irreversibility of the CCA, it is necessary to have two measurements separated 
by at least 30  minutes. In the event that adequate acoustic windows are not 
found, the insonation of extracranial portion of ICAs (submandibular window) 
is acceptable, although it should be clarified that the appearance of CCA pat-
terns in this artery occurs later (although very specific) than in the intracranial 
arteries.

50.8.1  Clinical Case

A 19-year-old female patient, diagnosed with ALF secondary to Hepatitis E virus 
infection. According to her clinical evaluation, she was classified as having HE 
grade II–III (Fig. 50.1b). TCD was performed and the patient was diagnosed with 

a

b

c

d

Fig. 50.1 (a) Middle cerebral artery Doppler spectrum (MCA) compatible with high resistance 
pattern (PI: 1.39), obtained in a transtemporal window at 57 mm depth, in a patient diagnosed with 
acute liver failure (ALF). In (b), small liver and ascitic fluid are observed, in correspondence with 
the ALF picture. (c) Doppler spectrum of MCA compatible with hyperemic pattern, obtained in 
transtemporal window at 52 mm depth, in the same patient after liver transplantation. (d) shows the 
ultrasound image of the transplanted liver
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a

b

Fig. 50.2 Calculation of the lindegaard index (LI) The MFV in the middle cerebral artery (MCA) 
in (a). is 114 cm/sec, while in the extra-cranial portion of internal carotid artery (ICA) in (b)., is 
104 cm/sec. The LI is obtained as MFVMCA/ MFVICA, in this case 114/104 = 1.1; indicating that the 
increase in velocities in the MCA is due to hyperemia and not to cerebral vasospasm

high resistance cerebral hypoperfusion (Fig. 50.1a). General measures for the treat-
ment of intracranial hypertension (IHT) were continued, mannitol treatment was 
initiated and mean arterial blood pressure (MAP) was maintained at 90 ± 5 mmHg. 
According to the criteria of the King College, the patient was placed on an emer-
gency list for liver transplantation (Fig. 50.1d), which was achieved 48 hours later. 
In the initial post-transplant evaluation a high velocity pattern was obtained, 
(Fig. 50.1c), which was classified as hyperemic as the Lindegaard index was less 
than 3, (Fig. 50.2). The general measures of IHT prophylaxis/treatment were main-
tained, mannitol was removed and the MAP target was set at 65–70  mmHg. 
Adequate awareness was achieved and the patient was extubated within 24 hours of 
transplantation with good clinical and laboratory progress.

50.9  Conclusion

The study of cerebral hemodynamics by TCD/TCCS allows to establish five hemo-
dynamic patterns (hypoperfusion, high resistance, hyperemia, vasospasm, cerebral 
circulatory arrest) with prognostic and therapeutic implications in patients 
with ALF.
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 Algorithm

Clinical Status of the Patient GENERAL MANAGEMENT TO:
Cerebral Edema

Intracranial Hypertension

DIAGNOSIS

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

ACUTE LIVER FAILURE (ALF)

Transcranial Doppler (TCD)
Transcranial Color Coded duplex Sonography (TCCS)

HEMODYNAMIC PATTERNS

CCA VASOSPASM NORMAL HYPEREMIC
LOW FLOW / HIGH

RESISTANCE

CONSIDER RULE OUT MONITOR RULE OUT MONITOR
Contraindication of
Liver Trasplantation

SAH I. ICP Sepsis I. ICP
Non-Contrast

Brain CT-Scan
Pulsatility Index (PI) AVOID Pulsatility Index (PI)

Initiate diagnostic
protocol for:
Brain Death

Spectral Doppler
waveform

Hyperthermia Spectral Doppler
waveformMONITOR Seizures

I. ICP Anemia II. Blood Gases
MONITOR Pulsatility Index (PI) MONITOR PaCO2 / PaO

I. ICP Lindegaard Index ANALIZE I. ICP III. Hemodynamics
Pulsatility Index (PI) Spectral Doppler

waveform
Value Trends Pulsatility Index (PI) MAP / CO

Spectral Doppler
waveform

Spectral Doppler IV. CA
II. Blood Gases waveform OPTIMIZE
PaCO2 / PaO2 II. Blood Gases CPP

III. ABP PaCO2 / PaO2 RULE OUT
ANALIZE MAP III. ABP I. ICH

Value Trends IV. CA MAP Brain Parenchyma US
Treatment response OPTIMIZE IV. CA MLS

RULE OUT CPP OPTIMIZE CONSIDER
I. ICH CPP ECBD

Brain parenchyma US CONSIDER
MLS ECBD

Therapeutic Decision

ABCD
Level of Consciousness state (GCS)?
Hemodynamic Stability?
Oxygenation? Mechanical Ventilation?

 

ABCD Airway-breathing-circulation-disability, SAH Subarachnoid hemorrhage, ICP Intracranial 
pressure, ABP Arterial blood pressure, CA Cerebral autoregulation, CPP cerebral perfusión pres-
sure, ICH Intracerebral hemorrhage, MLS Midline shift, US Ultrasound, MAP mean arterial pres-
sure, CO Cardiac output, ECBD Extracorporeal blood depuration, CCA Cerebral circulatory arrest

References

 1. Rajaram P, Subramanian R.  Acute Liver Failure. Semin Respir Crit Care Med. 
2018;39(5):513–22.

 2. Squires JE, McKiernan P, Squires RH.  Acute liver failure: an update. Clin Liver Dis. 
2018;22(4):773–805.

 3. Ryu AJ, Rahimi RS, Leise MD.  The current hepatic encephalopathy pipeline. J Clin Exp 
Hepatol. 2020;10(4):377–85.

 4. Liere V, Sandhu G, DeMorrow S.  Recent advances in hepatic encephalopathy. F1000Res. 
2017;6:1637.

 5. Wendon JA, Larsen FS. Intracranial pressure monitoring in acute liver failure. A procedure 
with clear indications. Hepatology. 2006;44(2):504–6.

A. A. Abdo-Cuza



827

 6. Bernuau J, Durand F. Intracranial pressure monitoring in patients with acute liver failure: a 
questionable invasive surveillance. Hepatology. 2004;44(2):502–4.

 7. Vaquero J, Fontana RJ, Larson AM, Bass NM, Davern TJ, Shakil AO, et al. Complications and 
use of intracranial pressure monitoring in patients with acute liver failure and severe encepha-
lopathy. Liver Transpl. 2005;11(12):1581–9.

 8. Rajajee V, Fontana RJ, Courey AJ, Patil PG.  Protocol based invasive intracranial pressure 
monitoring in acute liver failure: feasibility, safety and impact on management. Crit Care. 
2017;21(1):178.

 9. Robba C, Cardim D, Tajsic T, Pietersen J, Bulman M, Donnelly J, et  al. Ultrasound non- 
invasive measurement of intracranial pressure in neurointensive care: a prospective observa-
tional study. PLoS Med. 2017;14(7):e1002356.

 10. Rajajee V, Williamson CA, Fontana RJ, Courey AJ, Patil PG. Noninvasive intracranial pressure 
assessment in acute liver failure. Neurocrit Care. 2018;29(2):280–90.

 11. Lazaridis C, Robertson CS. The role of multimodal invasive monitoring in acute traumatic 
brain injury. Neurosurg Clin N Am. 2016;27(4):509–17.

 12. Paschoal FM Jr, Nogueira RC, Ronconi Kde A, de Lima OM, Teixeira MJ, Bor-Seng- 
Shu E.  Multimodal brain monitoring in fulminant hepatic failure. World J Hepatol. 
2016;8(22):915–23.

 13. Aggarwal S, Obrist W, Yonas H, Kramer D, Kang Y, Scott V, et al. Cerebral hemodynamic 
and metabolic profiles in fulminant hepatic failure: relationship to outcome. Liver Transpl. 
2005;11(11):1353–60.

 14. Blanco P, Abdo-Cuza A. Transcranial Doppler ultrasound in neurocritical care. J Ultrasound. 
2018;21(1):1–16.

 15. Calviello LA, de Riva N, Donnelly J, Czosnyka M, Smielewski P, Menon DK, et al. Relationship 
between brain pulsatility and cerebral perfusion pressure: replicated validation using different 
drivers of CPP change. Neurocrit Care. 2017;27(3):392–400.

 16. Strauss GI, Møller K, Holm S, Sperling B, Knudsen GM, Larsen FS. Transcranial Doppler 
sonography and internal jugular bulb saturation during hyperventilation in patients with fulmi-
nant hepatic failure. Liver Transpl. 2001;7(4):352–8.

 17. Kawakami M, Koda M, Murawaki Y.  Cerebral pulsatility index by transcranial Doppler 
sonography predicts the prognosis of patients with fulminant hepatic failure. Clin Imaging. 
2010;34(5):327–31.

 18. Abdo A, López O, Fernández A, Santos J, Castillo J, Castellanos R, et al. Transcranial Doppler 
sonography in fulminant hepatic failure. Transplant Proc. 2003;35(5):1859–60.

 19. Abdo A, Pérez-Bernal J, Hinojosa R, Porras F, Castellanos R, Gómez F, Gutiérrez J, et al. 
Cerebral hemodynamics patterns by transcranial Doppler in patients with acute liver failure. 
Transplant Proc. 2015;47(9):2647–9.

 20. Bindi ML, Biancofiore G, Esposito M, Meacci L, Bisà M, Mozzo R, et al. Transcranial doppler 
sonography is useful for the decision-making at the point of care in patients with acute hepatic 
failure: a single centre's experience. J Clin Monit Comput. 2008;22(6):449–52.

50 Acute Liver Failure (ALF) in ICU: Usefulness of Transcranial Doppler (TCD/TCCS)



829© Springer Nature Switzerland AG 2022
C. N. Rodríguez et al. (eds.), Neurosonology in Critical Care, 
https://doi.org/10.1007/978-3-030-81419-9_51

Chapter 51
Sepsis in the ICU: Usefulness 
of Transcranial Doppler (TCD/TCCS) 
to Cerebral Hemodynamic Monitoring

Ilaria Alice Crippa and Fabio Silvio Taccone

Key Points
 1. Sepsis-associated brain dysfunction is the most frequent sepsis-related organ 

dysfunction and is associated with mortality. In survivors, neurological conse-
quences of sepsis extend beyond ICU stay, affecting quality of daily life.

 2. Hypoperfusion and ischemia contribute to sepsis-associated brain dysfunction, 
both as a primary pathophysiological mechanism and as a secondary brain injury.

 3. Transcranial Doppler (TCD/TCCS), although not able to quantify cerebral blood 
flow, can detect real-time changes in cerebrovascular hemodynamics.

 4. Sepsis-related modifications in cerebral circulation have been investigated in 
humans with controversial results. Overall, cerebral autoregulation seems 
impaired early during the course of sepsis; impaired cerebral autoregulation is 
associated with neurological dysfunction and the degree of inflammation.

 5. Along with impairment in cerebral autoregulation, an increase in cerebrovascu-
lar resistance may occur during sepsis.

 6. Whether cerebrovascular reactivity to carbon dioxide is preserved during sepsis 
is not clear, as well as the influence of carbon dioxide levels on cerebral 
autoregulation.

 7. To date, studies investigating cerebral hemodynamics in large cohort of septic 
patients are lacking. Moreover, the variety of methods in cerebral hemodynam-
ics assessment in published literature makes comparison between studies 
difficult.
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51.1  Introduction

Sepsis-associated encephalopathy (SAE) is the most frequent sepsis-related organ 
dysfunction [1]. It appears early during the course of infection, often before any 
other organ involvement [2], in up to 70% of hospitalized septic patients [3]. SAE is 
described as the diffuse cerebral dysfunction that accompanies the abnormal inflam-
matory response during an infection, in absence of direct central nervous system 
involvement. Clinical presentation of SAE resembles that of delirium, defined as an 
acute disturbance in attention, cognition, and awareness that tends to fluctuate in 
severity during the day and that is not explained by another preexisting, established, 
or evolving neurological disorder. Sometimes considered a subtype of delirium, 
SAE can vary in severity, ranging from behavioral alterations to coma [4]. 
Development of SAE is associated with mortality; in a prospective study on 50 
patients, Eidelman et al. showed an inverse relationship between GCS on admission 
and ICU mortality (16% for GCS 15 up to 63% for GCS 3–8) [3]. Moreover, SAE 
can negatively impact the quality of life (QoL) of survivors, who may present per-
sistent cognitive impairment, functional disability, and physical, sensory, and emo-
tional alterations [5]. Because of the absence of specific clinical findings, SAE is a 
diagnosis of exclusion based on clinical examination.

51.2  Sepsis-Associated Brain Dysfunction (SAE): 
Pathophysiology

SAE is a multifactorial syndrome whose multiple pathophysiological mechanisms 
might be involved to different degrees depending on patient characteristics (e.g., 
age, preexisting cognitive status), medications, environmental factors (e.g., sleep 
deprivation), or metabolic alterations (e.g., fever, hypo-hyperglycemia) [6]. A syn-
thetic, non-exhaustive representation of pathophysiology of SAE is reported in 
Fig. 51.1. Along with small hemorrhagic lesions, multiple ischemic lesions have 
been described in post-mortem analysis of septic shock patients, suggesting that 
alterations in cerebral blood flow (CBF) are involved in the development of 
SAE. Ischemic lesions were not only found in brain areas traditionally considered 
sensitive to ischemia (i.e., hippocampus, basal ganglia, frontal cortex), but also in 
the nuclei of the autonomic nervous system (i.e., amygdala, anterior and posterior 
hypothalamus, locus coeruleus), which seems to be specific to sepsis [7]. These 
brain areas are all involved in the development of the broad spectrum of SAE symp-
toms. Polito et  al. investigated 71 septic patients through MRI during the first 
7–14 days from diagnosis. They identified two prevalent patterns of brain injury: 
diffuse leukoencephalopathy and ischemic strokes. Leukoencephalopathy was 
attributed to blood–brain barrier (BBB) disruption and subsequent vasogenic edema, 
while ischemic strokes were attributed to cytotoxic edema due to cerebral hypoper-
fusion. Hemodynamic instability frequently characterizes early sepsis and septic 
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patients are potentially extremely vulnerable to hypotension. Cerebral oxygen 
demand is directly proportional the complexity of brain activity and even though the 
cerebral blood flow is only slightly reduced in septic patients [8], this reduction 
could be enough to impair superior cognitive functions. In case of nonconvulsive 
seizures and periodic epileptiform discharges, which may occur in septic patients 
[9], such reduction can determine an oxygen supply-demand imbalance. Such 
pathophysiological considerations underline the importance of optimizing brain 
perfusion during sepsis, in order to avoid secondary brain injury.

51.3  Transcranial Doppler (TCD/TCCS): Cerebral 
Perfusion During Sepsis

As for most organs in the body, the adequacy of oxygen supply-demand balance is 
far more important than the absolute value of oxygen delivery itself. It follows that 
the ability to regulate the CBF is more important than its absolute value in prevent-
ing hypoxic/ischemic episodes to the brain. Furthermore, there are evidences that 
cerebral autoregulation curve is modified under specific circumstances. For exam-
ple, cerebral autoregulation is impaired early during the course of diabetic disease 
[10] and hypertensive patients have cerebral autoregulation curve shifted to the right 
[11]. The existence of such comorbidities in septic ICU patients cannot be neglected, 
so that monitoring of adequate oxygen supply to the brain while avoiding excessive 
flow, which would contribute to vasogenic edema, is of great importance in prevent-
ing neurological complications.

Systemic circulatory dysfunction
Microcirculatory dysfunction
Cerebral autoregulation dysfunction

Cytokines release

Vasogenic oedema

Microglia activaiton

Mitochondrial
dysfunction

Glutamate release

Emboli
Global and regional hypoperfusion/ischemia

Micro-abscesses

Neuroinflammation

Altered neurotrasmission

Increased intracranial pressure

Neuronal loss

Seizures

New onset
arrhythmias

Global hypocholinergia

Cholinergic anti-inflammatory
pathway blunting

Sympathetic/Parasympathetic
nervous system imbalance

Impaired acethylcholine synthesis
Colinergic synaptic dysfunction

Cellular ap-optosis

Coagulation alterations

Endothelial damage

BBB dysruption

Oxidative stress

Inflammatory/Anti-inflammatory
molecules imbalance
Oxidative stress

Fig. 51.1 Pathophysiology of sepsis-associated brain dysfunction
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There are several methods to evaluate cerebral blood flow in humans. However, 
to date, there has been no consensus on which one is most accurate. Trans-cranial 
Doppler (TCD/TCCS), although not able to quantify CBF, is a suitable tool to inves-
tigate the cerebrovascular hemodynamics. Its affordable costs, absence of risk and 
discomfort for the patient also during long-time monitoring, portability and real- 
time detection of changes in cerebrovascular hemodynamics at bedside make it a 
most attractive option for cerebral circulation investigation in clinical practice. 
Sepsis-related modifications in cerebral circulation have been investigated by TCD/
TCCS in humans with alternative results. In 1998, Smith et al. investigated a small 
cohort of septic patients (n = 15) and nonseptic controls (n = 9). They used Doppler 
blood flow velocity in common carotid artery to estimate CBF and found that it was 
directly proportional to the cardiac index in patients with septic shock, concluding 
that the cause must have been the loss of autoregulation of cerebral blood flow [12]. 
On the opposite, Matta and Stow investigated cerebral autoregulation (CA) by mod-
ifying mean systemic arterial pressure with phenylephrine infusion in 10 patients 
with altered mental status and on mechanical ventilation, during early sepsis 
(<24 hours from diagnosis): they found that raising mean systemic arterial pressure 
(MAP) from 75 to 98 mmHg did not induce modification in middle cerebral artery 
blood flow velocity measured by transcranial Doppler, concluding that CA was 
intact in that MAP range [13]. Taccone et al. reported that cerebral autoregulation 
was altered in 66% of 21 patients affected by septic shock [14]. Pfister et al. assessed 
cerebral autoregulation in 16 patients within 48  hours from diagnosis of sepsis. 
They assessed CA by Mxa and sepsis-associated delirium by CAM-ICU. Despite 
similar systemic hemodynamics parameters, in 12 patients diagnosed with SAE 
mean Mxa was higher than in patients who did not show signs of altered mental 
status, meaning an association between altered CA and occurrence of SAE [15]. 
Moreover, patients with SAE had higher C-reactive protein levels, which in turn 
were associated with increasingly altered autoregulation, suggesting a role of 
inflammation in altering CA [16]. There are evidence that cerebral autoregulation in 
septic patients is impaired early during the course of sepsis, but improves over time. 
Schramm et al. investigated CA in 30 patients during the first 4 days after sepsis or 
septic shock diagnosis. CA was impaired in 83% of patients. Mxa was highest on 
day 1 and then the value decreased during the first 72 hours (from 0.42 to 0.3), sug-
gesting an improvement in CA over time. A significant association between CA 
impairment at day 1 and sepsis-associated delirium diagnosed at day 4 was found, 
suggesting that altered CA might influence the development of sepsis-associated 
delirium [17]. Unfortunately, due to the different methods of assessment on cerebral 
autoregulation, a pooled analysis of the patients included in the published studies 
has not been possible [18].

Pierrakos et al. calculated the pulsatility index (PI)—which is positively related 
to changes in vascular resistance [19]—in 38 patients during the first 72 hours from 
sepsis diagnosis. More than half of patients (55%) showed signs of SAE during 
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ICU stay, as assessed by CAM-ICU. PI >1.3 on the first day of assessment was 
independently associated with the development of neurological symptoms during 
their ICU stay up to a maximum of 10 days follow-up [20]. Straver et al. showed 
that mild intracranial vasospasm may occur in septic shock, as demonstrated by a 
Lindegaard ratio above 2  in 20 patients [21]. A recent meta-analysis [18] con-
ducted on four studies [22–25] reported an increased PI in septic patients (n = 92) 
compared to healthy controls (n = 86). Taken together, these studies suggest altered 
basal vascular tone in cerebral circulation during sepsis with possible 
vasoconstriction.

Being carbon dioxide the main determinants of vascular tone, its influence on 
cerebral autoregulatory capacity has been hypothesized [26]. Animal studies showed 
that hypercapnia shifts the autoregulation curve to the right [27] and reduces the 
plateau [28]. On the other hand, pressure regulation prevails on carbon dioxide reac-
tivity during hypotension [16, 26]. Matta and Stow tested carbon dioxide reactivity 
in a small sample of 10 sedated septic patients and found it to be within normal 
limits during early sepsis (<24 hours) [13]. In 2007, Thees et al. showed a normal 
cerebrovascular reactivity on a small sample (n = 10) of mechanically ventilated 
patients investigated during late sepsis (>48 hours) [29]. On the opposite, Bowie 
et al. found that cerebrovascular reactivity to active modifications of carbon dioxide 
(from normocapnia to hypocapnia and then hypercapnia) was reduced in 7 and 
increased in 2 out of 12 sedated and mechanically ventilated patients in late sepsis 
(>24 hours), while only 3 patients had normal cerebrovascular reactivity [30]. These 
results were consistent with those by Terborg et al. on eight septic patients [31] and 
those by Fülesdi et al. on 16 septic patients after administration of acetazolamide 
[23]. A composite effect of carbon dioxide and MAP on cerebral autoregulation 
cannot be excluded, so that comprehensive understanding of CA should take into 
account the integrated effect of multiple mechanisms. The effect of carbon dioxide 
levels on cerebral autoregulation has been tested by Taccone et al., who investigated 
the modification of middle cerebral artery blood flow velocity in response to a 
vasopressor- induced MAP challenge in 21 patients during the first 3 days of septic 
shock. CA was more frequently altered in patients with hypercapnia (pCO2 
>40 mmHg), suggesting that carbon dioxide levels may alter the responsiveness of 
cerebral arteries to arterial pressure changes [14]. Hence, there is the chance that 
even small changes in plasmatic carbon dioxide levels during studies exploring 
cerebral perfusion and autoregulation may obscure the effects of any investigated 
intervention or mechanism. These results have not been confirmed later by Berg 
et al., who showed no difference in frequency-domain analysis of cerebral autoregu-
lation after modification in carbon dioxide levels in seven mechanically ventilated 
septic patients within 72 hours from diagnosis [32]. However, the sample size in this 
latter study does not allow any definite conclusions. Overall, in most of those stud-
ies cerebral autoregulation appeared to be altered in septic patients, more severely 
in patients affected by SAE (Table 51.1).
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Whether cerebrovascular reactivity to carbon dioxide is preserved during sepsis 
is not clear, while an influence of carbon dioxide levels on cerebral autoregulation 
performance during sepsis cannot be excluded.

One last technical consideration about cerebral autoregulation assessment in sep-
tic patients is due. As explained in the dedicated chapter, cerebral autoregulation 
may be assessed by different methods. The mean flow index (Mxa) is an index of 
cerebral autoregulation previously used in septic and non-septic patients [34] and 
relies on prolonged TCD/TCCS monitoring, which allows CA assessment using 
spontaneous fluctuations in mean arterial pressure [35]. Use of spontaneous MAP 
fluctuations is a validated method to assess CA while limiting potentially stressful 
procedural and/or pharmacological interventions (e.g., pain during thigh-cuff test) 
and interfere with the homeostasis of CA itself. Such fluctuations have been 
observed in healthy subjects and patients affected by intracranial disease [36]. They 
occur spontaneously at very low frequency or as a physiologic response to varia-
tions in intra-thoracic pressures [37] and depend on intact neuronal pathways mainly 
located in the brain stem [38]. Unfortunately, the presence and amplitude of such 
spontaneous fluctuations in septic patients has not been determined yet.

51.4  Conclusion

Sepsis-associated brain dysfunction is one of the most common organ dysfunction 
during sepsis and is associated with poor outcome. Moreover, acute brain dysfunc-
tion is an important risk factor for long-term cognitive impairment among survivors. 
Brain hypoperfusion may contribute to the development of sepsis-associated brain 
dysfunction and transcranial Doppler (TCD/TCCS), although not able to quantify 
cerebral blood flow, can be helpful to detect changes in cerebrovascular hemody-
namics, to assess cerebral autoregulation and to evaluate the status of cerebrovascu-
lar resistance. Further studies should evaluate therapeutic strategies aiming at 
optimizing cerebral perfusion using transcranial Doppler and the effects of such 
interventions on the occurrence and severity of sepsis-associated brain 
dysfunction.

I. A. Crippa and F. S. Taccone
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 Algorithm

INTENSIVE CARE UNIT (ICU)

NO Clinical Status of the Patient

Exclude other possible causes

I. CNS Infection

II. Hypoxia / Hypoperfusion

III. Seizures

IV. Withdrawal Syndrome

V. Hepatic or Uremic encephalopathy

VI. Hypo / Hyperthermia SEPSIS and…

VII. Hypo / Hypernatremia 1. Behavioral Alterations?

VIII. Hypo / Hyperglycemia 2. Alteration of Cognition?

IX. Adrenal Insufficiency 3. Trend of GCS (descending)?

X. Thyrotoxicosis 4. Coma? (Without Sedation) YES

XI. Myxedema Coma [ Acute Disturbance ]

XII. Medications

YES

PERFORM BRAIN IMAGING NO Optimize Oxygen Delivery

[ CT Scan or MRI ] 1. MAP > 65 mmHg

Other cause
Ruled out

DIAGNOSIS 2. SpO2 > 93%

3. ScvO2 > 70% or SvO2 > 70%

4. pCO2 35 – 45 mmHg

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

Cerebral Autoregulation (CA) Cerebro-Vascular Resistance (CVR)

Dynamic CA Spectral Waveform

Mean Flow Index (MXa) 1. Mean Flow velocity (MFV)

Impaired: First 72 hs of the Sepsis beginning 2. End-Diastolic Velocity (EDV)

3. Peak Systolic velocity (PSV)

Check Morphology: EDV variations 

Pulsatility Index (PI)

Check: Trend the values over time 

Increase: First 72 hs. of the Sepsis beginning

Contributes to
Impaired

MONITOR HYPERCAPNIA
PaCO2 > 45 mmHg

Sepsis-Associated Brain Dysfunction
(SAE)

[ Consider higher MAP if chronic
Hypertension ] 

Focal Sign?
[ Check ]

ABCD

Level of Consciousness (GCS)

Bilateral Pupillary Reactivity?

Hemodynamic Stability?

Mechanical Ventilation?

Oxygenation?

 

ABCD Airway-breathing-circulation-disability, CNS Central nervous system, MAP Mean arterial 
pressure, SpO2 peripheral capillary Oxygen saturation, pCO2 Carbon dioxide arterial partial pres-
sure, ScvO2 Central venous oxygen saturation, SvO2 Mixed venous oxygen saturation
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Chapter 52
Infective Endocarditis and Stroke: Active 
Embolization Risk Monitoring 
by Transcranial Doppler (TCD/TCCS)

Carla Venegas, Leilani Johnson, and Aarti Sarwal

Key Points
 1. Patients with infective endocarditis (IE) are at high risk of developing an embolic 

stroke, but up to 30% of patients may fail to meet the definite modified Duke 
criteria. Demonstration of embolic phenomena on transcranial Doppler (TCD) 
emboli monitoring, especially in echocardiographic negative cases, may qualify 
as minor criteria to assist in definitive diagnosis.

 2. Presence of embolic phenomena on TCD may predict the risk of ischemic as 
well as hemorrhagic stroke in patients with IE. This may be useful for screening 
patients for risk of initial or recurrent stroke.

 3. Presence or persistence of high-intensity transient signals (HITS) on TCD in a 
patient with IE may be a useful guide to tailor therapeutic interventions includ-
ing antibiotic duration, prolonged antibiotic prophylaxis, early valvular surgery, 
or vacuum-assisted vegetation extraction.
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52.1  Introduction

Patients with left-sided infective endocarditis (IE) may present with central ner-
vous system (CNS) emboli manifesting as acute ischemic or hemorrhagic stroke 
in up to 55% of cases [1]. The diagnosis of underlying endocarditis rests on the 
modified Duke criteria that includes major and minor criteria, with one of the 
minor criteria being the presence of embolic events. Up to 14% of patients with 
definitive criteria and 41% of patients meeting possible IE diagnostic criteria 
may have no echocardiographic evidence of vegetation diverting the focus of 
stroke workup to alternate etiologies as well as influencing rigor of continuing 
antibiotic therapy [2].

Transcranial Doppler (TCD) is a noninvasive method for cerebral hemody-
namic assessment using low frequency (2 MHz) pulsed sound to detect vaso-
spasm, intracranial stenosis, or emboli in patients with acute cerebrovascular 
disease. TCD with emboli monitoring has shown potential in predicting the risk 
of stroke in carotid and intracranial disease [3]. Detection of high-intensity tran-
sient signals (HITS) as Doppler manifestations of emboli may be used as minor 
criteria to diagnose IE [3]. Emerging studies have suggested that emboli moni-
toring may be useful in predicting the risk of initial and recurrent stroke in 
patients with IE [2].

52.2  Infective Endocarditis: Epidemiology of Stroke

Over the past decade, the incidence of IE has increased due to a rise in the use 
of implantable cardiac devices, an increasing number of hospital-acquired cases, 
and opioid use [4]. Acute ischemic stroke may occur in 20–55% of patients with 
left- sided IE and may be silent in a majority of patients [1]. After initiation of 
appropriate antimicrobial therapy, frequency of new stroke rapidly declines, 
falling from 4.82 of 1000 patient-days in the first week to 1.71 of 1000 patient-
days in the second week [5]. IE patients with coincidental or subsequent episode 
of cardioembolism continue to be at increased risk for both recurrent clinical 
and subclinical ischemic events [6].

While ischemic stroke is clinically apparent in approximately 40–56% of 
these patients, up to 82% of patients with IE may experience asymptomatic 
cerebral lesions as visualized on neuroimaging [7, 8]. A study based mainly on 
neuroimaging has shown that one-third of patients may have evidence of embolic 
phenomena change the diagnosis to “definite” or “possible” IE [7]. Other neu-
rological complications like cerebral microbleeds, mycotic aneurysms, cerebri-
tis, and abscesses have been proposed to be a sequelae of embolic complications 
[9, 10].
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52.3  Infective Endocarditis: Pathophysiology of Stroke

Acute stroke occurs due to thromboembolic phenomenon associated with the veg-
etation characteristic of left-sided IE or thrombus associated with it. Right-sided IE 
may result in embolic phenomenon in the presence of a right-to-left shunt [4]. The 
distribution of such strokes is usually punctate across multiple arterial territories, 
but it may also cause large vessel occlusions. Risk factors like anticoagulant ther-
apy, vegetation larger than 3 cm, S. aureus infection, and mitral valve involvement 
predict increased risk of neurological complications in patients with left-sided 
IE. Protective factors against further embolization include initiation of appropriate 
antimicrobial therapy as early as within the first week of treatment [5].

Other complications caused by IE include cerebral microhemorrhages, mycotic 
aneurysm, vasculitis/venulitis, and superficial siderosis. The embolized vegetation 
becomes established in the cerebral vessels and can cause endarteritis with resultant 
additional ischemic or hemorrhagic strokes [10].

52.4  Infective Endocarditis: Management of Stroke

The mainstay of definitive therapy in IE is appropriate antibiotics and preventing fur-
ther embolization of the infectious source by eliminating the cardioembolic vegeta-
tion through valvular surgery [2]. For acute presentations of stroke, thrombolytic 
therapy decisions may be challenging in known IE due to high risk of intracerebral 
hemorrhage [2]. In the setting of IE, valvular surgical repair is indicated in the pres-
ence of heart failure or anatomical heart destruction, highly resistant microorganisms, 
relapsing prosthetic valve endocarditis, and persistent infection or recurrent embolic 
events despite appropriate antibiotic therapy [2]. Serial brain imaging may be needed 
in patients with left-sided IE in order to rule our stroke or intracranial bleeding, espe-
cially in settings of surgical intervention, general anesthesia, or perioperative systemic 
anticoagulation. Cerebral mycotic aneurysm may further delay surgical repair due to 
associated risk of intracranial hemorrhage with systemic anticoagulation [2].

Patients with ischemic stroke secondary to IE are also at higher risk for hemor-
rhagic transformation with reported worse prognosis; hence, the efficacy of anti-
thrombotic agents in stroke related to IE is debatable. Aspirin does not appear to be 
beneficial and may have a tendency to increase risk of bleeding [4]. The evidence is 
insufficient regarding benefit and safety of recommending anticoagulation therapy, 
and indications may differ depending on whether IE occurs in native valve versus 
prosthetic valve. In cases that have a high risk of cardioembolic stroke due to another 
clinical indication like atrial fibrillation, pacemakers or presence of mechanical 
valve requiring anticoagulation therapy may be continued after screening for 
mycotic aneurysm with close neurological monitoring or serial brain imaging to 
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exclude hemorrhagic transformation. If a patient develops an intracerebral hemor-
rhage while anticoagulated, anticoagulation should be fully reversed according with 
the severity of the bleed and the anticoagulant agent in use.

52.5  Transcranial Doppler (TCD/TCCS): Active 
Embolization Monitoring Role

TCD is an emerging, noninvasive diagnostic application used to assess embolic 
phenomena, such as vasospasm or intracranial stenosis, in patients with acute cere-
brovascular disease. TCD can detect embolic phenomena, which are indicated by 
HITS, critical for an early diagnosis of IE. TCD monitoring can play several roles 
in evaluation and management of IE including diagnosis in echocardiographic nega-
tive cases, predicting stroke risk and guiding escalation for definitive therapies in 
patients with persistent HITS [11, 12].

HITS represent solid or gaseous microemboli that can be detected on 
TCD.  These solid or gaseous microemboli are characterized by unidirectional 
short-term intensity increases, at least 3 dB above the background intensity level, 
accompanied by an audible “whistling” sound (Fig.  52.1) [13]. Most of these 

Fig. 52.1 An example of high-intensity transient signals (HITS) visualized on transcranial 
Doppler imaging of posterior cerebral artery. HITS are solid or gaseous microemboli within the 
blood flow and are represented by unidirectional short-term intensity increases
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microembolic signals are clinically asymptomatic, but represent an increased risk 
of stroke. HITS have been shown to predict complications and recurrent stroke in 
carotid and intracranial thromboembolic disease, pointing toward needs for more 
aggressive therapy [3].

Many studies have shown a relationship between HITS and patients with car-
dioembolic source. A small but significant number of patients may not meet echo-
cardiographic criteria for a definitive diagnosis of IE [2]. This may dissuade 
pursuance of IE treatments and initiate diagnostic workup for alternate etiologies. 
Presence of HITS on TCD may be the only evidence of septic brain embolization 
in these patients. TCD/TCCS can play several roles in evaluation and manage-
ment and, may complement MRI in the diagnosis of apparent asymptomatic 
patients. Studies assessing correlation of HITS with occurrence of stroke have 
found the prevalence of HITS to be highest in patients with IE [3]. Results showed 
that neurological complications occurred in 83% of patients with HITS compared 
to 33% of patients without HITS (P = 0.021). The most common neurological 
complication was ischemic stroke, present in 69% of patients. Additionally, there 
was a trend toward higher in-hospital mortality in patients with HITS [11]. This 
suggests the role of inclusion of TCD with emboli monitoring on initial diagnostic 
testing in evaluation of IE where initial cardioembolic etiology may not be visual-
ized via echocardiography [11, 12, 14].

Patients found with HITS on TCD/TCCS have 2.5 times higher incidence of 
stroke, compared with patients without HITS, also have been associated with 
higher mortality [3]. The presence of HITS in IE patients with no neurological 
manifestations may suggest the need for early initiation of therapy (e.g., antibiot-
ics) in high clinical suspicion of IE, but no documentation of vegetation or evalu-
ation for more aggressive therapies like valvular surgery or vacuum-assisted 
vegetation extraction. It may be pertinent to assess for alternate comorbidities like 
presence of atrial fibrillation and carotid stenosis that may also cause HITS on 
TCD. Further studies are needed to investigate the role of antithrombotic therapy 
in conjunction with antibiotic treatment to prevent further strokes in patients with 
HITS. Imaging to rule out mycotic aneurysms or angiographic evidence of endar-
teritis may be necessary if antithrombotics are initiated.

Persistent HITS despite antibiotic can play several roles in evaluation, and man-
agement therapy can also play a role in escalating urgency for earlier surgical inter-
ventions. In patients with left-sided IE, severe valve disease, and large vegetation, 
one randomized controlled trial showed a significantly reduced risk of death and 
embolic events in those who underwent early surgery versus conventional treatment 
[15]. Demonstration of persistent HITS, a known precursor to strokes, might sway 
the evidence needed to assess risk-benefit ratios of earlier surgical intervention. 
Emboli monitoring may also assess early triage of high-risk patients with high peri-
operative risk for open valvular surgery for procedures like vacuum-assisted vegeta-
tion extraction.
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An increasing number of studies have suggested adding cerebral microbleeds, 
mycotic aneurysms, cerebritis, and abscesses to the spectrum of phenomenon 
included in septic embolization. Thus, making it worthwhile to investigate the cor-
relation of these phenomena on angiographic and MRI with HITS can play several 
roles in evaluation and management visualized on TCD emboli monitoring. Since 
these phenomena correlate with risk of hemorrhagic stroke as well, embolic moni-
toring may provide a critical opportunity to assess risk of hemorrhagic stroke in 
these patients as well as the safety of prophylactic or therapeutic anticoagulation.

52.6  Conclusion

Neurologic complications are common in patients with left-sided IE and may be 
initially clinically silent in a significant number of patients. Despite advances in 
clinical diagnosis and surgical options, in-hospital mortality rates of patients who 
suffer neurological complications from IE continues to be high. Thus, any interven-
tions targeted toward early diagnosis and detection of neurological complications 
can have an impact on outcomes. In the absence of a visualized cardioembolic 
source on echocardiography, demonstration of HITS on TCD monitoring may be 
considered a surrogate for cardioembolic phenomena and facilitate earlier definitive 
diagnosis of IE. The detection of HITS may also predict a higher risk for neurologi-
cal complications and may guide decisions for appropriate and aggressive medical 
and surgical treatment.
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 Algorithm

EMERGENCY DEPARTMENT (ED)
INTENSIVE CARE UNIT (ICU)

Clinical Status of Patient
ABCD
Level of consciousness (GCS)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxigenation?

DIAGNOSIS

CRITICALLYILL PATIENT
INFECTIVE ENDOCARDITIS

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

ASSESSMENT
EMBOLI ?

YES NO
CONSIDER CONSIDER

Definitive but NO Surgery CONSIDER Alternative Diagnosis
I. IV Antibiotics (ATB) If High clinical suspicion:
II. TCD/TCCS Emboli CONSIDER

I. REPEAT TCD Emboli in one
week

YES TCD/TCCS
CONSIDER EMBOLI ?
Rule Out:

I. Carotid / Other
Cardioembolic source

Unrelated to vegetation

NO
NONE FOUND CONSIDER

I. IV ANTIBIOTICS
II. Close Neurological

monitoring CONSIDER
I. Escalation of treatment if

available Negative
NO ESCALATION AVAILABLE II. Change in ATB / Vegetation

Extraction / surgeryCONSIDER
I. Rule Out Mycotic Aneurysm

II. Antithrombotics TCD/TCCS EMBOLI
Positive In one Week  

ABCD Arway-breathing-circulation-disability, ATB Antibiotics, IV Intravenous
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Chapter 53
Neurosurgical Patient in ICU: Usefulness 
of Transcranial Doppler (TCD/TCCS) 
in Postoperative Monitoring

Camilo N. Rodríguez and Thomas Geeraerts

Key Points
 1. The basic principle of neurosurgical patient management is to ensure adequate 

brain tissue perfusion, maintaining a sufficient blood flow to supply energy and 
oxygen to the brain parenchyma.

 2. If neuroworsening occurs after a neurosurgical procedure, prompt recognition is 
essential because it may be the first indication of potential complications.

 3. In many clinical scenarios during neurosurgical postoperative period, TCD/
TCCS may have a transcendent role in diminished gap between neurological 
clinical examination and other investigations that may be invasive or require 
patient transport outside of the ICU.

 4. Midline shift (MLS) monitoring is important for preventing neurological wors-
ening and assess early neurosurgical intervention. Keep in mind that any amount 
of midline shift is considered abnormal.

 5. Measurement of volume of Intracerebral Hematoma (ICH) is a very useful mon-
itoring tool in the daily bedside following, and thus contribute to therapeutic 
decisions in real time interpreting the clinical trends.

 6. The most used approach, to diagnose hydrocephalus by TCCS, is the measure-
ment of the diameter of the third ventricle through the transtemporal window.

 7. It is critical to interpret and integrate hemodynamic qualitative and quantitative 
trends (not only the absolute value) of the Spectral Doppler wave (blood flow 
velocity patterns) with the clinical context of the patient.
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 8. TCD/TCCS allows to calculate indexes of cerebral autoregulation (CA); mean 
velocity index (Mx); and systolic velocity index (Sx) in search of the optimal 
CPP during postoperative period.

53.1  Introduction

Neurosurgical patients frequently require admission to ICU, either for postoperative 
management or for treating complications (including traumatic brain injury (TBI), 
intracerebral spontaneous hematomas (ICH), ischemic strokes, subarachnoid hem-
orrhages (SAH), or elective surgeries). One of the primary goals of neurosurgeon, 
anesthesiologist, and intensive care physicians during perioperative care is to mini-
mize complications, where they contribute substantially to increased morbidity and 
mortality in patients after neurosurgical procedures. Despite that the admission of 
all neurosurgical patients to the ICU was questioned by recent studies, admission to 
ICU has shown better clinical outcomes [1]. Hence, the immediate postoperative 
management of these patients is based on maintaining an optimal cerebral perfusion 
pressure (CPP) ensuring a correct cerebral oxygenation.

Numerous studies describe different rates of complications in the neurosurgical 
postoperative period. Rolston et al. [2] have reported the postoperative period com-
plication rate of neurosurgical procedures is approximately 14%. While Manninen 
et al. [3] have reported the incidence of immediate postoperative period complica-
tions occurring from 3% up to 30% and Siqueira Pires et al. [4] describe a differ-
ence in the rate of complications, discriminating between immediate (45–52%) and 
late (71–79%) neurosurgical postoperative period. Therefore, it must be considered 
that postoperative complications are relatively high, where it seems that in non-
elective neurosurgical procedures (emergency situation) intracranial hypertension 
and pupillary reactivity changes are the top of clinical manifestations [4]. The indi-
cation for ICU admission may be due to postoperative admission for an interven-
tion, to an altered level of consciousness requiring clinical or multimodal monitoring, 
to requiring mechanical ventilation (MV) for airway protection, or to postsurgical 
medical complications [5].

Transcranial Doppler (TCD) and transcranial color-coded duplex sonography 
(TCCS), adopted as goal-directed at the bedside, are noninvasive patient bedside 
monitoring techniques which facilitate management and monitoring of acute neuro-
logical injury clinical evolution including immediate (<24 hrs) and/or late (>24 hrs) 
neurosurgical postoperative complications.

As Robba et al. highlight in the review of 2017 [8], the need of real-time patient 
bedside neurological diagnosis and monitoring of cerebrovascular evolution in the 
ICU convert TCD/TCCS on the stethoscope for the brain.
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53.2  Neurosurgical Postoperative Period: General 
Management Goals

The basic principle of neurosurgical patient management is to ensure an optimal 
cerebral perfusion pressure (CPP), maintaining an adequate blood flow to supply 
energy and oxygen to the brain parenchyma. During postoperative neurosurgery in 
ICU, elevated ICP may be the final common pathway of space-occupying pathol-
ogy. Prompt recognition and treatment is necessary to prevent neurologic deficit 
and/or death.

Postoperative neurosurgical patients are at risk of developing complications. 
Therefore, neurological and systemic monitoring is used to identify deteriorating 
patients for the purpose of treat the underlying cause and minimize the impact on 
final outcomes [9]. Then, we must consider monitoring systemic and neurological 
parameters [7] (Table 53.1).

 1. Systemic parameters monitoring (Table 53.2)

An exhaustive clinical examination is crucial to detect minimal changes in the 
physiologic parameters that allow us to anticipate a clinical deterioration, as a cause 
or consequence of neuroworsening.

Table 53.1 Bed side 
postoperative neurosurgical 
patient assessment in ICU: 
Systemic and neurological 
examination integrative 
approach

Examination
TCD/TCCS 1. Hemodynamic parameters

CBFVs
   Spectral Doppler waveform analysis
   Hemodynamic indexes (PI, LR…)
2. Brain parenchyma parameters
   Midline Shift (MLS)
   Size: 3th Ventricle/Lateral ventricles
   Space-occupying lesions
3. Ocular color-coded sonography (OCCS)
   ONSD
   Pupillary light reflex (PLR)

Neurological Glasgow coma scale/FOUR Scale
Pupillary reactivity
Motor deficit
Sensitiv deficit
Behavior
Cranial nerves deficit
Language
Seizures
MMM

(continued)
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Table 53.2 Systemic parameters

Systemic parameters: Monitoring

Clinical 
surveillance

Hemodynamics Oxygenation Lab. 
examination

Medications

FAST HUG 
BID [91]

ABP (invasive, 
noninvasive)

SpO2 ABG RASS [89] /BPS/
CPOT [88]

Respiratory rate MAP Pulmonary US 
[90]

Hematology Drugs: CO/ABP

Respiratory 
pattern

CO / EVLWI / GEDVI 
/ SVV [21]

Cardiac US 
[90]

Coagulation 
status

Steroids

Dyspnea ECG MV settings 
[12]

Glucose ATB/Fluids

Heart rate EtCO2 O2: FiO2 [Na++]p Anticoagulation
Temperature Cardiac US [90]
Nausea/
vomiting

Pulmonary US [90]

Blurred vision
Shivering
Headache

FAST HUG Feeding, analgesia, sedation, thromboembolic prophylaxis, Head-of-bed elevation, 
stress ulcer prevention, and glucose control, ABP Arterial blood pressure, MAP Mean arterial pres-
sure, CO Cardiac output, SpO2 Peripheral capillary oxygen saturation, EKG Electrocardiogram, 
ELWI Extrapulmonary lung water index, GEDI Global end-diastolic volume index, SVV Stroke 
volume variation, MV Mechanical ventilation, RASS Richmond agitation sedation scale, BPS 
Behavioral pain scale, CPOT Critical-care pain observation tool, ATB Antibiotics, ABG Arterial 
blood gases, [Na++]p plasmatic sodium, US Ultrasound

Systemic Fast-Hug-Bid
Respiratory pattern and rate
SpO2/EtCO2
Heart rate/ECG/ABP
CO/EVLWI/SVV
RASS/CPOT
Electrolytes/Glucose/Hematology

POCUS BLUE Protocol
RUSH Protocol
FALLS Protocol

TCD/TCCS Transcranial Doppler and transcranial color-coded 
duplex sonography, POCUS Point- of- care ultrasound, RUSH 
Rapid ultrasound in shock, BLUE Bedside lung ultrasound in 
emergency, FALLS Fluid administration limited by lung 
sonography

Table 53.1 (continued)
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 1. FAST HUG BID [91]

• Once a day

 2. Central venous cannulation:

• Internal Jugular Vein
• Asymmetric drainage (right-side dominance (80%)) [10]
• Main outflow of the cerebral blood flow (73%) [87]

 3. Sedation-analgesia monitoring:

 1. Allow (if possible) “Neurological examination windows” [13]
 2. Neurological parameters monitoring (Table 53.3)

A detailed clinical examination will be performed evaluating the level of con-
sciousness through the Glasgow Coma Scale (GCS), pupil size and reactivity (pupil-
lometry (NPi)/ultrasound (US)), and/or the FOUR scale [14].

Table 53.3 Neurological parameters

Neurological parameters: Monitoring

Clinical 
surveillance

Multimodal monitoring: Brain specific monitoring

LoC (GCS/
FOUR)

TCD/TCCS Oxygenation Other ICP Hemodynamics

Pupillary 
reactivity

CBFV PbtO2 CMD EVD CPP

Cranial nerves 
deficit

Pulsatility Index SjvO2 EEG ONSD

Nystagmus Resistance Index NIRS SSEPs Pupillometry 
(NPi)

Dysarthia/
Aphasia

Lindegaard Index

Photophobia CA
CAM-ICU Midline Shifta

Motor response Lateral 
Ventriclesa

Sensitivity 
response

Third ventriclea

Seizure activity Intraaxial 
collectiona

Ocular fundus
Nuchal Rigidity

Extraaxial 
collectiona

LoC Level of consciousness, CBFV Cerebral blood flow velocity, CA Cerebral autoregulation, 
PbtO2 Brain tissue oxygenation tension, SjvO2 Jugular bulb venous oxygenation, NIRS Near- 
infrared spectroscopy, CMD Cerebral mycrodialysis, EEG Electroencephalogram, ICP Intracranial 
pressure, EVD External ventricular drain, ONSD Optic nerve sheath diameter, CPP cerebral perfu-
sion pressure, NPi Neurologic pupil index, SSEPs Somatosensory evoked potentials
aThey do not strictly belong to multimodal monitoring, but will be considered in the post-operative 
neurological complications assessment if high ICP is suspected
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If abrupt and/or sustained changes are present in the neurological exploration 
(the evaluation of trends is important), the need to perform, if possible, an imaging 
(Gold standard), either a brain CT/MRI scan, in search of intracranial complications 
[15] should be considered.

Repeated clinical and neurological examination is probably the most important 
and cost-effective monitor in the postoperative setting [9]. Hence, the implementa-
tion of a neurosurgical Postoperative Checklist as a standard and reproducible tool 
for the ICU staff is recommended to reduce the rate of complications and improve 
patient safety and quality of postoperative care [16, 17].

53.3  Neurosurgical Postoperative Period: Neuromonitoring

It is common that craniotomy patients are admitted to an intensive care unit (ICU) 
for the first 12–24 hrs and transferred out of the ICU on the day after, a common 
situation in elective and noncomplicated neurosurgical procedure. In other clinical 
scenarios, patients have a high risk of neurological complications, where the neuro-
logical procedures are complicated or are performed during emergency situations, 
and the time-of-care in the ICU is much longer [18]. When a patient is admitted to 
ICU physicians should first stabilize all vital signs (ABC) and do a thorough physi-
cal examination to assess the general condition and severity of the patient. Sometimes 
the neurological examination is not possible or is not enough, and hence advance 
neurological monitoring is necessary.

53.3.1  Modality of Neuromonitoring

53.3.1.1  Multimodal Monitoring (MMM)

A variety of advanced techniques are used to monitor systemic and neurophysiolog-
ical parameters to identify real-time changes and guide patient directed treatment 
before clinical deterioration in the ICU [19].

53.3.2  Focus of Postoperative Neuromonitoring: 
Real-Time Decisions

The goal of postoperative period of neurosurgery in the ICU is to provide continuity 
of patient care to detect and prevent neurological worsening (Table  53.4) while 
stabilizing systemic and neurological homeostasis, which requires a planning that 
begins in the preoperative period with a multidisciplinary team involved [20].
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53.3.3  Goals of Postoperative Neuromonitoring: 
Guided-Therapeutic Decisions

Prevention, identification, monitoring, and directed treatment of secondary brain 
injury (brain edema and intracranial hypertension, cerebral hypoxia/ischemia, brain 
energy dysfunction, convulsive/nonconvulsive seizures) occur after the initial insult 
and surgical intervention (sometimes subclinical presentation) [21] and thus impact 
functional recovery and outcome of the patients.

If clinical and/or neurologic deterioration occurs, prompt recognition is crucial 
because it may be the first indication of a serious and potentially fatal complication 
[3, 4, 22]. Meticulous attention of these is essential as poor management can pro-
foundly affect neurological outcome (Fig. 53.1).

In this chapter we will focus on the measurement and analysis of cerebral blood 
flow velocities (CBFV) through TCD/TCCS as monitoring of neurological deterio-
ration secondary to postoperative complications and in those neurophysiological 
parameters related to this technique.

Table. 53.4 Neurosurgical postoperative complications: Potential causes of neurological 
deterioration

Neuroworsening: Possible causes of deterioration
 1. Intracranial hypertension: High ICP
    1.1 Cerebral edema
    1.2 Expanding intracranial mass lesion

     1.2.1 Intra or extra-axial hemorrhage (ICH, SDH, SAH, etc.)
     1.2.2 Intra or extra-axial collection (abscess, empyema, etc.)

    1.3 Acute hydrocephalus
    1.4 Seizures
    1.5 Hyperthermia
 2. Acute ischemic stroke
 3. CSF leak
 4. Acid-base and electrolyte disturbances
    4.1 PaCO2 disturbance
    4.2 Hyponatremia/Hypoglycemia
 5. Systemic hypotension (Low SBP and Low MAP)
 6. CNS infection
 7. Hypoxemia/Tissue hypoxia
 8. Seizures (consider NCSE)
 9. Vasospasm (DCI)
10. Medication effect (sedation, analgesia, etc)
11. Tension pneumocephalus

ICP Intracranial pressure, ICH Intracerebral hemorrhage, SDH Subdural hematoma, SAH 
Subarachnoid hemorrhage, CSF Cerebral-spinal fluid, SBP Systolic blood pressure, MAP Mean 
arterial pressure, CNS Central nervous system, NCSE Non-convulsive status epilepticus, DCI 
Delayed cerebral ischemia
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53.4  Transcranial Doppler (TCD/TCCS): Neurosurgical 
Postoperative Neurological Monitoring

In intensive care unit (ICU), TCD/TCCS has particular value in patients with an 
insufficient or incomplete neurologic examination. Hence, can help the clinician in 
making decisions and potential real-time clinical interventions. The assistance rele-
vance of this goal-directed approach, 24 hours and 7 days a week, allows availability, 
repeatability, immediate interpretation, and quick clinical integration [23].

In patients who are unconscious or early postoperative recovering, there often 
exists a diagnostic gap between the yield of the bedside neurologic examination 
(even in conscious patients, sometimes it is not enough) and other investigations 
that may be invasive or require patient transport outside of the ICU. In many clinical 
scenarios during neurosurgical postoperative, TCD/TCCS may have a transcendent 
role in diminishing this gap. We should keep in mind that some proportion of the 
patients transported out of the ICU (complementary studies such as brain CT scan, 
CT angiography, or MRI) had secondary injuries post-transfer [24, 25].

In this chapter, we will focus on neurological monitoring of postoperative neuro-
surgical complications through TCD/CCTS at the bedside in the ICU. The rest of 
the neurological parameters will be briefly developed to complement the under-
standing of the interaction with TCD/TCCS. Transcranial perfusion monitoring pro-
vides early and real-time warning of impending brain ischemia and/or ICP changes, 
as a secondary brain insult clinical manifestation, and may be used to guide 

A. Neuroworsening

B. Neuroworsening: Other clinical manifestations

C. Neuroworsening: Initial Assessment and Respose

1. Spontaneous decrease in the GCS motor score ≥ 1 point.
 (Compared with the previous examination)

New Focal motor deficit
New decrease Pupillary reactivity
New Pupillary asymmetry or bilateral mydriasis
Herniation syndrome or Cushing’s Triad

1. Respiratory: Dyspnea / ↓ SpO2 / ↓ RR / ↑RR / Bronchospasm

1. Emergent evaluation: Identify possible cause/s
2. Herniation suspected

3. Re-assessment: Improvement ? / worsening ?

2.1 Empiric treatment
2.2 Consider brain imaging or other bedside testing
2.3 Re-assessment: Escalation or change treatment

3. Hemodynamics: ↓ABP / ↑ABP / ↓MAP / ↓ CO / ↑EVLWI
4. Gastrointestinal: Nausea / Vomiting
5. Neurological: New cranial nerve deficit / Unexplained delayed awakening / clinical
seizures /Episode of confusion / Aphasia / Dysarthria / Photophobia / Blurred vision
/ Headache

2. Cardiac: Bradycardia / Tachycardia / Arrhythmias / Cardiac arrest

2.
3.
4.
5.

Fig. 53.1 Neuro-worsening: Monitoring the neurological deterioration [7, 11]. (A, B) Demonstrate 
the clinical presentation of neurologic deterioration; (C) Demonstrate the emergent assessment and 
response. ↓ Low, ↑ High, ABP Arterial blood pressure, RR Respiratory rate, MAP Mean arterial 
pressure, CO Cardiac output, EVLWI Extravascular lung water index
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management of an optimal cerebral perfusion pressure (CPP) and brain oxygenation 
[26]. During postoperative of neurosurgery in ICU, elevated ICP may be the final 
common result related with space-occupying brain lesions, hypoperfusion, and 
ischemia, hence we will focus on cerebral hemodynamic bedside monitoring 
through TCD/TCCS to estimate real-time ICP changes as a trigger of clinical mani-
festation of complications. However, the noninvasive assessment of the ICP should 
be integrated with systemic and neurological monitoring parameter to interpret and 
take the better point-of-care therapeutic decision (Fig. 53.1).

In certain clinical scenarios, transcranial Doppler (TCD/TCCS) may have a role 
in bridging this gap, and helping the bedside physician decide whether investiga-
tions such as brain CT scan, CT angiography (CTA), or MRI are necessary, or if 
intracranial pressure (ICP) monitoring or other surgical interventions are required.

The main objectives of neurological monitoring in ICU, during the postoperative 
period of neurosurgical procedures, through the TCD/TCCS are to ensure adequate 
cerebral perfusion pressure (CPP) and brain oxygenation. Therefore, to make thera-
peutic decisions integrating the different clinical and monitoring findings, TCD/
TCCS has the following goals (Fig. 53.2):

Space-Occupying lesion

TCD/TCCS CBFV SDWF

LI
RI
PI

OCCS PLR

ICP

CPP

PRx

Mx
SxPSV

EDV
MFV

MAP

Cardiovascular System
CO Pre-load

Contractility Post-load

DO2

DO2

Acute Hydrocephalus
Tension Pneumocephalus

ABP Heart rate
Cardiac POCUS

Resoiratory System
VT APE

Pulmonar POCUS
↑ELWI

PaO2

PbtO2

PaCO2

SjvO2

FiO2
PEEP

RR

Fig. 53.2 Schema of multimodal monitoring oriented to TCD/TCCS: Usefulness of neurological 
monitoring by TCD/TCCS to estimate ICP changes and the influence from clinical and neurologic 
parameters during interpret a neuro-worsening during postoperative period. CO cardiac output, 
ABP Arterial blood pressure, VT Tidal volume, FiO2 Inspired oxygen fraction, PEEP Positive end- 
expiratory pressure, RR Respiratory rate, APE Acute pulmonary edema, ELWI Extrapulmonar lung 
water index, POCUS Point-of-care ultrasound, ICP Intracranial pressure, CPP Cerebral perfusion 
pressure, CBFV Cerebral blood flow velocity, PI Pulsatility index, RI Resistance index, LI 
Lindegaard index, MAP Mean arterial pressure, PbtO2 Brain tissue oxygen tension, OCCS Ocular 
color-coded sonography, PLR Pupillary light reflex, SDWF Spectral Doppler wave form, DO2 
Delivery oxygen, PSV Peak systolic velocity, EDV End-distolic velocity, MFV Mean flow velocity, 
Mx Mean velocity index, PRx Pressure reactivity index
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 1. Estimation of intracranial pressure (ICP)
 2. Estimation an optimal noninvasive CPP
 3. Detection of cerebral ischemia

53.4.1  Intracranial Pressure (ICP): Monitoring 
and Estimation**

Elevated ICP may be the final result of disequilibrium (in context of compensatory 
mechanisms depleted) between the volume of intracranial components in a rigid 
vault as skull (Monro-Kellie doctrine). The ICP depends, in other words, on arterial 
inflow volume and partial pressure of each component (Eq. 53.1) [27].

   ICP P P PBrain Blood CSF= + +   (53.1)

PBrain = Pressure generated by brain parenchyma volume
PBlood = Pressure generated by equilibrium between inflow and outflow volume
PCSF  =  Pressure generated by equilibrium between production volume and 

reabsorption
** For more details, see Chap. 2.

53.4.1.1  Invasive Approach: Gold Standard Monitoring

There are a variety of device options to monitor ICP when indicated:

• Intraventricular probe

 – Allows: CSF diversion (EVD)

• Intraparenchymal probe

 – Allows: Regional oxygenation monitoring (PbtO2)
 – Allows: Cerebral microdialysis (CMD)

53.4.1.2  Invasive Approach: Interpretation

The ICP is more than a number. Morphological analysis of the ICP pulse waveform 
is crucial. Integrate the parameters.

• Absolute ICP value (NV*: 7–15 mmHg)
• ICP waveform analysis (assess brain compliance)
• Response to ICP therapy (asses brain compliance) [27]

*NV: Normal value
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53.4.1.3  Noninvasive Approach: Estimation of ICP

Intracranial hypertension is a frequent and deleterious complication of brain injury 
(secondary to diffuse (cerebral edema) or focal changes (space-occupying lesions) 
of the parenchymal brain), where noninvasive ICP estimation would be helpful, 
especially in clinical situations where the risk benefit balance of invasive ICP moni-
toring is unclear or when ICP monitoring is not immediately available or is even 
contraindicated. There are two noninvasive methods to estimate noninvasive ICP at 
bedside [28]:

• TCD approach

 – Mode: Pulsed wave spectral Doppler
 – Mode: M-mode (PMD)

• TCCS approach

 – Mode: Pulsed spectral Doppler and color-coded
 – Mode: B-mode (grayscale)

• OCCS (Optical color-coded sonography)

 – Mode: B-mode (ONSD)
 – Mode: B-mode (PLR**)

** Pupillary light reflex

53.4.1.4  Noninvasive Approach: ICP Interpretation

Elevation of ICP may be the common denominator in the clinical evolution of neu-
rological impairment during the neurosurgical postoperative period, in response to 
mechanical complication (occupying-effect lesion) and in response to cerebral or 
systemic hemodynamic involvement. Therefore, the estimation and monitoring of 
ICP is crucial.

Changes in the CBFV are observed with ICP increases as well as when cerebral 
perfusion pressure (CPP) decreases, usually manifested on TCD/TCCS as decreas-
ing EDV and MFV, and thus an elevation of the pulsatility index (PI). The integra-
tion of clinical findings, B-mode images, blood flow velocities, and PI may help to 
differentiate patients with intracranial hypertension and/or cerebral hypoperfusion 
at bedside, providing ICU staff an individualize diagnostic and treatment approach 
[29] (Fig.  53.3). Bedside neurosonology is more practical for situations where 
information regarding serial temporal changes of intracranial parameters are 
required [30].

• TCD/TCCS (general settings)

 – ICP: Noninvasive estimation

Hemodynamic manifestation
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 – Acoustic window: Transtemporal (first step) and transforaminal
 – Modes:

TCD: PW Doppler flow and power-motion mode Doppler (PMD)
TCCS: Color Doppler flow imaging and duplex

 – Depth of insonation:

TCCS: 14–16 cm [6, 23] (to recognize the hyperechoic contralateral skull)
TCD: According to the insonated vessel

 – Arterial CBFV:

MCA / ACA / PCA / ICA / BA / VA
Measurements (cm/s)

 – Spectral Doppler wave
 – PSV (peak systolic velocity)
 – MFV (mean flow velocity)
 – EDV (end-diastolic velocity)

In clinical practice, MCA is the most frequently insonated intracranial vessel, 
because it is easy delineated through the transtemporal acoustic window. It collects 
approximately 60–70% of the internal carotid artery (ICA) blood flow. Then its 
evaluation can be taken to represent almost total blood flow to one hemisphere.

Start the insonation protocol with the measurement of the CBFV, pulsatility 
index (PI), and analysis of the spectral waveform contour of the middle cerebral 
artery (MCA), through the transtemporal acoustic window. Consider, performing a 
sonographic assessment aimed at bedside clinical findings.

The CPP is maintained in both systole and diastole, as shown by the systolic and 
diastolic component of the TCD/TCCS spectral waveform, where the brain is being 
a low-resistance system. Therefore, the adequacy of cerebral perfusion can be 
assessed by evaluating the diastolic component (EDV) of the TCD/TCCS waveform 
and ensuring that its amplitude is approximately half of the peak systolic (PSV) 
amplitude [31].

ICP

TCD/TCCS
Mechanical Manifestation

ICP

ICP

Occupying-space lesion
Non-invasive
Estimation

Non-invasive
Monitoring

MLS
Hemodynamic Manifestation

Hemodynamic indexes changes
CBFV Changes

Fig. 53.3 TCD/TCCS approach: Non-invasive estimation and monitoring of the ICP through 
sonographic mechanical and hemodynamic manifestations. MLS: Midline shift, CBFV Cerebral 
blood flow velocity, ICP Intracranial pressure
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• Spectral Doppler morphology analysis

 – TCCS: Angle correction(1)

More exact measurement of flow velocity. (Positioning the cursor of the 
sample volume as parallel as possible to the flow lines)

 – TCD: No angle correction

• Qualitative waveform changes [32]

 – Shape of wave (Blood flow velocity pattern)
 – Differences in pulsatility amplitudes between PSV and EDV. (Characterized 

by a high diastolic component)

• Quantitative waveform changes

 – EDV measurement
 – MFV measurement
 – Hemodynamic indexes

• Hemodynamic patterns:

 1. Hypoperfusion: EDV < 20 cm/s, MFV < 30 cm/s and PI >1.4 [33, 34]
 2. Hyperemia: CBFV above normal reference values, LR < 3 (anterior circula-

tion), and LR < 2 (posterior circulation) [35]
 3. High resistance: high pulsatility index and normal CBFV [35]
 4. Vasospasm: CBFV above normal reference values, LR > 3 (Anterior circula-

tion), and LR > 2 (Posterior circulation) [35].
 5. Cerebral circulatory arrest (Assess flow trends): Reverberating flow, systolic 

spikes, and/or absence of flow [35]

• Assess CBFV hemodynamic indexes:

 – Gosling Pulsatility Index (PI)(2): Normal value: 0.8–1.2 [32]
 – Pourcelot Resistivity Index (RI)
 – Lindegaard ratio (LR): Anterior circulation (MFVMCA/MFVICA)

Hyperemia (LR < 3)
Vasospasm (LR > 3)

 – Lindegaard ratio (LR): Posterior circulation (MFVBA/MFVVA) [35]

Hyperemia (LR < 2)
Vasospasm (LR > 2)

The pulsatility of the waveform reflects the amount of resistance in the distal 
cerebral blood vessels. In addition to the isolated values, TCCS-derived hemody-
namic parameters and PI could serve as a reliable guide for detecting intracranial 
hypertension in the ICU, provided that trends are sought rather than the use of 
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individual measurements [85, 86]. TCD/TCCS PI-derived ICP values should be 
considered as estimates, and an intracranial invasive monitor (gold standard) should 
be placed to confirm. However, estimation of ICP through PI measurement is cru-
cial to make individualized therapeutic decisions at bedside in real-time, especially 
when the patient cannot access to invasive ICP monitoring (Eq. 53.2).

 
PI PSV EDV MFV= ( )– /

 
(53.2)

PI is not affected by the angle of insonation. With the estimation of ICP, we can 
obtain the CPP value (CPP  =  ICP  – MAP). The target value is to maintain a 
CPP > 60 mmHg; lower levels have been associated with worse outcome [36]. The 
PI can be converted to an estimate of ICP through the following formula [23] with 
a sensitivity of 89%, and specificity of 92%, where a PI of >2.13 would correlate to 
an ICP > 22 mmHg [37, 38] (Eq. 53.3).

 
ICP PI= ×( ) −10 93 1 28. .

 
(53.3)

(1) More details, see Chap. 15.
(2) More details, see Chap. 21.
Please keep in mind that the prediction of ICP with PI is relatively large, as the 

95% confidence interval of the prediction has been described to be ±4.2 mmHg 
[38].It is also critical the interpretation and integration of the hemodynamic qualita-
tive and quantitative trends (not only the absolute value) of the Spectral Doppler 
wave (blood flow velocity patterns) with the clinical context of the patient [33].

Finally, as a home message, when interpreting the increase (or trend) of PI we 
must consider that it can increase in two important clinical circumstances: (1) rising 
of ICP (rising cerebrovascular changes resistance), and/or (2) changes in cerebral 
perfusion (CPP) (hemodynamic changes) [39]

• Venous/sinuses CBFV (1) [92]

 – dMCV(2)/Vein of Galen/Basal vein (Rosenthal)(3)

• Transtemporal acoustic window

 – Transverse sinus

• Transtemporal acoustic window

 – Straight sinus(4)

• Transtemporal acoustic window
• Transforaminal acoustic window

 – Measurements (cm/s)

PSV
EDV
MFV
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(3) 78–100% detection rate through transtemporal acoustic window [40].
(4) 48–83% detection rate through transtemporal acoustic window [40].
In general, venous TCCS is a less commonly used method to estimate, at the 

bedside, the increase in ICP. Elevation of ICP causes venous hemodynamic changes 
(changes in blood flow velocities and pulsatility), as this low-pressure system is the 
most sensitive to these ICP variations. Therefore, compression of this compartment 
behaves as a compensatory mechanism to intracranial pressure changes [41]. 
Therefore, venous blood may be pooled toward larger venous vessels (straight sinus 
and Basal vein) or straight sinus is compressed by rising ICP (with constant blood 
flow) causing an increase in venous flow velocity.

Intracranial venous flow velocities have a better correlation with cerebral blood 
flow (CBF) than arterial cerebral blood flow velocities, because they are less influ-
enced by active diameter changes (vasoreactivity) and a thinner vascular wall 
(anatomy).

Intracranial venous Doppler signals show a low pulsatility. Therefore, the most 
accessible hemodynamic measurements are the peak systolic (PSV) and end- 
diastolic (EDV) blood flow velocities, where sometimes the measurement of mean 
flow velocity (MFV) is difficult in the context of poor spectral enveloped wave of 
venous pulsed Doppler. Due to this, the automatic calculation of the pulsatility 
index may be difficult [42].

Stolz et al. [42] applied venous TCCS to estimate of intracranial venous hemo-
dynamic response in a clinical context of a midline dislocation due to postischemic 
brain edema. Basal vein (Rosenthal), vein of Galen, and straight sinus insonation 
showed that the change caused in the midline (hemispheric cerebral edema) deter-
mined a change in ICP. This increase in ICP was manifested through changes in 
venous blood flow velocities, especially in the vein of Galen (increase venous 
PSVVG), basal vein (decrease venous PSVbv), and straight sinus (increase venous 
PSVSRS). Therefore, the decrease of venous PSVBV may be due to compression of 
the basal veins in the midbrain cistern (anatomical layout) and/or possible cuffing of 
the vein of Galen joining the straight sinus. Other venous TCCS parameters (venous 
resistance index and systolic/diastolic ratio) may not be good estimators of ICP.

Schoser et al. [11] applied venous TCCS for estimation of ICP, finding a linear 
relationship between rising ICP and increasing straight sinus peak systolic velocity 
(PSVSRS). Finally, Robba et al. [30] demonstrated that a method based on the com-
bination of two correlated parameters (ONSD + PSVSRS) perform promising value 
for the diagnosis of intracranial hypertension, and a strong correlation with invasive 
ICP monitoring (AUC: 0.93 for prediction of ICP above 20 mmHg). The best ONSD 
and PSVSRS cut-off values for prediction of intracranial hypertension were 5.85 mm 
and 38.50 cm/s, respectively.

Despite of venous MFV measurements are difficult, Valdueza et al. [41] describe 
the usefulness of the venous TCCS in the monitoring of venous collateral pathways 
in superior sagittal sinus thrombosis (SSST). An increase in MFV was demonstrated 
in the basal vein (collateral venous pathway). This great venous capacitance (col-
lateral) determines a favorable prognosis.

(1)More details, see Chaps. 7 and 28.
(2)Deep middle cerebral vein.
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• TCCS (General settings)

 – ICP: Noninvasive estimation

Parenchymal manifestation

 – Acoustic window: Transtemporal through diencephalic (Thalamic) plane to 
measure third ventricle

 – Modes:

TCCS: B-mode

The harmonic tissue imaging (THI) generates images that contain fewer artifacts 
improving conventional grayscale images quality (B-mode) [43].

• Depth of insonation:

 – TCCS: 14–16 cm [6, 23] (To recognize the hyperechoic contralateral skull)

• Brain midline shift (MLS): >0.35–0.5 cm [44–46] (Fig. 53.4)

Diagnosis of midline shift is important both for preventing further secondary 
neurological injury by early neurosurgical intervention. Any amount of midline 
shift is considered abnormal, where poor neurological outcome can be associated 
with a clinically significant midline shift ≥0.5  cm [45]. MLS measurements on 
ultrasound have correlated well with CT findings, and have been predictive of poor 
outcome during clinical evolution of acute neurologic injury [46, 47].

One of the first and most straightforward clinical applications of TCCS is to 
identify the presence of MLS, where the technique includes third ventricle measure-
ment with B-mode sonography through transtemporal acoustic window by dience-
phalic plane [48]. TCCS can be regarded as a reliable tool for monitoring the midline 
shift in patients with acute supratentorial brain lesions. Approximately, 5–20% of 
patients will have difficult views leading to uninterpretable TCCS images [37]. The 
MLS can be measured by the following formula (Eq. 53.4, Fig. 53.4) [23, 37].

 
MLS distance A distance B= ( )– / 2

 
(53.4)

a b c

Fig. 53.4 Transcranial imaging for midline shift. (a) Insonation from right temporal bone to third 
ventricle, representing distance A (7.41 cm). (b) Insonation from left temporal bone to third ven-
tricle, representing distance B (6.11 cm). (c) Follow-up CT scan post TCD which reveals midline 
shift to be 7 mm. (Courtesy: Lau VI, Arntfield RT. Crit Ultrasound J, 2017;9:21)
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MLS (>0.4  cm) can be a good independent predictor of clinical outcome in 
patients with intracerebral hemorrhage [49]. With the increase of ICP and/or space-
occupying lesions, MLS measured at the level of the third ventricle increases linearly 
with time as ICP increases. Therefore, periodic measurement of MLS (trends) is as 
important as the absolute value [42, 48]. Clinical utilization of TCD/TCCS for MLS 
should incorporate integration of measured CBFV and PI between right and left ante-
rior circulation. The trends and asymmetry findings in CBFV and PI are the main 
indicators of potential midline shift. Consider that in some circumstances, such as 
bone defects (decompressive craniectomy) or temporal cephallohematomas, the use 
of the aforementioned method of midline shift measurement may be imprecise [50].

As a tip to take home, the presence of hydrocephalus of the third ventricle does 
not affect MLS measurement, as the measurements are done to the center of the 
third ventricle, not to its outer walls [51].

• TCCS
• General settings and considerations
• Space-occupying lesion (mass effect)
• Parenchymal manifestation (mechanical changes)

If there is evidence of clinical deterioration and signs of increased ICP (CBFV, 
spectral Doppler waveform, and hemodynamic indexes changes), it is prudent to 
investigate changes in the cerebral parenchyma with the goal of finding potentially 
treatable postoperative complications. However, the space-occupying lesion effect 
on the midline does not necessarily indicate raised ICP [46].

• Acoustic window: Transtemporal (axial planes and coronal plane)
• Modes:
• TCCS: B-mode
• Depth of insonation:
• TCCS: 14–16 cm (to recognize the hyperechoic contralateral skull)
• Brain Midline Shift (MLS): >0.35–0.50 cm [44, 46]
• Transtemporal acoustic window through diencephalic plane to measure third 

ventricle

During the neurosurgical postoperative period, clinical and/or neurological 
worsening may result from midline deviation secondary to space-occupying injury, 
resulting in an episode of elevated and sustained ICP. These lesions may present as: 
(1) Infra-axial collections (intracerebral hematoma, abscess, SAH), (2) extra-axial 
collections (subdural hematoma, empyema, hygromas, pneumo-encephalus), and 
(3) hemispheric cerebral edema (post-ischemic brain edema).

The abnormalities that can evidence through TCD/TCCS associated with elevated 
ICP secondary to space-occupying lesion, in the context of external compression of 
the cerebral vessels and brain parenchymal structure dislocation, are characteristic 
alterations in the spectral Doppler tracing (changes in the spectral Doppler waveform 
and CBFVs) and/or space-occupying effect (midline shift), respectively. Hence, we 
must keep in mind that any amount of midline shift is considered abnormal.

• Intracranial hemorrhage
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• Intracerebral hematoma (ICH) (Fig. 53.5)
• Subdural hematoma (SDH) (Fig. 53.6)
• Epidural hematoma (EDH) (Fig. 53.7)
• Intracerebral hematoma (ICH) [52, 53]

 – Parenchymal manifestations: Mass effect and midline shift

• Acoustic window: Transtemporal

 – Axial planes (supratentorial)
 – Axial plane (infratentorial): Upper pons**
 – Coronal plane: (90° turn from mesencephalic plane with probe mark toward 

cephalic)

a b

Fig. 53.5 TCCS axial brain scan at thalamus level showing a large intracerebral hematoma: (a) 
Computed tomography (CT) image corresponding to the TCCS image shown in (b). The triangles 
indicate the hematoma. (b) TCCS image showing the hyperechoic hematoma in the acute phase. 
(Courtesy: Uwe Walter. Transcranial sonography of the cerebral parenchyma: Update on clinically 
relevant applications, Perspectives in Medicine (2012))

Fig. 53.6 The figure 
shows the highly 
echogenic skull opposite to 
the probe and a highly 
echogenic membrane 
clearly distinctable from 
the skull as sonographic 
correlate of the dural 
border of the arachnoid 
and as a sign of subdural 
space enlargement (yellow 
arrows). (Courtesy: Niesen 
WD, et al. Front Neurol 
2018;9:374)
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** May be useful for a cerebellar hematoma.
The calculation of hematoma volume by TCCS needs transtemporal axial view 

to measure anteroposterior (cm) and transverse dimensions (cm), and coronal view 
to measure height dimension (cm). Using the same equation as the one used for the 
estimation of intracerebral hematoma volume routinely through CT. The formula is: 
(Eq. 53.5) [53].

 
HV A B C= × ×( ) / 2

 
(53.5)

HV: Hematoma volume.
There are three important determinants of the effectiveness of TCCS in the diag-

nosis and monitoring of hematomas: size, location, and sonographic appearance. 
Thus, parietal and frontal hematomas are the most difficult to locate [54]. Small 
hematoma may be detected if the location is within reach of ultrasound. Finally, the 
hematomas (intra- and extra-axial) are changing their sonographic appearance 
(grayscale) over the days. In an acute phase (<5  days) they are insonated as 

a b

c d

Fig. 53.7 Brain CT-scan and TCCS (B-mode): (a) CT-scan showing persistent diffuse edema and 
epidural hemorrhage, approximately 7.9 mm diameter; (b) TCCS showing an epidural hematoma 
with 7.5  mm diameter; (c) CT- scan showing an epidural hematoma with 6  mm diameter; (d) 
TCCS showing a 6 mm diameter epidural hematoma (EDH). (Courtesy: Lacerda FH, Rahhal H, 
Soares LJ, Ureña FDRM, Park M. Rev. Bras Ter Intensiva. 2017;29(2):259–260)
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hyperechogenic structures, while beyond 5  days hematoma becomes hypoecho-
genic with a peripheral reinforcement. Therefore, in acute stages the TCCS presents 
a better accuracy [53].

This technique is a very useful monitoring tool for intracranial hematomas [55]. 
It contributes to the interpretation of clinical trends and real-time therapeutic deci-
sion making at the bedside.

• Subdural hematoma (SDH) [52, 53, 56] (Fig. 53.6)

 – Parenchymal manifestations: Mass effect and midline shift

• Acoustic window: Transtemporal (through bilateral approach)

 – Axial planes (supratentorial)

• Depth of insonation:

 – TCCS: 14–16 cm

(To recognize the hyperechoic contralateral skull)
SDH can be visualized from the side opposite to the pathology confirmed by 

brain CT scan. Demonstration of a hyperechoic membrane distinguishable (detached 
hyperechoic line) from opposing skull is defined as the dural border of the arach-
noid showing a subdural space enlargement (the echogenicity depends on the evolu-
tion time of the collection) on transcranial grayscale imaging (B-mode). SDH is 
quantized by measuring (mm or cm) the distance between the skull and the dural 
border of the arachnoid (hyperechogenic membrane).

• Mode:

 – TCCS: B-mode (tissue harmonic imaging (THI) could be an alternative)

Brain CT scan currently is the method of choice to monitor (Gold standard) [75]. 
Subdural hematoma (SDH) are potential life-threatening complications. If unde-
tected and untreated, they may lead to progressive transtentorial herniation with loss 
of consciousness, pupillary dilation, and further neurologic deficits [50].

TCCS, through grayscale (B-mode), demonstrated sufficient resolution for diag-
nosis and monitoring the extent of hematoma with high correlation with brain CT 
scan, showing sensitivity of 90.9% and a specificity of 93.8% to predicting surgical 
evacuation (>13.2 mm), in particular, by measuring the distance between the skull 
and the dural border of the arachnoid, described as a hyperechoic membrane 
[56–58].

However, small cortical hemorrhages could not easily be distinguished [53, 56]. 
Mostly, in critically ill patients, serial brain CT scan is performed leading to patient 
transportation out of the ICU, which may place patients at risk. Thus, TCCS may 
represent a possible method for noninvasively monitoring early hematoma growth 
at the bedside of patients.

• Epidural hematoma (EDH) [59] (Fig. 53.7)

 – Parenchymal manifestations: Mass effect and midline shift
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• Acoustic window: Transtemporal (through bilateral approach)

 – Axial planes (supratentorial)

• Mode:

 – TCCS: B-mode (tissue harmonic imaging (THI) could be an alternative)

• Depth of insonation:

 – TCCS: 14–16 cm

(To recognize the hyperechoic contralateral skull)
The EDH is a hyperechoic collection in the epidural space, which is located 

between the inner table of the skull and the dura mater. Epidural hematomas may be 
characterized clinically by a lucid interval, in which the patient is asymptomatic or 
not critically ill. However, once the epidural hematoma reaches a large enough size, 
it may exert significant mass effect. Therefore, patients with an epidural hematoma 
identified should be taken to the operating room for emergency evacuation. EDH is 
quantized by measuring the distance (mm or cm) between the skull and the dura 
mater by transcranial grayscale imaging (B-mode) (Fig. 53.7).

• Extra-axial collections
• Tension pneumocephalus

 – Parenchymal manifestation: Mass effect and herniation

• Acoustic window: Transtemporal and frontal(1)

• Mode:

 – TCCS: B-mode (tissue harmonic imaging (THI) could be an alternative)

• Depth of insonation: Bilateral approach

 – TCCS: 14–16 cm

(To recognize the hyperechoic contralateral skull)
(1) Is not described, but with adequate experience it could be useful.
Remember, an unexplained difficulty of accessing cerebral basal arteries in fol-

low- up TCD/TCCS examinations may suggest pneumocephalus [60].
Patients operated in sitting or semi-sitting positions are at risk of developing 

pneumocephalus. Large amount of air trapping results in altered level of conscious-
ness, seizures, and coma. Tension pneumocephalus requires urgent decompres-
sion [61].

Tension pneumocephalus: Entry of air through a dural defect and subsequent air 
expansion in the subdural, epidural, intraventricular, or intraparenchymal spaces 
(brain CT scan: Mount Fuji sign) [62]. A high degree of clinical suspicion is needed 
to recognize this life-threatening neurological emergency (brain parenchyma com-
pression), which must be made by prompt resolution [63]. Sometimes, in the con-
text of neurosurgical postoperative period, an unexplained difficulty of accessing 
cerebral basal arteries in follow-up TCD/TCCS examinations may suggest 
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pneumocephalus as a differential diagnosis [60]. The frontal acoustic window may 
be another window to search it, if suspected. TCD/TCCS is not a gold standard for 
diagnosis; however, it is a useful alternative tool in clinical situations where the 
clinical suspicion is high and moving out the patient from the ICU is not possible.

Keep in mind that the sudden eruption of an intracranial mass (Dynamics dis-
eases) displaces brain tissue and can induce an increase in ICP, where all of these 
complications potentially increase mass effect, finally resulting in neurologic 
deterioration.

• Hydrocephalus [64] (Fig. 53.8)

 – Parenchymal manifestations: Herniation (mass effect)

• Acoustic window: Transtemporal through diencephalic plane to measure third 
ventricle [65, 66], and through ventricular plane to measure lateral ventricles 
(frontal horns) [51]

The advantages of TCCS, as a daily alternative monitoring tool (studies with 
larger number of patients should be performed), to follow hydrocephalus could 
encompass:

 (a) Low cost
 (b) Safe technique
 (c) No radiation risk
 (d) Daily monitoring
 (e) Bedside imaging

It is difficult to determine a cut-off point (as a predictor) from which the patient 
may suffer neurological impairment. However, diameters of the third ventricle have 
been described in a normal population measured by TCCS (0.39 +/− 0.25 cm) [67]. 
Therefore, daily monitoring of changes in third ventricle diameter through TCCS 
appears to be of greater clinical utility than a single absolute value. The most used 
approach is the measurement of the diameter of the third ventricle through the trans-
temporal window, where TCCS and computed tomography findings correlated bet-
ter for the third ventricle that right and left frontal horns of the lateral ventricles [65, 
66]. Therefore, direct measurement of lateral ventricles is more difficult because of 
the angle with respect to the ultrasound probe. However, Kiphuth et al. [51] have 
described that the resulting estimated optimal cut-off value of 5.5 mm in ventricle 
width after clamping (CSF drainage system) has a high sensitivity (100%) and a 
high negative predictive value (100%). TCCS offers a valuable alternative to 
repeated CT scans in the ICU in patients with hydrocephalus.

• TCD/TCCS
• Space-occupying lesion (mass effect)

 – Hemodynamic manifestations

• Acoustic window: Transtemporal (first step) and transforaminal
• Modes:
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 – TCD: PW Doppler flow and power-motion mode Doppler (PMD)
 – TCCS: Color Doppler flow imaging and PW Doppler

• Depth of insonation:

 – TCCS: 14–16 cm [6, 23]
 – TCD: According to the insonated vessel

a

c d

b

Fig. 53.8 (a) TCCS: Transtemporal acoustic window. (b) TCCS showed a measurement of the 
third ventricle at around 1.16 cm. (c) TCCS showed a dilated third ventricle measuring 1.37 cm. 
(d) CT scan showed a dilated third ventricle measuring 13.1 mm. (Courtesy: Najjar et  al. Crit 
Ultrasound J (2017) 9:17)
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(To recognize the hyperechoic contralateral skull)
Sudden eruption of an intracranial mass (Dynamics diseases) displaces brain tis-

sue and can induce an increase in ICP, where all of these complications potentially 
increase mass effect, finally resulting in neurologic deterioration. Increased ICP and 
resulting decreased cerebral perfusion pressure (CPP) give rise to typical changes in 
the spectral Doppler waveform obtained by TCD/TCCS (decrease of EDV and an 
increase in the PI) [68].

• Spectral Doppler morphology analysis

 – Middle cerebral artery (MCA)
 – Bilateral insonation
 – Consider trends of measurements

• Qualitative waveform changes [32]

 – Shape of wave (blood flow velocity pattern)
 – Differences in pulsatility amplitudes between PSV and EDV (Characterized 

by a high diastolic component)

• Quantitative waveform changes

 – EDV measurement
 – MFV measurement
 – Hemodynamic indexes

Pulsatility index

 – Hemodynamic patterns

The rise of ICP (mass effect) is represented, hemodynamically, by an initial 
increase in MCA velocity during systole and a corresponding decrease in velocity 
during diastole in both brain hemispheres. When ICP is severely elevated, diastolic 
flow may be absent or reversed. As PSV rises and EDV falls, PI (and therefore ICP) 
increases. Additionally, analysis of MCA spectral Doppler waveform always pro-
vides clinically useful information to address changes of the hemodynamic patterns 
in real-time [23, 68].

• OCCS: Ocular color-coded sonography**
• ICP: Noninvasive estimation

 – Parenchymal manifestations: ONSD and pupillary light reflex (PLR)

• Acoustic window: Bilateral approach

 – Transorbital: Through sagittal (M1) and transverse plane (M2)

• Mode:

 – OCCS: B-mode

Optic nerve sheath diameter (ONSD) ultrasound is a safe and noninvasive 
method of estimation ICP with high sensitivity and specificity (Eq. 53.6). However, 
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diagnostic criteria of rising ICP-based ultrasonographic ONSD have not been estab-
lished. Hence, after many studies, the 4.8–5.2  mm cut-off [69, 70], as optimal 
ONSD for the detection of increasing ICP might be a good approach. These thresh-
old values provide a qualitative indication of increased ICP. However, some studies 
have used ultrasonographic ONSD to quantitatively (mathematical formula) assess 
ICP values [71, 72] (Eq.  53.7). This technique might be helpful for screening 
patients with rise ICP, especially when invasive ICP monitoring is contraindicated.

 
ONSD M M M M= +( ) + +( )1 2 1 2 4/

 
(53.6)

 
ICP ONSD mmH O= ×( ) − ( )77 36 111 92 2. .

 
(53.7)

In the other hand, evaluation of pupillary shape and size as well as of the pupil-
lary light reflex (PLR) is a standard diagnostic procedure in neurological examina-
tions. Clinical examination of pupillary function typically includes estimation from 
both eyes of pupillary diameter and testing the PLR with a penlight.

B-mode ultrasound an objective method for the quantitative assessment of pupil-
lary function, which is useful where eyelid retraction is impeded or a pupillometry 
device is unavailable [73]. Ultrasonography pupillary assessment has high Pearson’s 
correlation coefficient (r) with infrared pupillometer (r = 0.92 right eye and r = 0.96 
left eye) in critically ill patients [84] (Fig. 53.9).

** More details, see Chap. 38.

• ICP: Noninvasive estimation

 – Hemodynamic manifestations **: Ophthalmic artery (OA), central retinal 
artery (CRA), and carotid siphon

• Acoustic window: Bilateral approach

 – Transorbital: Through transverse plane

a b c

Fig. 53.9 Example of pupillary diameter [PD] assessment in the closed eye by B-mode ultra-
sound. (a) PD at rest under standard dimmed light conditions of the ultrasound study room. (b) PD 
during ipsilateral light stimulus [Lstim]. (c) PD during contralateral Lstim. Crosses represent the 
markers set by the examiner for measuring the PD. (Courtesy: Schmidt FA, et  al. PLoS ONE 
2017;12(12): e0189016)
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• Mode:

 – OCCS: Color-coded duplex and PW Doppler

• Measurement (cm/s): PSV and MFV

Consider that the blood flow of the ophthalmic artery is orthograde (red color) 
with a characteristic flow pattern of high resistance (as a peripheral vessel). When 
assessing the orbital vessels, the operator must integrate the hemodynamic findings 
(changes in flow velocities, spectral Doppler waveform, and direction of flow) with 
the patient’s clinical findings.

** More details, see Chap. 38.

53.4.2  Estimation of an Optimal Noninvasive CPP

Adequate cerebral blood flow (CBF) is dependent on three components [74]:

 A. Cardiovascular (ABP)
 B. Intracranial pressure components (ICP)
 C. Cerebrovascular (CVR)

 
CBF ABP ICP CVR= ( )– /

 
(53.8)

These three regulatory components of CBF can be monitored and corrected at 
the patient’s bedside in the ICU. Focusing on noninvasive neurological monitoring 
through TCCS, we focus on noninvasive estimation of the ICP (intracranial content) 
and the cerebrovascular component (CVR, through active change in the diameter of 
the regulating vessels) to integrate the third cardiovascular component to select an 
optimal CPP goal [74].

 A. Cardiovascular: Monitoring MAP

 (a) Technique: Artery line

 B. Intracranial components: Estimation and monitoring ICP

 (a) TCD/TCCS: Hemodynamic manifestations
 (b) TCSS: Parenchymal manifestations

 C. Cerebrovascular: Cerebral autoregulation assessment

 (a) TCD/TCCS: Dynamic approach (Mx and Sx) [75, 76]

Cerebral perfusion pressure (CPP) is the driving pressure gradient for blood flow 
to the brain, which depends on the changes in the values of the ICP and the MAP 
(Fig. 53.10).

 CPP MAP ICP= –  (53.9)
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ICP: Intracranial pressure
MAP: Mean arterial pressure
CPP goal: ≥ 60 mmHg. This value should be adjusted (individualized) based on 

neuromonitoring data and the cerebral autoregulation status of the patient [92].
Noninvasive estimation of CPP by using TCD/TCCS may be of value in situa-

tions in which monitoring relative changes in CPP is required without invasive mea-
surement of intracranial pressure.

Patients are at risk of increasing ICP and of sudden changes in ABP or CPP that 
may require immediate clinical intervention. Low CPP is associated with potential 
instances of cerebral ischemia; conversely, high CPP is associated with brain 
edema [77].

Focusing on the monitoring and noninvasive estimation of CPP through TCD/
TCCS, Czosnyka et  al. [78] describe the utility and good correlation (r  =  0.73) 
between CPP (MAP minus invasive ICP) and eCPP (noninvasive) since the 
insonation of the MCA (Eq. 53.10).

 
eCPP MAP EDV MFV= ×( ) +/ 14

 
(53.10)

eCPP: Estimated CPP
EDV: End-diastolic velocity
MFV: Mean flow velocity
Robotic TCD recordings have a more continuous CPP estimation, though further 

research is required [79]. Combining TCD/TCCS measured CPP with noninvasive 
TCD cerebrovascular reactivity indices, such as Sxa(1) or Mxa(2) (acquired using 
TCD/TCCS in conjunction with continuous MAP), one could in theory obtain opti-
mal CPP through an entirely noninvasive means.

 1. Systolic flow index based on MAP (correlation between PSV and MAP)
 2. Mean flow index based on MAP (correlation between MFV and MAP)

CPP

ABP

CPP

ICP

ICP

CVP

Venous Pressure Loss

Time

P
re

ss
ur

e

Fig. 53.10 Definition of cerebral perfusion pressure (CPP). ABP is the blood pressure in the aorta. 
In the left half of tracing the intracranial pressure (ICP) is normal. To the right the ICP is elevated. 
Then the difference between ICP and central venous pressure (CVP) is causing venous collapse 
and increased outflow resistance. (Courtesy: Aaslid R, Lindegaard KF, Cerebral hemodynamic. 
Springer nature 1986)
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It is important to keep in mind that preserved cerebral autoregulation (CA) is an 
important tool when selecting optimal CPP.  Therefore, brain perfusion becomes 
dependent on CPP when autoregulatory mechanisms that maintain cerebral blood 
flow fail, where it is important to know the “cerebral hemodynamic moment” to 
position the patient outside of hypo- or hyperperfusion clinical situation to optimiz-
ing CPP. It can be useful to calculate two indexes of autoregulation with stronger 
association between it, called mean flow index (Mx) and systolic flow index (Sx) [8, 
79], where zero or negative correlation indicates preserved CA.**

** More details, see Chap. 16.

53.4.3  Detection of Cerebral Ischemia

The pathophysiology of brain injury can be thought of in terms of primary and sec-
ondary events. Secondary insults consist of a wide range of ischemic, metabolic, 
and inflammatory insults. The etiology of these secondary events is diverse and can 
include systemic and intracranial phenomena such as hypotension, hypoxemia, 
intracranial hypertension, or edema. The goal of neurological monitoring is to detect 
potentially harmful pathophysiologic events.

Ischemia is defined as a decrease in blood flow below the level necessary to sus-
tain normal cell structure and function. Ischemia can be global (intracranial hyper-
tension) or focal as in occlusion or narrowing of an intracranial vessel (embolism, 
thrombus, or vasospasm).

We will focus the monitoring and manifestation of cerebral ischemia, through 
TCD/TCCS in two pathologies that can manifest complications during the postop-
erative period in the ICU, after its neurosurgical treatment.

53.4.3.1  Aneurysmal Subarachnoid Hemorrhage (SAH)

Patient in poor neurologic condition (Modified Fisher scale, Hunt & Hess scale and/
or WFNS scale) frequently develop intracranial hypertension and vasospasm with 
delayed neurologic deficit and/or cerebral infarction. However, other causes of neu-
rological worsening should be excluded.

Arterial vasospasm (angiographic evidence and/or sonographic suspicion) is 
considered the most common cause of ischemia and clinical deterioration; specially 
delayed cerebral ischemia (DCI) (30%), although pathophysiology leading remains 
unclear [80], sometimes is reversible but may also progress to cerebral infarction 
[81]. The excellent sensitivity (90%) and high negative predictive value (92%) 
makes TCD/TCCS an ideal screening tool for detecting vasospasm in SAH [31].

The hemodynamic manifestation of TCD/TCCS is: high MFV (cm/s), which 
may correspond to hyperemia or vasospasm.
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• TCD/TCCS:**

 – B-mode: Color-coded duplex and PW Doppler
 – Acoustic window: Transtemporal, submandibular, and transforaminal
 – Arterial CBFV: Vasospasm [82]

MCA
ICA
Measurements (anterior circulation)

• MFVMCA*

 – Mild: 120–159 cm/s
 – Moderate: 160–199 cm/s
 – Severe: ≥200 cm/s

Once a spectral Doppler tracing has been obtained by tracing the envelope of the 
spectrum corresponding to one cardiac cycle (VTI: velocity time integral). The 
ultrasound machine will then generate a series of values, the most important of 
which is the MFV (TAV: time-average velocity or TAMAX: time-average maxi-
mum velocity). Progressive or persistent increase in blood flow velocity in a given 
vessel suggests focal vasospasm [23, 54] and may be associated with DCI [80].

• Lindegaard ratio (LR)

 – LR: <3 (suggestive of hyperemia)
 – LR: 3–6 (mild to moderate vasospasm)
 – LR: > 6 (severe vasospasm)

* MFV of middle cerebral artery

• Measurements (posterior circulation)

 – BA (MFV > 95 cm/s)(1)

 – VA (Right or left)
 – Sviri ratio (SR) [83, 93] (MFVBA / MFVVA)(2)

SR: 2 (Hyperemia)
SR: 2–2.49 (possible vasospasm)
SR: 2.5–2.99 (moderate vasospasm)
SR: ≥ 3 (severe vasospasm)

 1. Specificity up to 100%
 2. Accuracy is lower to identify vasospasm in the BA [83]

Digital subtraction angiography (DSA) is traditional gold standard imagings for 
detecting of vasospasm.

** More details, see Chaps. 22 and 23.
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53.4.3.2  Acute Ischemic Stroke (AIS)

Acute ischemic stroke results in focal neurological deficit, referable to a particular 
cerebral arterial territory, due to steno-occlusive extracranial and/or intracranial 
arterial disease. Early diagnosis is highly relevant for acute treatment strategies. 
Therefore, in clinical context of new neurological deficit, we focus on a key ques-
tion to begin the assessment:

 1. Suspecting an AIS: extracranial and/or intracranial stenosis/occlusion disease?

 1. Rapid detection of arterial steno-occlusive disease:

• Technique: Fast-Track insonation protocol
• Cervical duplex ultrasound (CDU)

 – Blood flow parameters
 – Anatomic features

• TCD/TCCS

 – Real-time flow findings
 – Parenchymal ultrasound

• Protocol: [94, 95]

 A. Anterior circulation: Transtemporal window/transorbital window/submandibu-
lar window.

Step1: TCD/TCCS
 1. Insonation MCA (M1) in non-affected side. Compare with the affected side.
 2. Insonation MCA (M1) in affected side. Insonation of ACA and PCA (flow diver-

sion?). Compare waveform shape and systolic acceleration.
 3. Insonation OA: Measure flow direction and PI. Insonation of ICA-siphon.
 4. If motor or sensory deficit: Evaluate BA and VA (V4).

Step 2: CDU/vertebral duplex
 1. Insonation affected side: B-mode, color, or power mode. Identify CCA
 2. ICA: document if it has lesion (B-mode) and disturbance on flow
 3. PW-Doppler of CCA, ICA, and ECA (spectral velocity)
 4. Affected side: If motor or sensory deficit, insonate the cervical portion of the VA 

by B-mode and PW-Doppler
 5. Non-affected side: Insonation of cervical arteries

 B. Posterior circulation: Transtemporal window/transforaminal window/subman-
dibular window

Step1: TCD/TCCS
 1. CBFV: BA and VA
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 2. If abnormal CBFV values: Insonate VA (V4) on the affected and non-affected 
sides to compare

 3. Bilateral insonation of PCA: Possible collateral flow through PcomA
 4. Bilateral insonate of ACA and MCA: Assess possible compensatory velocity 

increase as indirect sign of BA occlusion

Step 2: CDU/vertebral duplex
 1. Insonation affected side: B-mode. Identify CCA
 2. Bilateral insonation of VA: Spectral Doppler
 3. Bilateral duplex insonation of: CCA, ICA, and ECA

Note that to reduce the protocol-time of insonation, we may use IV echo-contrast 
(1–2 ml) [94]. This fast-track insonation protocol is a great complementary moni-
toring tool, especially in patients with contraindications to angiographic methods 
and in clinically less affected patients.

53.4.3.3  Traumatic Brain Injury (TBI)(1)

Secondary cerebral ischemia is very common after TBI, where impaired CA and 
elevated ICP can contribute with poor outcome.

The goals of TCD/TCCS, in these patients are monitoring and/or estimation of 
(1) ICP, (2) CPP, and (3) posttraumatic cerebral artery vasospasm. We focus on the 
last of these.

• TCD/TCCS
• B-mode: Color-coded duplex and PW Doppler
• Acoustic window: Transtemporal
• Arterial CBFV: Oligoemia

 – MCA: Decrease of MFV(cm/s) and increase PI

• Arterial CBFV: Vasospasm/hyperemia

 – MCA
 – ICA
 – Measurements (anterior circulation)

• MFVMCA*

 – Mild: 120–159 cm/s
 – Moderate: 160–199 cm/s
 – Severe: ≥200 cm/s

• Lindegaard ratio (LR)

 – LR: <3 (suggestive of hyperemia)
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 – LR: 3–6 (mild to moderate vasospasm)
 – LR: >6 (severe vasospasm)

• Gosling Pulsatility Index

 – MCA (spectral Doppler waveform)

* MFV of middle cerebral artery
Posttraumatic cerebral artery vasospasm may occur up to 50% of patients typi-

cally 12  hours to 5  days after primary injury. TCD/TCCS might be helpful for 
screening patients with rise ICP and/or potential oligoemic or hyperemic CBFV 
patterns, specially which invasive ICP monitoring is contraindicated or is not 
possible.

The hemodynamic changes and considerations in clinical context of decompres-
sive craniectomy are reviewed in Chap. 55.

(1) More details, see Chap. 41.

53.5  Conclusion

 1. The neurosurgical patient requires a comprehensive postoperative management 
with dynamic monitoring (real time) depending on their clinical situation.

 2. During postoperative period, a complete and frequent neurological exploration 
must be performed to detect early appearance of some type of deficits in the ICU.

 3. In sedated patients where a complete clinical examination is not possible, multi-
modal monitoring will be considered to help us optimize management and detect 
the appearance of complications.

 4. The need of real-time, especially in certain clinical scenarios where the transport 
of the patient and/or invasive monitoring is not possible, patient bedside neuro-
logical diagnosis and monitoring of cerebrovascular evolution in the ICU con-
vert TCD/TCCS on the stethoscope for the brain and make individual therapeutic 
decisions immediately.
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 Algorithm

INTENSIVE CARE UNIT (ICU) Neurosurgical POp

MONITORING
Clinical status of the Patient HR / ECG

SpO2/ EtCO2

ABP (MAP)
CO / EVLWI / SVV / GEDI

POC-US
Urine volume

CLINICAL EXAMINATION High ICP Suspicion
NEUROLOGICAL

LEVEL OF CONSCIOUSNESS Motor deficit
Sensitive deficit

Cranial nerve palsy TCCS
GCS ≤ 8 FOUR Score Parenchymal Approach

Aphasia / Dysarthria Midline Shift (MLS)
GCS 9-15 Agitation - Delirium 3rdVentricule / Lateral ventricles

• Hydrocephalus
SYSTEMIC Acute Space-occupying lesions

ASSESSMENT Respiratory • T.Pneumocephalus
Neuroworsening Rate / Pattern • ICH

Auscultation • EDH
Cardiac • SDH

MANAGEMENT Auscultation OCCS (ONSD and PLR)
Endotracheal Intubation Skin: Color and Tº TCD/TCCS
Mechanical Ventilation Fever / Pain Vascular Approach

Oxygenation CBFVs(Bilateral)
Hemodynamic Indexes/ratios
• Pulsatility Index (PI)

OPTIMIZATION BRAIN IMAGING • Lindegaard ratio (LR)
Glycemia CT / MRI / CTA Spectral Doppler analysis

Hemoglobin TCD / TCCS
ABP (MAP)

PaO2, PaCO2

Electrolytes MULTIMODAL MONITORING
CPP ICP / PbtO2/ SvjO2/ EEG / CMD

Temperature (Tº)

MANAGEMENT
Therapeutic decision

Pop
Complication

ABCD
Level of Consciousness (GCS)?
Bilateral Pupillary reactivity?
Hemodynamic stability?
Oxygenation?
Positioning in bed?

 

ABCD Airway-breathing-circulation-disability, GCS Glasgow coma scale, Pop Post-operative, 
ICP Intracranial pressure, TCD Transcranial Doppler, TCCS Trabscranial color-coded duplex 
sonography, CPP Cerebral perfusion pressure, ABP Arterial blood pressure, MAP Mean arterial 
pressure, CBFVs Cerebral blood flow velocites, HR Heart rate, ECG Electrocardiogram, SpO2 
Peripheral capillary oxygen saturation, EtCO2 End-tidal CO2, CO Cardiac output, POC-US Point-
of-cara ultrasound, OCCS Ocular color-coded sonography, EVLWI Extravascular lung water index, 
ICH Intracerebral hematoma, EDH Extradural hematoma, SDH Subdural hematoma, GEDI Global 
end-diastolic index, SVV Stroke volume variation, CMD Cerebral microdialysis, CTA Computed 
tomography angiography, PRL Pupillary light index
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Chapter 54
Perioperative Cardiovascular Surgery: 
Transcranial Doppler (TCD/TCCS) 
As a Tool in Predicting Neurological 
Outcome

Leandro Aguirre and Francisco Klein

Key Points
 1. Neurological complications in the context of cardiovascular surgery range from 

1% to 5% for stroke, 15% for delirium, and up to 32% for postoperative cogni-
tive dysfunction.

 2. Transcranial Doppler neuromonitoring allows evaluation of cerebral hemody-
namics and detection of microembolic signals.

 3. During carotid endarterectomy it allows to evaluate perfusion during clamping 
and the need for shunting.

 4. During cardiac surgeries it allows to evaluate the embolic load.
 5. In aortic arch surgery, it allows to identify and correct states of cerebral 

malperfusion.

54.1  Introduction

Transcranial Doppler/transcranial color-coded duplex sonography **(TCD/TCCS) 
is a cost-effective and practical noninvasive tool that allows for real-time evaluation 
of cerebral hemodynamics.
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Noninvasive monitoring during endarterectomy can identify those patients who 
are developing ischemia during surgery [1].

Brain ultrasound demonstrates in real time what mechanism is involved in the 
development of it, by embolism, hypoperfusion, thrombosis, or hyperperfusion [2].

Neuropsychological involvement is a common complication of carotid vascular 
surgeries, whether these are carotid endarterectomies or angioplasties with stenting. 
It is also a complication of cardiac surgeries, both aortic arch, valvular, or myocar-
dial revascularization by coronary pass.

** TCCS is not a tool for continuous monitoring.

54.2  Post-Cardiovascular Surgery Neurological Dysfunction

Neurological complications have been a major concern in the history of cardiovas-
cular surgery. Three pathophysiological mechanisms cause injury to brain tissue in 
the context of cardiovascular surgery:

 1. Mechanical injury by cerebral embolisms.
 2. Alterations in the blood flow and reperfusion injury.
 3. Environmental, pharmacological, or “patient-related” factors influencing the 

postoperative state [3, 4].

Currently, minimally invasive technology and techniques are available for the 
repair of vascular, valve, and coronary pathology. Therefore, endovascular thera-
peutics and advances in coronary bypass surgeries are provided in a safer environ-
ment today [5].

However, despite these advances, post-cardiovascular surgery complications do 
occur, including ischemic stroke, delirium, and cognitive impairment.

Ischemic stroke and delirium occur in 1– 5% of patients undergoing myocardial 
revascularization surgery and 24–70% of behavioral abnormalities have been docu-
mented on neuropsychological testing.

With respect to carotid endarterectomy, to maintain benefits over medical ther-
apy, the incidence of complications should be kept below 5–6% for symptomatic 
internal carotid disease and less than 3% for asymptomatic ones.

With regard to repair procedures for dissection of the ascending aorta and aortic 
arch, the incidence of focal neurological injury varies between 1% and 11% with a 
consequent increase in mortality. In addition, delirium, agitation, and confusion are 
collectively referred to as postoperative neurological dysfunction (PND), account-
ing for 9–32% of patients with long-term deleterious consequences [7].
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54.2.1  Perioperative Stroke

A recent study reports postoperative stroke rates of myocardial revascularization 
surgery (MRS) between 1% and 5%. Diabetic patients have an increased risk of 
post-MRS stroke of 2–5% at 5 years [8]. Valve surgeries have an increased risk of 
perioperative stroke of 4–8% after isolated aortic valve replacement, 8.8% after 
mitral replacement surgery, and 9.7% after double mitral and aortic valve replace-
ment surgery. Perioperative strokes can be divided into early and late:

 1. Early:
Present at the time of extubation (mainly intraoperative).

 2. Late:
It happens after extubation.

The choice of MRS compared to percutaneous coronary interventions has been 
associated with more stroke events, but fewer combined cardiac or cerebrovascular 
major adverse events [9–11].

When the comparison of “off-pump” cardiovascular surgery versus “on-pump” 
cardiovascular surgery was performed, no difference was found in the incidence of 
stroke and 30-day mortality. This and other studies suggest that cardiopulmonary 
bypass does not contribute to the risk of perioperative stroke.

Pharmacological treatment with aspirin, statins, and aggressive anticoagulation 
and electrical cardioversion treatments of atrial fibrillation have contributed to 
reducing both the risk of perioperative stroke and other non-neurological 
complications.

Intraoperative management to minimize stroke includes optimization of blood 
pressure, mild to moderate hypothermia, hemodilution and transfusions of blood 
products, strict glycemic control, and primarily neuromonitoring [7].

54.2.2  Neurocognitive Complications: Delirium 
and Cognitive Impairment

Neurocognitive sequelae in the perioperative period of cardiovascular surgery, 
including delirium and postoperative cognitive dysfunction (POCD), are still quite 
common and affect more than half of the patients.
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54.2.2.1  Delirium

The question of whether delirium and postoperative cognitive dysfunction represent 
two clinical forms of a continuum or represent two different forms of brain injury 
remains unclear.

Delirium is an acute change in mental status characterized by confusion and inat-
tention with a poorly defined pathophysiology. It can be classified as either hyperac-
tive or hypoactive.

The incidence of delirium in one study by Arenson was approximately 15% and 
the factors associated with its development were: (a) age over 65 years, (b) postop-
erative stroke, (c) mechanical ventilation for more than 24 hours, (d) postoperative 
renal failure, (e) blood product transfusions, (f) combined valvular and coronary 
surgery, and (g) the use of postoperative benzodiazepines [12].

But despite identifying these risk factors the physiopathology of postoperative 
delirium remains unclear.

54.2.2.2  Postoperative Cognitive Dysfunction (POCD)

Defined as a decline in pre- and postoperative neuropsychological test scores, this is 
a controversial syndrome, although clearly associated with reduced quality of life 
and higher annual mortality. It indicates that it is a major problem affecting a certain 
group of patients [6].

Increasing evidence indicates that there is a relationship between a decrease in 
cerebral perfusion pressure (CPP) and cognitive impairment in conditions unrelated 
to cardiovascular surgery (CVSU) [13].

Similarly, a decrease in preoperative blood flow in the dominant hemisphere, that 
is, a decrease in the cerebral blood flow velocities measured by transcranial Doppler 
(TCD/TCCS), has been associated with both early and late post CVSU cognitive 
impairment [14].

54.3  Intraoperative Monitoring of Cardiovascular  
Procedures

The occurrence of adverse neurological events has encouraged the development of 
methods to monitor both brain function and circulation in a noninvasive way in 
order to detect electrophysiological or hemodynamic alterations.

An ideal neuromonitoring system should provide continuous, real-time informa-
tion about brain function and circulation.

Currently available methods of functional neuromonitoring include electroen-
cephalogram (EEG) and somatosensory evoked potentials (SSEPs), while hemody-
namic/circulatory information can be provided by near-infrared spectroscopy 
(NIRS) and transcranial Doppler ultrasonography (TCD/TCCS) [7].
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The objective of this chapter is to describe the characteristics of transcranial 
Doppler, both for intraoperative management and the evaluation of neurological 
prognosis in cardiovascular surgery [15].

54.3.1  Transcranial Doppler (TCD/TCCS)

The TCD/TCCS measures only the velocity of local blood flow (velocity and direc-
tion) in the proximal portions of the large intracranial arteries (circle of Willis).

Assuming that arterial blood pressure (ABP) and PCO2 are stable, changes in 
these measured velocities reflect changes in the cerebral blood flow (CBF).

TCD/TCCS monitoring of the middle cerebral artery (MCA) does not provide 
direct information on hemodynamic changes that occur in the collateral vessels and 
in the distal microcirculation that irrigates the ischemic areas.

Hemodynamic compromise can be estimated when there is a reduction or 
increase in the mean flow velocity.

In addition, the TCD/TCCS can detect microembolic signals that reflect the pres-
ence of gaseous or particulate material in the cerebral artery that is not sounded 
(Fig. 54.1).

Such gaseous, lipid, or solid material has different acoustic impedances with 
respect to the surrounding red blood cells generating reflection or scattering of the 
sound beam at the blood-embolus interface which generates an increase in the 

Cerebral microembolus detection

Doppler
power

Pmax

Pbackg

t/ms

Fig. 54.1 Detection of cerebral microembolism using ultrasound showing an increase in the 
power or intensity of the reflected ultrasound (P max) caused by an embolus, compared to the 
background intensity (P back) caused by the erythrocytes. (Courtesy: Rusell D.  J Neurol Sci. 
2002;203–204:211–4) [16]

54 Perioperative Cardiovascular Surgery: Transcranial Doppler (TCD/TCCS) As…



892

intensity of the signal received (high intensity transient signals (HITS)) on the spec-
tral Doppler wave [16] (Fig. 54.2).

54.4  Usefulness of TCD/TCCS in Carotid Endarterectomy 
(CE) and Carotid Angioplasty (CAP)

In the presurgical stage, TCD/TCCS is a useful method of evaluation:

 1. Intracranial stenoses.
 2. To detect high-risk patients with asymptomatic carotid lesions.
 3. Evaluate right-left short circuit stroke.

The detection of embolisms and the presence of a substantial short circuit allow 
the definition of the need for a CE, Cap, or closure procedure of an interauricular 
communication [17, 18].

In the intervention stage, the occurrence of stroke in the context of a carotid pro-
cedure can be by both hemodynamic and embolic mechanisms, the latter being the 
main mechanism at the site of intervention [19].

Fig. 54.2 A cerebral microembolus (HIT) (White arrow) passing through the middle cerebral 
artery in a cardiac cycle color scale: decibels (top); embolus (red); erythrocytes (blue); horizontal 
axis  =  time. Vertical axis  =  velocities (cm/s). (Courtesy: Rusell D.  J Neurol Sci. 
2002;203–204:211–4) [16]
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Transcranial Doppler monitoring allows:

 1. Real-time monitoring of changes in blood flow velocities rates in the basal 
arteries.

 2. The detection of microembolic signals (HITS) that correspond to both particu-
late material (plungers and/or atheroma plates) and bubbles

54.4.1  Carotid Endarterectomy (CE)

The monitoring of hemodynamic variations expressed as changes in flow rates dur-
ing carotid endarterectomy requires more attention mainly at three stages of the 
procedure:

54.4.1.1  Presurgical Evaluation

In addition to the degree of stenosis, TCD/TCCS allows the detection of microem-
bolic signals, this possibility of detecting asymptomatic embolization in patients 
with asymptomatic carotid lesions allows the identification of patients with a higher 
risk of stroke or transient ischemic accidents and the definition of a surgical indica-
tion [20, 21].

54.4.1.2  Clamping

Flow rates correlate with pressure in the area of the distal stump to clamping which 
depends on the collateral circulation provided by the circle of Willis [22]. During 
intraoperative use of TCD/TCCS allows detection of hypoperfusion at the time of 
carotid clamping which has indicated the need for shunting in up to 44% of proce-
dures [23]. The TCD/TCCS allows measurement of the average blood flow velocity 
in the middle cerebral artery during the occlusion test (by balloon in angioplasty or 
clamping in endarterectomy) and has been shown to be highly predictive of the 
capacity of collateral circulation (Fig. 54.3), although an optimal cut-off point has 
not yet been determined at which the collateral circulation is considered inadequate 
and increases the possibility of neurological adverse events.

In a study by Eckert et al., using a 20-minute occlusion test of the internal carotid 
artery (ICA) and measurement of mean flow velocity (MFV) in the MCA, the 
authors reported that a drop of more than 50% from baseline is critical for the devel-
opment of silent ischemia and the occurrence of neurological symptoms [24]. Other 
authors with different clamping times also conclude that an abrupt 50–60% drop in 
MFV in MCA exposes the patient to the risk of neurological complications and 
some shunting is recommended [25]. Contralateral occlusion or stenosis is a risk 
factor for difficulty in having an adequate shunt; with this in mind, Telman et al. 
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used acetazolamide as a vasodilator stimulus to evaluate cerebrovascular hemody-
namic reserve in 76 patients with unilateral stenosis undergoing carotid endarterec-
tomy. Based on their experience the ability to predict the need for shunt was 80% 
[26]. The presence of reverse ophthalmic flow as an expression of last-spring col-
lateral flow may mean per se a depleted cerebrovascular vasomotor reserve [27].

54.4.1.3  After Declamp

The hemodynamic changes include an improvement in the average speed of the 
middle, anterior and ophthalmic cerebral arteries, a resolution of the “side to side” 
asymmetries in the flow rates occurs and the vasoreactivity to CO2 is recovered 
(Fig. 54.4).

Transcranial Doppler of the Middle Cerebral
Artery During Carotid Endarterectomy

Clamp placement

Intra-op
38

Pre-op
56

Post-op
72

Crossclamp
24

Shunt
52

Backbleeding
during shunt
insertion

Mean MCA-V
(cm/sec)

Mean MCA-V
(cm/sec)

Fig. 54.3 Carotid clamping with insufficient collateral circulation from the posterior communi-
cating with recovery of flow with shunt placement. (Courtesy: Schneider PA, et al. J Vasc Surg. 
1988;7(2):223–31) [31]

L. Aguirre and F. Klein



895

54.4.1.4  Postoperative

An increase in velocities of more than 150% with respect to pre-clamping is indica-
tive of a hyperperfusion syndrome with risk of encephalopathy or intracerebral 
hemorrhage [28].

In this sense, postsurgical monitoring with TCD/TCCS during the first 7 days 
allows the detection of patients with hyperperfusion syndrome, with the highest 
velocities up to day 2 postsurgery, averaging more than 32% compared to presurgi-
cal velocities [29, 30] (Fig. 54.5).

54.4.2  Carotid Angioplasty (CAP)

Proximal protection systems that involve stopping or reversing the flow as a protec-
tive measure of distal embolization significantly reduce the embolic load in carotid 
angioplasties.

Given the inherent inability of this procedure to perform a shunt, these protective 
systems require collateral circulation to the ipsilateral hemisphere with the conse-
quent risk of hypoperfusion if the collateral is not sufficient.

Transcranial Doppler of the Middle Cerebral
Artery During Carotid Endarterectomy

Clamp removal

Intra-op
64

Pre-op
74

Post-op
90

Crossclamp
56

Clamp-off
68Mean MCA-V

(cm/sec)

Mean MCA-V
(cm/sec)

Fig. 54.4 Carotid clamping with collateral circulation from adequate posterior communicator. No 
shunt was required. Removal of the clamp shows increased velocities (hyperflow). (Courtesy: 
Schneider PA, et al. J Vasc Surg. 1988;7(2):223–31) [31]
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In a record of approximately 1300 patients, Stabile et al. trial reported that 20% 
of patients undergoing angioplasty had clinical intolerance at the time of aspiration 
[32], Even if hypoperfusion exists, the clearance capacity of the emboli is dimin-
ished at the time of balloon deflation [33].

The TCD provides the operator with a continuous assessment of brain blood 
flow. But unlike endarterectomy, where the TCD helps predict tolerance to clamp-
ing, during proximal guarded angioplasty there are specific differences that require 
further investigation; first the inability to shunt forces patients with absent or insuf-
ficient contralateral flow to become a distal guarded procedure.

In conclusion, TCD/TCCS is an excellent method of providing a real-time view 
of cerebral hemodynamics. Despite some promising data indicating its ability to 
help predict those patients with compromised hemodynamic reserve, its use in 
carotid angioplasty for the prediction of silent ischemia needs to be further studied.

54.5  Usefulness of TCD/TCCS in Cardiac Surgery (MRS 
and Valve Surgery)

54.5.1  Myocardial Revascularization Surgery (MRS)

Neurological complications after myocardial revascularization surgery may mani-
fest themselves as:

 1. Acute stroke.
 2. Postoperative cognitive dysfunction (POCD).
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Fig. 54.5 Daily trend of MFV in ipsilateral MCA to CE. The graph on the right shows the trend 
in the groups with and without probable hyperperfusion syndrome (HPS). Mean velocities were 
higher in the probable hyperperfusion syndrome group with high velocities up to the second post-
operative day. (Courtesy: Koizumi S, et al. World Neurosurg. 2018;110:e710–4] [29]
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Postoperative cognitive dysfunction is common and clinically presented as a 
combination of (a) fine motor function deficit, (b) attention deficit, memory consoli-
dation, and (c) psychomotor impairment. The etiology is still unclear, but a multi-
factorial cause is postulated that includes embolic events, inflammatory processes, 
hypoperfusion, cerebral edema, and hyperthermia. They probably play a role in the 
neurocognitive impairment seen in up to 50–70% of patients in postsurgical cardiac 
surgery [14, 16, 34, 35].

The TCD/TCCS is a sensitive tool in the detection of embolism during MRS; 
however, there are contradictory observations regarding the occurrence of high 
intensity embolism signals (HITS) and the occurrence of postsurgical cognitive dys-
function (POCD).

In a study by Stroobant et al. the embolic load was evaluated by detecting HITS, 
during MRS in two groups of patients, 32 of them under extracorporeal circulation 
pump (ECP) and 18 of them without ECP. Cerebral blood flow rate and brain vaso-
reactivity were studied both preoperatively and postoperatively (early (6 days) and 
late (6 months)) during neurocognitive tests.

Although a greater number of HITS were observed in the group of patients 
undergoing ECP (especially at the time of aortic cannulation) and a trend toward 
less favorable results on neurocognitive tests at 6  months, the number of HITS 
showed no significant correlation with the degree of cognitive impairment in the 
early or late postoperative period [36].

Another Gasparovich et  al. trial compared the differences in embolic loads 
(HITS) according to the type of strategy of single transverse or multiple lateral 
clamping of the aorta, with higher embolic loads in those with multiple clamps, 
which translated into lower early cognitive deficits and higher levels of late restora-
tion of cognitive functions [37].

In contrast, Pugsley finds data suggesting that neuropsychological deficits are 
related to the number of microemboli that occur during surgery [38]. On the other 
hand, Mascerotti et al. found suggestive findings that reduced blood flow rates on 
the left side may represent an independent risk factor for the development of post- 
surgical cognitive dysfunction [39]. On the other hand, Nathan et al. found no cor-
relation between the number of embolisms detected intraoperatively and the 
occurrence of cognitive impairment in patients undergoing protective hypothermia 
[40]. Also an analysis of two studies conducted by Rodriguez et al. including 356 
patients undergoing MRS found no correlation between the HITS count and the 
presence of POCD [41].

Although more studies are still needed to determine the correlation between 
microembolic events and the development of POCD, the available evidence would 
indicate that there is no strong association between HITS load or count and the pres-
ence of POCD.
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54.5.2  Valvular Surgery (VS)

Valvular replacement surgery is a major risk factor for intraoperative microemboliza-
tion compared to MRS. Abu Omar et al. found a 2100% increase in the number of 
microembolisms in patients undergoing valvular surgery (VS) compared to MRS [42].

But the comparison of the results of neurocognitive tests of both surgeries is not 
conclusive, regarding the association with the number of intraoperative 
microembolisms.

Neville et al. in a study of 193 patients found a significantly higher number of 
embolisms in the VS group compared to MRS, but not a correlation with an 
increased risk of adverse neurological events [43].

A trial from the University of Oslo compared the incidence of intraoperative 
microembolic signals with neurocognitive deficit in the postoperative period in both 
valve replacement surgeries and MRS. A higher number of microembolic signals 
was found in patients with cognitive deficits undergoing VS and not in patients 
undergoing MRS [44].

With respect to asymmetry in Zanatta and coli embolizations, they found that 
patients undergoing valve replacement surgery were more sensitive to the impair-
ment of memory, psychomotor, and performance functions detected in the left mid-
dle cerebral artery (MCAL) but not in the right MCAR [39].

With regard to the transcatheter aortic valve implantation (TAVI), Erdoes et al. 
evaluated 44 patients by means of TCD/TCCS during the procedure, observing that 
the embolic load presents a peak during the deployment of the device, no difference 
being observed if the access is transfemoral or transapical. Despite the embolic load 
detected there were only two stroke events and no delirium events in the population 
studied [45].

54.6  Usefulness of TCD/TCCS in Aortic Arch 
Surgery (AOAS)

Neurological injury still remains a significant problem during the repair of acute 
aortic dissection type A, with incidences of stroke ranging from 1% to 11% and 
delirium or transient neurological dysfunction of 9–32% with consequent long-term 
disability.

Different neuroprotection techniques have been designed for this type of com-
plex repair, within the methods to improve safety during circulatory arrest (e.g., 
cerebroplegia, antegrade perfusion via innominate artery and hypothermia). 
Retrograde cerebral perfusion:

 1. Reverses the massive air embolism that can occur in this type of surgery.
 2. Maintains cerebral blood flow.

Both neurological dysfunction and stroke are related to clinical or subclinical 
microembolism as well as to states of generalized cerebral malperfusion (defined as 
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a 50% reduction in the average speed of blood flow in the MCA with respect to the 
basal one determined by means of TCD/TCCS). Cerebral hypoperfusion states in 
the context of Aortic Arch pathology occur:

 1. During an aortic dissection by compromise and progression of the dissection to 
the supra-aortic and intracranial vessels with consequent neurological damage.

 2. Intraoperatively, during retrograde brain perfusion with hypothermia.

In this context the transcranial Doppler allows monitoring of cerebral blood flow:

 (a) To evaluate the effectiveness of the reversal in the direction of blood flow in the 
M1 and M2 segments of the MCA.

 (b) To identify and correct brain malperfusion states (i.e., guiding the selection of 
optimal brain retroperfusion blood flow) [30].

These interventions may improve neurological prognosis during the repair of 
acute aortic dissections type A.

A study by Estera et al. examined the occurrence of stroke and temporary neuro-
logical dysfunction in 56 patients undergoing aortic arch surgery for type A dissec-
tion. Fifty percent were monitored by TCD and guided retroperfusion as needed and 
the control group was given unmonitored conventional brain retroperfusion with a 
fixed flow of 500 ml/min.

In the monitoring group with TCD, 28% of cerebral malperfusion states were 
detected, allowing modification of the operative procedures in order to optimize the 
flow rates in MCA. Consequently, in this series, the incidence of transitory neuro-
logical dysfunction was significantly reduced in the group in study compared to the 
control group (14.8% vs 51.8% respectively; p < 0.008) [46].

On the other hand, Ghazy et al. in 2017 evaluated nine patients with aortic sur-
gery and neuroprotection by unilateral selective antegrade brain perfusion and per-
formed perfusion monitoring and HITS count. In this series of patients, TCD 
monitoring allowed optimization of perfusion through flow adjustments or eventual 
conversion to bilateral perfusion if insufficient collateral flow was detected. In addi-
tion, in one patient who was detected abundant bubble HITS, the stroke was 
observed in the postoperative period.

In conclusion, monitoring with TCD allowed the adaptation of the brain perfu-
sion strategy or the need to optimize it as well as to evaluate the presence of embo-
lisms (aerial or particulate) and thus achieve an interpretation of the postoperative 
neurological deficits [47].

54.7  Conclusion

As an increasing number of patients undergo some form of surgical or interven-
tional procedure, including older patients or those with comorbidities, neurological 
complications remain a major source of concern for their increased morbidity and 
mortality.
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Neuromonitoring through TCD/TCCS provides useful information during both 
intrathoracic and carotid vascular surgeries. This information complements and can 
help in decision making about intraoperative management, surgical techniques, and 
possibly improving the neurological evolution of these patients.

 Algorithm

INTENSIVE CARE UNIT (ICU)

Clinical Status of Patient

Surgical Department
& Cardiology

DIAGNOSIS

PRE-SURGICAL CARDIOVASCULAR DISEASE POST-SURGICAL

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

Myocardial Revascularization
Surgery (MRS)

Carotid Endarterectomy
(CE)

Valvular Surgery (VS)
TAVI

Aortic Arch Surgery
(AoAS)

Pre-Surgical Pre-Surgical Pre-Surgical During AoAS
Retrograde Cerebral 

Perfusión
(MCAR -MCAL) Basal Cerebral blood flow 

Velocities
(MCAR–MCAL) Evaluate

Hypoperfusion status?
(MCAR -MCAL)

Post-Surgical Clamping Post-Surgical Evaluate
Hypoperfusion? Reversal
Need of Shunt ? Cerebral blood flow

Velocities?

(MCAR–MCAL) Declamp (MCAR–MCAL)
Blood flow rate recovery ?
Cerebral Vasoreactivity ?

During MRS Post-Surgical During VS / TAVI Pre-Surgical
Evaluate embolic load Hypoperfusion Syndrome ? Evaluate embolic load

Cerebral blood flow 
velocities

(MCAR-MCAL)

Basal Cerebral blood flow
velocities

POCD ?
Acute Stroke signs ?
Cerebral blood flow

velocities

HITS Detection
High Risk Patient ?

Basal Cerebral blood flow
velocities

POCD ?
Acute Stroke signs ?
Cerebral blood flow

velocities

Basal Cerebral blood flow
Velocities

(MCAR–MCAL)

ABCD
Level of consciousness (GCS)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxygenation?

 

MCAR Right middle cerebral artery, MCAL Left middle cerebral artery, ABCD Airway, breathing, 
circulation, disability, TAVI Transcatheter aortic valve Implantation, POCD Postoperative cogni-
tive dysfunction, GCS Glasgow coma scale
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Chapter 55
Decompressive Craniectomy in the ICU: 
Usefulness of Transcranial Doppler  
(TCD/TCCS) in the Monitoring 
of Hemodynamic Changes

Sebastián Vásquez, Juliana Mendoza Mantilla, María Natalia Suárez, 
Luis A. Bustamante, Joffre Guzman, and Andrés M. Rubiano

Key Points
 1. TCD/TCCS is a noninvasive monitoring technique in patients with acute neuro-

logical injury and/or neurosurgical pathology. TCD/TCCS is safe, which facili-
tates the study of cerebral blood flow velocities (CBFVs) and allows detection of 
possible complications.

 2. TCCS allows visualization of possible anatomical changes of the brain paren-
chyma and blood vessels, and achieves a greater accuracy measures of CBFVs 
compared with TCD method (blind technique), pre- and post-craniectomy.

 3. TCD/TCCS allows assessment of cerebral hemodynamic changes in real time 
during the intracranial hypertension management, as well as the hemodynamic 
changes due to decompressive craniectomy (DC).
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 4. Decompressive craniectomy is considered a life-saving surgical technique to 
improve refractory intracranial hypertension, where ICP elevation is not con-
trolled with medical management. TCD/TCCS provides useful information dur-
ing clinical evolution and could contribute to determining the neurological 
prognosis of the critically ill patient.

55.1  Introduction

Transcranial Doppler/transcranial color-coded duplex sonography (TCD/TCCS) 
are noninvasive and reproducible monitoring tools that facilitate the study of the 
cerebral hemodynamics, allowing for the assessment in real time the CBFV varia-
tions and its association with clinical changes at bedside [1]. These noninvasive 
monitoring techniques are part of the diagnostic arsenal to provide timely and 
directed-therapy. Therefore, TCD/TCCS measurements can provide information to 
individualize interventions adjusted to the clinical needs of each patient [1].

TCCS, compared to other monitoring techniques, provides images of the brain 
parenchyma anatomical (B-mode) and cerebral blood vessels in real time, enabling 
a more accurate acoustic access [2, 3].

In patients with traumatic brain injury (TBI), TCD/TCCS provides information 
on the cerebral hemodynamic status. Hyperemia and vasospasm are pathological 
conditions present during TBI. These clinical situations can be differentiated from 
each by calculating the Lindegaard ratio [6]. If the latter is elevated, then vasospasm 
is the most likely reason for the elevated CBFVs. The vasospasm and CBFV changes 
(spectral Doppler waveform analysis) may precede the clinical manifestations of 
neurological worsening (e.g., delayed cerebral ischemia). Therefore, TCD/TCCS is 
a useful technique to anticipate neurological worsening at bedside [4, 5]. It has been 
described that vasospasm findings evidenced by TCD/TCCS predict and are associ-
ated with documented vasospasm through invasive angiography (CTA, DSA) [6].

A three-phase CBF pattern has been described after TBI [6]. Initially, overall 
CBF is reduced leading to a hypoperfusion status followed by a hyperperfusion 
phenomenon in the following 24–72 hours [5, 6].

There are patterns for rapid and simple recognition of CBF disturbances (e.g., 
hyperflow, cerebral circulatory arrest), which can be identified in the interpretation 
of spectral Doppler waveform analysis and hemodynamic indexes (pulsatility 
indexes (PI), resistance index (RI)) derived from it [2], thus facilitating rapid real- 
time therapeutic decision (Fig. 55.1).

55.2  TCD/TCCS Technique

TCD technique uses a low-frequency transducer (2 MHz), and TCCS uses phased 
array transducer whose frequency oscillates between 1 and 5 MHz, being automati-
cally configured at frequencies 1 and 2 MHz when the B-mode is selected [1, 2, 38].
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CBFVs should be measured with an insonation angle less than 60 degrees. The 
following precaution is recommended [1]:

 1. Importance of keeping the correct insonation angle-correction. It can increase 
20–30% in CBFVs measurement (more details see Chap. 72).

One of the impediments for an adequate transcranial insonation of CBFVs is the 
absence of transtemporal and suboccipital acoustic windows (prevalent in elderly 
women). Therefore, in craniectomized patients [1, 38, 39], the evaluation of cere-
bral basal arteries is easier.

55.3  Descompressive Craniectomy (DC)

The utility of DC to manage intracranial hypertension syndrome has been well 
described. A space-occupying lesion (intracerebral hemorrhage, subdural hema-
toma, etc.) or diffuse lesions (brain edema) may generate midline shift and/or differ-
ent classic herniation syndromes. According to the classical Monro-Kellie doctrine, 
intracranial components shift to compensate the ICP changes to maintain adequate 
brain oxygen delivery and cerebral perfusion pressure (CPP). The following have 
been described as compensatory mechanisms: cerebrospinal fluid (CSF) re- 
distributes from skull into the spinal canal (less production and increase reabsorp-
tion), venous systems compression (increase venous outflow), and arterial system 
compression (decrease blood entering the skull). These mechanisms are only tem-
porarily effective. Hence, when these compensatory mechanisms are exhausted, 
neurological worsening ensues [4, 5, 17].

DC is a surgical procedure whereby a bone fragment with a diameter of at least 
12–15 cm (supratentorially) is temporarily removed. This provides additional space 
for brain tissue expansion, thus restoring some balance of intracranial pressures [14, 
15], to decrease ICP and CPP [3, 8]. After this procedure, the pressure gradient 

Hyperemia vs Vasospasm
vs Stenosis

Lowest puilability

IP<0,6 0,6-1,1 1,2-1,6 1,7-1,9 ≥2

Low puilability High puilability Highest puilability Absence Cerebral
Blood flow

Microangiopathy
vs

Moderate Intracranial
Hypertension

Severe
Intracranial Hypertension Cerebral AsystoliaNormal

Fig. 55.1 Morphological spectrum of waves reflecting cerebral blood flow velocities and PI docu-
mented by transcranial Doppler and examples of relevant conditions. HIC Intracranial hyperten-
sion, PI Pulsatility index ([Maximum systolic flow velocity  – minimal diastolic flow velocity/
Mean flow velocity])
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generated by the displacement of brain structures decreases according to the Monro- 
Kellie doctrine, therefore avoiding brain edema, cerebral hypoperfusion, and brain 
herniation syndromes [4, 16, 19, 20, 22, 23].

ICP control through DC leads to a theoretical improvement of cerebral hemody-
namics and maintain adequate brain oxygen delivery due to optimization of CBF 
[10–12]. TCD/TCCS has a potential as a diagnostic and monitoring tool to indi-
rectly record these hemodynamic changes, to obtaining real-time information and 
make crucial and individualized therapeutic decisions to optimize CPP, as well as its 
usefulness in the post-DC follow-up [3–8].

DC is employed when intracranial hypertension is refractory to medical treat-
ment, such as in cases of severe TBI, acute ischemic stroke (AIS), aneurysmal sub-
arachnoid hemorrhage (aSAH), CNS infections, and venous sinus thrombosis [3, 4], 
and can be classified in two ways: chronological and initial vs add-on therapy [26, 
27] (Table 55.1).

In general, there are two types of surgical techniques for DC (Table 55.2).

Table 55.1 Classification of decompressive craniectomy (DC)

Medical management DC procedure time

Early primary:
Carried out in patients with limited access to multimodal 
neuromonitoring and indicated as first line control of tissue damage, as 
long as the patient is under sedation and with availability of 
neuroimaging control [13]
Primary:
Also known as prophylactic, performed simultaneously with a cranial 
surgical procedure, such as post-traumatic mass-effect lesion 
evacuation, for the prevention of subsequent ICP increase [13, 26]; it is 
estimated that edema increases after 4-5 days, so the bone is removed 
before this timeframe
Secondary:
Also known as therapeutic, performed as second-line therapy in the 
management of medically-refractory increased intracranial pressure [3, 
19, 20]
Useful in centers with multimodal neuromonitoring resources [26]

Early:
Carried out in the first 
hours after the trauma 
in ranges from 4 to 
24 hours [27]
Late:
Carried out after 
24–48 hours post- 
trauma [28]. DC is not 
recommended after 
4-5 days of trauma

Table 55.2 Types of surgical techniques for DC

Bifrontal Hemispheric

In frontal lobes edema with or without associated 
injury [21]

In the presence of unilateral focal lesion 
with mass-effect (i.e malignant MCA 
ischemic stroke) [4]

Diffuse brain edema with posterior basal cistern 
compression (quadrigeminal) [4]

Diffuse brain edema with basal cistern 
compression (ambiens and crural) [4]

Anterior-posterior trauma vector Latero-lateral trauma vector
Technique: Frontal and temporal bones are 
removed up to 2–3 cm preceding the coronal suture 
bilaterally. The superior sagittal sinus and the falx 
cerebri can be ligated to allow anterior expansion 
[23]

Technique: The frontal, temporal and 
parietal bones are removed from one or 
both sides, obtaining a bone flap of at least 
12–15 cm, with subsequent dural opening 
[24, 25]

S. Vásquez et al.



909

55.4  Neurological Syndromes and Decompressive 
Craniectomy: The ¨Open Box¨ Concept

When a bone flap is removed, the skull or “closed box,” becomes an “open box” [3, 
5, 29, 31, 32, 36]. Therefore, once swollen brain tissue herniates through the craniec-
tomy defect, ICP and midline shift (mass effect) are immediately reduced, responding 
to the Monro-Kellie doctrine [29, 32]. After DC, the neurosurgical team and ICU 
team should pay attention to the new “invisible” variable, atmospheric pressure [37].

The “open box” concept has particular pathophysiological features. The lateral 
ventricle can migrate to the craniectomy defect. However, it is not clear whether this 
represents a localized effect of ex-vacuo hydrocephalus, altered CSF dynamics, or a 
combination of both phenomena [32, 37]. Hence, a disturbance of CSF dynamics 
may occur, including a “siphon effect” and subsequent reduction of CBF. This may 
be due to both the venous return disturbance and the subarachnoid space obliteration 
due to direct pressure on the brain parenchyma that compromise regional CPP [32].

Different neurological syndromes (some early and some late) associated with 
DC has been described [29, 32, 37], resulting from external and/or internal forces, 
such as pathophysiological consequences on intracranial compartments (Tables 
55.3 and 55.4, Figs. 55.2 and 55.3).

Table 55.3 Intracranial and extracranial forces. Open box concept (Fig. 55.2)

Intracranial forces
Cerebral spinal fluid (CSF) pressure
Gravitational forces
Physical properties Brain compliance

Masses
Brain-bone interfaces
Sites of dural insertions

Extracranial forces
Galea aponeurotica
Subgaleal fluid
Atmospheric pressure 1 atm = 14.7 PSI = 1.033 cmH2O

Table 55.4 Neurological syndromes associated with DC

Syndrome Key feature

Syndrome of the trephined or 
post-traumatic syndrome

Headache, vertigo, tinnitus, insomnia, memory disturbances, 
hemiparesis, gait disturbances, epilepsy, mood swings, 
cognitive and behavioral disorders [30, 31]

Sinking flap syndrome Focal neurological deficit in hemicraniectomies [33]
Motor syndrome of the trephined Term focused on motor disorders [34, 35]
True syndrome of the trephined
(similarities with sinking flap 
syndrome)

Focal deficit [29]
Ex: Hemiparesis (resolves after cranioplasty)

Neurological susceptibility to the 
skull defect

Neurological symptoms after decompressive craniectomy 
with subsequent recovery with cranioplasty [3]
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Consequently, the usefulness of TCD/TCCS in this clinical scenario, is real-time 
early detection of hemodynamic changes (CBFVs, spectral Doppler waveform, PI, 
etc.) to improve cerebral perfusion through individualized therapeutic decisions 
[30, 34] (Fig. 55.3).

55.5  TCD/TCCS: Hemodynamic Changes Associated 
with Decompressive Craniectomy

TCD/TCCS provides information for the evaluation of the hemodynamic changes 
of the “exposed” brain after bone window removal [5, 6], which facilitates the 
measurements.

After performing a DC, mechanical, systemic, and atmospheric pressure changes 
involved in cerebral perfusion must be considered [8, 29, 32, 42, 44]. The impact of 
cerebral hemodynamic changes (CBFVs and hemodynamic indexes) can be 
recorded by TCD/TCCS during post-DC follow-up in ICU (Table 55.5), as they are 
progressively restored.

Understanding the different cerebral hemodynamic patterns (pre- and post-DC), 
help the implementation of timely therapeutic decisions individualized to optimize 
CPP for each patient. Therefore, keep in mind that generalized treatment goals [17] 
can lead to hypo- or hyperperfusion phenomena, being deleterious for the patient 
[11, 12, 39, 40] (Figs. 55.4a–c and 55.5).

Closed Box Open Box

Extracranial Forces:
• Galea Aponeurótica,
• Subgaieal Fluid.
• Atmospheric pressure
 (1 atm - 14.7 PSI -
 1.033 cmH20).

Intracranial Forces:
• CSF pressure.
• Gravitational forces.
• Physical properties:
  • Brain dissensibility
  • Masses
  • Brain-bone interfaces.
  • Sites of dural insertion.

Fig. 55.2 Extracranial and intracranial forces in the “Open Box” concept
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Paradoxical Cerebral Herniation

Hemicraniectomy

• Hydration.
• Trendelemburg position
• Ventricular derivation oclussion
• Craneoplasty

• Craneoplasty

• Subgaleal drainage
• Revision durotomy

Subgaleal
collection

Sinking skin flap syndrome or
“Syndrome of the Trephined”

External Brain Tamponade

Fig. 55.3 Neurologic syndromes and potential treatments
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PI

Normal Intermediate
/Transition

Oligemic

TCD pattern

“Pure”Hyperemic
(LI < 3)

Vasospasm
(LI < 3)

Normal/ Normal/

Hight resistance

Normal/

Normal/

Normal/

Normal/

Normal/

Normal/

Normal

Normal

=

=

=

=

Wave
morphology

MFV

Congestion

Table 55.5 TCD/TCCS Patterns: Post-decompressive craniectomy

a

c

b

Fig. 55.4 (a) “Oligemic / hypoperfused” pattern in post-DC patient. This highlights an abnor-
mally elevated PI and a very low amplitude of spectral Doppler wave, which in addition to low 
mean flow velocities (MFV, shown in the device screen as “TAMAX”) in MCA (<40 cm/s) suggest 
severe intracranial hypertension. ED End-diastolic volume, RIResistance index. (b) “Hyperemic/
hyperperfused” pattern in the patient of Fig. A, this time post-DC (48 hr). Although literature [40] 
has defined “hyperemia” with MCA MFV >100 cm/s, there is an increase in MCA MFV >30% in 
comparison with pre-DC values. Turbulent flow, vascular congestion, increasing spectral Doppler 
waveform amplitude and a marked decrease in PI are also shown, which suggests a possible “exac-
erbated” reperfusion phenomena of the vascular territories secondary to intracranial pressure 
reduction after DC. (c) “Intermediate” pattern post-DC (6 hr). Although it has been described as 
“non-specific” by some authors [40], in this particular context of early post-DC, we propose a 
transition pattern between oligemia and hyperemia, with a tendency to PI improving (but still 
increased), a normal spectral-waveform morphology and stable values of MFV, reflecting the 
importance of “normoperfusion” as a neuroprotective measure and treatment goal in the neurocriti-
cal patient
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55.6  Conclusion

During follow-up of cerebral hemodynamic changes in patients with acute brain 
injury (ABI), it is important to prevent and identify disturbances that extend their 
hospital stay and determine unfavorable long-term outcomes [38]. In the context of 
refractory intracranial hypertension, DC is a crucial intervention to restore adequate 
cerebral perfusion and brain oxygenation delivery. TCD/TCCS is a noninvasive 
monitoring tool that provides useful information for hemodynamic parameters anal-
ysis and estimate cerebral prognosis of the critically ill patients with ABI [6, 22].

TCD/TCCS is an useful monitoring method to assess indirectly CBF in neuro-
critical patients to demonstrate its optimization after therapeutic interventions such 
as DC or external ventricular drain (EVD), providing data to follow-up and control 
of CPP and ICP changes derived from medical and surgical therapeutic interven-
tions [8, 9]. However, the measurement of the hemodynamic variables by TCD/
TCCS (CBFVs, spectral Doppler waveform, PI, etc.) is an operator- and/or acoustic 
window-dependent technique [6, 10]. Hence, it is vitally important to have high- 
expertise staff to reduce as much as possible the error rate on clinical interpretation 
of data [10, 38]. Although there is increasing knowledge about the hemodynamic 
and vascular perfusion changes during ABI after a DC (Table 55.5), the heteroge-
neous therapeutic results in this clinical scenario cannot be overlooked. Therefore, 
a careful, detailed and specific analysis of each clinical situation is required to make 
individualize decisions [5, 6, 8, 9, 10–12, 39, 40].

DC is currently considered as a “definitive” management to control intracranial 
hypertension. This data assure that this procedure is effective for the management 
of cerebral oligemia without necessarily implying a post-DC cerebral hemodynamic 
equilibrium [41, 42, 46]. This surgical procedure may cause secondary harmful 
effects by hyperemia (paradoxical increase of ICP and/or risk of bleeding) or olige-
mia (hypoperfusion, ischemia). These cerebral hemodynamic events are possible 
causes of perpetuous secondary brain injury [18].

Fig. 55.5 Insonation of 
the posterior cerebral 
artery (P1) and associated 
findings. The PI 
normalization, spectral- 
waveform morphological 
changes, and also MFV 
normalization after DC had 
been also reflected in a 
global manner, as a 
response to intracranial 
pressure management and 
control
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In consequence, the need for early and protocolized management of these prob-
able neurological worsening variables, (1) arterial hypertension, (2) hypervolemia 
status, (3) hyperdynamic states (exacerbate hyperemia), (4) dehydration status and 
ICP increases (worsen the oligemia), which are considered commonly as late causes 
of clinical deterioration. Hence, the cerebral hemodynamic repercussion of these 
physiological/pathophysiological variables can be assessed indirectly by TCD/
TCCS through pre-post DC cerebral flow patterns analysis [6–8, 38–40]. In the 
specific case of patients with TBI, the metabolic crisis is not only the result of cere-
bral ischemia and hypoperfusion [39, 40] but even can occur under apparently nor-
mal conditions of cerebral blood flow assessed by TCD/TCCS.

Therefore, multimodal neuromonitoring (MMM) in ICU is crucial because 
microvascular alteration [41], cerebral excitotoxicity, electrical pathologic activity, 
and brain dysoxia [18, 39, 41] require the integration of different type of devices to 
arrive at a diagnosis, where information provided in real-time by TCD/TCCS at 
bedside is very useful to make-directed therapeutic decisions.

Finally, it is important to consider the skull multicompartmental theory at time to 
perform cerebral hemodynamic assess by TCD/TCCS [41, 46]. This theory refers to 
the fact that a patient with (or without) DC can develop hyperemia in one hemi-
sphere and vasospasm in the contralateral hemisphere. These clinical conditions 
challenge classical management strategies, rendering them contradictory. However, 
bedside assessment by TCD/TCCS allows us to better understand these cerebral 
hemodynamic phenomena, motivating a more individualized treatment [37–41].
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 Algorithm

IMMEDIATE DC-POP

TCD/TCCS TCD/TCCS
IMMEDIATE EVALUATION INTENSIVE CARE UNIT (ICU) IMMEDIATE EVALUATION
Assess Intracranial Bleeding Asses Intracranial Bleeding

Mandatory
During 48 Hours Clinical Status of the Patient

ABNORMAL NORMAL
Physiologic Systemic

Variables 

Reassess and
correct instability

Physiologic variables
Transcranial Doppler (TCD) / Transcranial Color-

Coded duplex Sonography (TCCS)

NORMAL OLIGOEMIC INTERMEDIATE /
TRANSITION

HYPEREMIC
Monitoring Monitoring Monitoring

Monitoring Lindegaard Index (LI)
< 3 > 3

e/4 Hs. First 24 Hs. Cerebral Autoregulation Test?
e/6 Hs. Next 48 Hs. e/6 Hs. First 24 Hs.

e/8 Hs. Next 48 Hs. Hyperemia Vasospasm
Preserved Not Preserved [Individualize by

LI  and DCI]Start with
Crystalloids Trial

[IV Coloids]?

Start with
Crystalloids
[IV Coloids]?

MONITOR
Systemic Physiological Variables 

Preload Reached? CO ? MAP ?
MONITOR CPP ? Tº ?
Systemic

Physiological
Variables

[Response and
Trend

Anemia ? PaCO2 ?
MONITOR
Systemic 

Physiological
Variables

[Response and
Trend]

MANAGEMENT MANAGEMENT
CONSIDER Antihypertensive Volemia

MAP ? Norepinephrine? Labetalol Optimize
CO ? Inotropes? Adjuvant Therapy CSF Drainage

CPP ? MAP ? [Case-by-case] Diuretics Endovascular
TherapyCO ? Hyperosmolar

SolutionsCPP ?
Sedation

ABCD
Level of Consciousnes (GCS)?
Hemodynamic Stability (MAP)?
Oxygenation (IMV / NIMV)?
Blood Glucose Level?
Electrolytes Disturbance?
Temperature (Tº)?
Non-contrast Brain CT Scan?

B. Other Indications
• New Focal Deficit
• 2 points decrease in GCS
• Pre-OP Collection
• Contralateral Skull Fx

ICP Monitoring – Cerebral Oxygenation (PtiO2 and SjVO2measurements) –Continuous EEG  

DC-POP Decompressive craniectomy postoperative, ABCD Airway-breathing-circulation- 
disability, MAP Mean arterial pressure, IMV Invasive mechanical ventilation, NIMV Non- invasive 
mechanical ventilation, GCS Glasgow coma scale, Fx Fracture, IV Intravenous, CO Cardiac out-
put, CPP Cerebral perfusión pressure, DCI Delayed cerebral ischemia, e/ Every, Pre-OP 
Pre-Operative

55 Decompressive Craniectomy in the ICU: Usefulness of Transcranial Doppler…



916

References

 1. Fernández Domínguez J, et al. El Doppler Color Transcraneal en el estudio vascular cerebral. 
Elsevier Doyma. 2012;4(3):132–43.

 2. Romero JA, Rivero OM. Chapter 19, Doppler transcraneal: Técnica y aplicaciones clínicas. 
In: Niño MC, Ferrer LE, editors. Neuroanestesia enfoque perioperatorio en el paciente neu-
rológico, vol. 431–443. Editorial Distribuna; 2005.

 3. Honeybul S, et al. Neurological susceptibility to a skull defect. Surg Neurol Int. 2014;5:83.
 4. Lang S, et al. Monitoring and intraoperative management of elevated intracranial pressure and 

decompressive craniectomy. Elsevier; 2012. p. 289–310.
 5. Song J, et al. Beneficial impact of early cranioplasty in patients with decompressive craniec-

tomy: evidence from transcranial Doppler ultrasonography, vol. 156. Springer-Verlag Wien; 
2013. p. 193–8.

 6. Kalanuria A, Nyquist PA, Armonda RA, Razumovsky A, et al. Use of transcranial Doppler 
(TCD) ultrasound in the neurocritical care unit, vol. 24. Elsevier; 2013. p. 441–56.

 7. Jaeger M, Soehle M, Meixensberger J, et al. Effects of decompressive craniectomy on brain 
tissue oxygen in patients with intracranial hypertension. J Neurol Neurosurg Psychiatry. 
2003;74:513–5.

 8. Daboussi A, et al. Cerebral hemodynamic changes in severe head injury patients undergoing 
decompressive craniectomy. J Neurosurg Anesthesiol. 2009;21:339–45.

 9. Bor-Shen-Shu E, Jacobsen Teixeira M, Hirsch R, Ferreira de Andrade A, Marino R Jr, 
et  al. Transcranial Doppler Sonography in tEwo patients who underwent Decompressive 
Craniectomy for Traumatic Brain Swelling. Arq Neuropsiquiatr. 2004;62(3-A)

 10. Paredes I, et al. The effect of cranioplasty on cerebral hemodynamics as measured by perfu-
sion computed tomography and Doppler ultrasonography. J Neurotrauma Mary Ann Liebert. 
2006;33:1586–97.

 11. Vicenzini E, et al. Transcranial Doppler for brain death after decompressive craniectomy: per-
sistence of cerebral blood flow with flat EEG. 2010; Springer and ESICM. Intensive Care Med. 
36:2163–4.

 12. Lazaridis C, DeSantis SM, Vandergrift AW, Krishna V, et  al. Cerebral blood flow velocity 
changes and the value of the pulsatility index post decompressive craniectomy. J Clin Neurosci. 
2001;19:1052–4.

 13. Rubiano AM, Villarreal W, Hakim EJ, Aristizabal J, Hakim F, Dìez JC, et al. Early decompres-
sive craniectomy for neurotrauma: an institutional experience. Ulusal Travma ve Acil Cerrahi 
Dergisi = Turkish Journal of Trauma & Emergency Surgery: TJTES. 2009;15(1):28–38.

 14. Guerra WK, Gaab MR, Dietz H, Mueller JU, Piek J, Fritsch MJ. Surgical decompression for 
traumatic brain swelling: indications and results. J Neurosurg. 1999;90:187–96.

 15. Polin RS, Shaffrey ME, Bogaey CA, Tisdale N, Germanson T, Bocchicchio B, et  al. 
Decompressive bifrontal craniectomy in the treatment of severe refractory posttraumatic cere-
bral edema. Neurosurgery. 1997;41:84–94.

 16. Stocchetti N, Zanaboni C, Colombo A, et al. Refractory intracranial hypertension and “second- 
tier” therapies in traumatic brain injury. Intensive Care Med. 2008;34:461–7. 6.

 17. Stocchetti N, Colombo A, Ortolano F, et  al. Time course of intracranial hypertension after 
traumatic brain injury. J Neurotrauma. 2007;24:1339–46.

 18. Stocchetti N, Maas AIR. Traumatic intracranial hypertension. N Engl J Med. 2014;370:2121–30.
 19. Delashaw JB, Broaddus WC, Kassell NF, et al. Treatment of right hemispheric cerebral infarc-

tion by hemicraniectomy. Stroke. 1990;21:874–81.
 20. Weiner GM, Lacey MR, Mackenzie L, et al. Decompressive craniectomy for elevated intracra-

nial pressure and its effect on the cumulative ischemic burden and therapeutic intensity levels 
after severe traumatic brain injury. Neurosurgery. 2010;66:1111–8.

 21. Kjellberg RN, Prieto A Jr. Bifrontal decompressive craniotomy for massive cerebral edema. J 
Neurosurg. 1971;34:488–93.

S. Vásquez et al.



917

 22. Larach DR, Larach DB, Larach MG.  A life worth living: seven years after craniectomy. 
Neurocrit Care. 2009;11:106–11.

 23. Cooper DJ, Rosenfeld JV, Murray L, et al. Decompressive craniectomy in diffuse traumatic 
brain injury. N Engl J Med. 2011;364:1493–502.

 24. Vahedi K, Hofmeijer J, Juettler E, et al. Early decompressive surgery in malignant infarction 
of the middle cerebral artery: a pooled analysis of three randomised controlled trials. Lancet 
Neurol. 2007;6:215–22.

 25. Michel P, Arnold M, Hungerbuhler HJ, et  al. Decompressive craniectomy for space occu-
pying hemispheric and cerebellar ischemic strokes: Swiss recommendations. Int J Stroke. 
2009;4:218–23.

 26. AI-Jishi, Saluja RS, AI-Jehani H, Lamoureux J, Maleki M, Marcoux J.  Primary or sec-
ondary decompressive craniectomy: different indication and outcome. Can J Neurol Sci. 
2011;38(4):612–20.

 27. Wang R, Li M, Gao WW, Guo Y, Chen J, Tian HL. Outcomes of early decompressive craniec-
tomy versus conventional medical management after severe traumatic brain injury: a system-
atic review and meta-analysis. Medicine (Baltimore). 2015;94(43):e1733.

 28. Van der Meer C, Van Lindert E, Petru R. Late decompressive craniectomy as rescue treat-
ment for refractory high intracranial pressure in children and adults. Acta Neurochir Suppl. 
2012;114:305–10.

 29. Fodstad H, Love JA, Ekstedt J, Fridén H, Liliequist B.  Effect of cranioplasty on cerebro-
spinal fluid hydrodynamics in patients with the syndrome of the trephined. Acta Neurochir. 
1984;70:21–30.

 30. Granthan E, Landis H.  Cranioplasty and the post traumatic syndrome. J Neurosurg. 
1947;5:19–22.

 31. Grant FC, Norcross NC. Repair of cranial defects by cranioplasty. Ann Surg. 1939;110:488–512.
 32. Stiver SI, Wintermark M, Manley GT. Reversible monoparesis following decompressive hemi-

craniectomy for traumatic brain injury. J Neurosurg. 2008;109:245–54.
 33. Yamaura A, Makino H. Neurological deficits in the presence of the sinking skin flap following 

decompressive craniectomy. Neurol Med Chir (Tokyo). 1977;17:43–53.
 34. Schiffer J, Gur R, Nisim U, Pollak L. Symptomatic patients after craniectomy. Surg Neurol. 

1997;47:231–7.
 35. Segal DH, Oppenheim JS, Murovic JA. Neurological recovery after cranioplasty. Neurosurgery. 

1994;34:729–31.
 36. Gordon WA, Zafonte R, Cicerone K, Cantor J, Brown M, Lombard L, et al. Traumatic brain 

injury rehabilitation: state of science. Am J Phys Med Rehabil. 2006;85:343–82.
 37. Akins P, Guppy KH. Sinking skin flaps, paradoxical herniation, and external brain tamponade: 

a review of decompressive craniectomy management. Neurocrit Cara. 2008;9:269–76.
 38. Blanco P, Abdo-Cuza A. Transcranial Doppler ultrasound in neurocritical care. J Ultrasound. 

2018;21:1–16.
 39. Chang T, et al. Transcranial Doppler ultrasonography for the management of severe traumatic 

brain injury after decompressive craniectomy. World Neurosurg. 2019;126:e116–24.
 40. Bor-Seng-Shu E, de-Lima-Oliveira M, Nogueira RC, Almeida KJ, EHA P, Paschoal FM Jr. 

Decompressive craniectomy for traumatic brain injury: postoperative TCD cerebral hemody-
namic evaluation. Front Neurol. 2019;10:354.

 41. Czosnyka M, Brady K, Reinhard M, Smielewski P, Steiner LA. Monitoring of cerebrovascular 
autoregulation: facts, myths, and missing links. Neurocrit Care. 2009;10:373–86.

55 Decompressive Craniectomy in the ICU: Usefulness of Transcranial Doppler…



919© Springer Nature Switzerland AG 2022
C. N. Rodríguez et al. (eds.), Neurosonology in Critical Care, 
https://doi.org/10.1007/978-3-030-81419-9_56

Chapter 56
Therapeutic Hypothermia (TH) in ICU: 
Cerebral Hemodynamics Monitoring 
by Transcranial Doppler (TCD/TCCS)

Sanjeev Sivakumar and Christos Lazaridis

Key Points
 1. The changes in MFV as visualized by TCD in the main cerebral arteries strongly 

reflect changes in cerebral blood flow (CBF) following return of spontaneous 
circulation after cardiopulmonary resuscitation and during therapeutic 
hypothermia.

 2. Early post-cardiac arrest hypoperfusion syndrome is characterized by low 
MFVMCA and high PI. MFVMCA gradually increases over 72 h and during mild 
hypothermia toward normal values and continues to increase post rewarming.

 3. The relationship between CPP and MFV can be estimated using an index (Mx), 
which can be used in the monitoring of cerebral autoregulation and establish 
treatment thresholds.

 4. Among patients with acute brain injury, rewarming can acutely increase cerebral 
metabolic rate of oxygen (CMRO2), inducing cerebral vasodilation and increase 
of cerebral blood volume and flow indicated by increase in MFVMCA, with a 
rebound increase in ICP and sustained increase of PI.

 5. A linear relationship between PI and ICP has been described; an upward trend in 
PI during hypothermia or rewarming represents reduced intracranial compli-
ance, high ICP and potentially a low CPP. Refractory ICP can lead to cerebral 
circulatory arrest, represented on TCD/TCCS by loss of diastolic flow, appear-
ance of retrograde diastolic flow, systolic spikes, and finally no detectable flow 
in the cerebral arteries.
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56.1  Introduction

Targeted temperature management (TTM) and therapeutic hypothermia (TH) are 
modalities with a recognized utility in critical care, particularly in the setting of 
post-resuscitative care [1–3]. Therapeutic hypothermia involves treatment to achieve 
and maintain a target body temperature for specific durations of time aimed at 
improving neurologic outcomes or mitigating secondary brain injury. Hypothermia 
can have significant effects on cerebral hemodynamics and cerebral blood 
flow (CBF).

With growing evidence on the benefits of hypothermia for a broad range of cere-
brovascular diseases, TCD/TCCS has found utility for the noninvasive monitoring 
of cerebral hemodynamics during TH and TTM. Recent literature describing novel 
uses of TCD that can be applied in the setting of HT include estimation of intracra-
nial pressure (ICP) and cerebral perfusion pressure (CPP) and monitoring of cere-
brovascular reactivity to PaCO2 after cardiac arrest [4].

In this chapter, we review the physiology of brain temperature regulation, the 
effects of temperature on cerebral hemodynamics, and use of TCD/TCCS for non-
invasive monitoring of cerebral hemodynamics during therapeutic hypothermia in 
the intensive care unit.

56.2  Brain Temperature Regulation: Physiology and Effects 
of Temperature on Cerebral Hemodynamics

The core body temperature is maintained at 37 °C under normal conditions. The 
brain is highly metabolically active, and consumes 25% of total body glucose and 
20% of total body oxygen for ATP production [5]. Blood entering the brain is at core 
temperature, which is lower than brain temperature. The gradient between brain and 
body temperature ranges from 0.3 °C to 1.1 °C, and is usually higher in the brain. 
While there is a correlation between brain and body temperature, the brain-body 
temperature gradient may be reversed with brain hyperthermia or hypothermia [6].

Cerebral metabolic rate of oxygen (CMRO2) and regional cerebral blood flow 
(CBF) are important determinants of brain temperature. Variations in these param-
eters can change or reverse the gradient between brain and core temperatures. By 
modulation of the diameter of cerebral vasculature, CMRO2 is physiologically cou-
pled to CBF [7]. Reduced CBF and oxygen extraction with induction of hypother-
mia and subsequent increase of CBF during rewarming has been demonstrated [8]. 
Increase in CMRO2 results in vasodilation and increase in CBF, which in turn leads 
to increase in cerebral blood volume (CBV). When the cerebral autoregulatory 
mechanisms are intact, increase in CBV is compensated by cerebrospinal fluid 
(CSF) outflow from the cranium and collapse of low pressure cerebral veins. Upon 
exhaustion of these mechanisms, the ICP increases. Increase in ICP can result in 
secondary brain injury due to ischemia resulting from reduction in CPP.
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Fever has been associated with metabolic distress. Increase in ICP with fever has 
been observed among patients with acute brain injury [9, 10]. Likewise, a decline in 
ICP with fever defervescence has been demonstrated [9, 11, 12]. Increase in ICP 
can be associated with increased “fuel” delivery, to compensate for metabolic 
demand during fever. Cerebral microdialysis studies have demonstrated preserva-
tion of the lactate/pyruvate ratio (LPR) during fever, which is indicative of adequate 
substrate delivery for aerobic metabolism [10]. Cerebral energy crisis at a cellular 
level ensues once maximal cerebral vasodilation occurs, after which a further 
increase in CMRO2 may not be compensated by further increases in CBF. Transcranial 
Doppler can be used to noninvasively monitor the hemodynamic changes during 
hypothermia, by measuring cerebral blood flow velocity, ICP, and CPP.

56.3  Cerebrovascular Hemodynamics Parameters: Utility 
of Monitoring Therapeutic Hypothermia

The conventional parameters obtained using TCD/TCCS include peak systolic 
velocity (PSV), end-diastolic velocity (EDV), and mean flow velocity (MFV) repre-
sented by the time average mean of maximum velocity or TAMAX. The Pourcelot 
resistivity index (RI) and Gosling pulsatility index (PI) give an estimation of down-
stream resistance in the cerebral circulation.

 
PI PSV EDV MFV= ( )– /

 
(56.1)

Normal PI in the MCA varies between 0.69 ± 0.10 at 55 mm and 0.71 ± 0.13 at 
30 mm. PI has been shown to correlate with ICP; PI variation of 2.4% is reflected 
by a 1 mmHg shift of ICP in the same direction [13–15].

The Pourcelot resistivity index (RI) is calculated using the following formula 
(Eq. 56.2):

 
RI PSV EDV PSV= ( )– /

 
(56.2)

Estimation of CBF using TCD/TCCS-measured cerebral blood flow velocity 
(CBF-V) has been described in literature using the following equation [16] 
(Eq. 56.3):

 
CBF K A T CBF V= × × ×( ) × −60 α /

 
(56.3)

CBF measured in mL/100 g/min, alpha cosine of angle of insonation, K constant, A 
cross-sectional area of vessel in cm2, T territory of vessel supply in 100 g of brain 
tissue, CBF-V cerebral blood flow velocity in cm/s.

Noninvasive measurement of ICP and CPP using TCD/TCCS have been pro-
posed and validated in numerous studies. Estimation of CPP using TCD-measured 
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CBF-V and Near-Infrared Spectroscopy (NIRS)-based measurements of cerebral 
oxygen saturation (rSO2) have been proposed in recent studies [17, 18]. Using serial 
estimations of MFVMCA and diastolic flow velocities, the estimated CPP (eCPP) is 
calculated using the following formula (Eq. 56.4):

 
eCPP MAP EDV MFVMCA MCA= ×( ) +( )[ ]/ 14 17

 
(56.4)

TCD/TCCS-based estimation of ICP(ICPtcd) has also been described. In patients 
with TBI who have invasive ICP monitoring (external ventricular drain or bolt), the 
acoustic window ipsilateral to the ICP bolt is preferably used to estimate the ICP, 
using the following equation (Eq. 56.5):

 
ICPtcd MAP eCPP= [ ]– 17

 
(56.5)

TCD/TCCS-based eCPP has been validated to estimate cerebral perfusion after 
TBI and cardiac arrest and has prognostic implications. A significantly lower eCPP 
was found among non-survivors of cardiac arrest when compared to survivors [18]. 
Applications of TTM and TH in neurointensive care unit are shown in Table 56.1.

56.4  TCD/TCCS: Monitoring of Cerebral Hemodynamics 
in Therapeutic Hypothermia

56.4.1  TCD/TCCS: Baseline Cerebral Hemodynamic Values

The ideal target population for noninvasive cerebrovascular monitoring are coma-
tose survivors (GCS ≤8) after successful resuscitation following cardiac arrest, and 
after acute brain injury. All eligible patients are cooled to 32–36 °C by rapid infu-
sion of cold IV crystalloids followed by external cooling, or using intravascular 
temperature management systems. Temperature is monitored continuously using 
rectal temperature probes. All patients are sedated with midazolam and/or propofol 
and fentanyl. In case of shivering, patients are paralyzed using intravenous 
rocuronium or cisatracurium. All patients are intubated and mechanically ventilated 
to obtain an adequate PaO2 > 75 mmHg and PaCO2 between 35 and 40 mmHg. 
Alpha-stat is used for pH maintenance. Central venous and arterial catheters are 
routinely used for ICU patients. In addition, patients with severe TBI have invasive 
ICP monitoring, often in addition to brain tissue oxygenation monitoring and less 
commonly cerebral microdialysis (CMD). End-tidal volume CO2 is monitored in all 
patients. Once the patient has been stabilized, the ideal first step is to obtain a base-
line TCD study.

A 2 MHz TCD probe is used to insonate the transtemporal window bilaterally 
and identify the middle (MCA), anterior (ACA), and posterior (PCA) cerebral arter-
ies. The MCA is chosen for continuous monitoring as this vessel perfuses 
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approximately 80% of the cerebral hemisphere and its accessibility is easy and 
reproducible. Trends in cerebral hemodynamics are most accurate when TCD mea-
surements are taken at the same depth and insonation angle. The transducer is held 
at this depth using a headframe, which will allow for serial monitoring during 
induction and maintenance of hypothermia. Time integrated arterial blood pressure 
and TCD data are sampled. The PI, RI, CBF velocities, and eCPP (in patients with-
out invasive ICP monitoring) can be calculated using equations 56.1–56.5. Arterial 
blood pressure data and TCD signals can be sampled with an analog-to-digital con-
verter at 60 Hz. Processing these data with ICM+ software (University of Cambridge, 
Cambridge, UK) has been previously described [28, 29].

Table 56.1 Guidelines for the use of therapeutic hypothermia and targeted temperature 
management in neurocritical care

Clinical indication
Level of evidence (where 
available)

Comatose survivors after successful cardiopulmonary 
resuscitation (CPR) [1]
1. TH (32–34° C for 24 hours) for VT/VF arrest
2.  TTM (36° C for 24 hours, 8 hours rewarming to 37 and 

temperature management for 72 hours) for VT/VF or 
PEA/asystole arrest is an acceptable alternative to TH

3.  VF arrest, insufficient evidence to support or refute 32 °C 
vs 34 °C

1.  Highly likely and effective in 
improving neurological 
outcome and survival compared 
to non-TH. Level A

2.  As effective as TH in improving 
neurological outcomes and 
survival; acceptable alternative. 
Level B

3.  Lack of evidence. Class III, 
Level U

Traumatic brain injury
1.  Early (within 2.5 hours), short-term (48 hours post 

injury), prophylactic hypothermia is not recommended to 
improve outcomes, in patients with diffuse injury [19]

2. Hypothermia can lower ICP in patients with TBI [20–23]

1. Level II B

Subarachnoid hemorrhage
1. Induced hypothermia during aneurysm surgery
2.  Surface/intravascular cooling when antipyretics fail for 

fever control, during at-risk period for delayed cerebral 
ischemia (DCI)

1.  Not routinely recommended but 
may be reasonable in selected 
cases. Class III (no benefit) 
Level B (Single RCT) [24]

2.  Low quality of evidence, strong 
recommendation [25]

Acute ischemic stroke
1. Induced hypothermia for ischemic stroke
2. Hypothermia for cerebral edema management

1.  Benefit not established. Only in 
context of clinical trials. Class 
IIb (weak), Level B-R 
(Moderate quality, 1 or more 
RCT) [26]

2. No benefit (Class III) [26]
Hypothermic cardiopulmonary bypass (CPB)
Hypothermic CPB is associated with abnormal CBF– blood 
pressure autoregulation, which can lead to increased 
incidence of stroke. Impaired autoregulation is worsened 
with rewarming. TCD can be used for continuous 
monitoring of CBF-blood pressure autoregulation during 
CPB [27].

No recommendation for a 
guideline concerning optimal 
temperature for weaning from 
CPB due to insufficient published 
evidence
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Time domain analysis of slow wave changes in TCD-derived CBF velocity in 
response to spontaneous changes in arterial blood pressure has been validated as 
means for continuous monitoring of CBF autoregulation [28, 29]. The TCD signals 
can be time integrated as nonoverlapping 10-s mean values. Correlation between 
MAP and TCD CBF velocities can then be calculated. The relationship between CPP 
and TCD measured-CBF velocity is given by the mean velocity index (Mx). When 
CBF and arterial blood pressure autoregulate, this index is near 0 or negative; when 
the index approaches 1.0 (high correlation), blood pressure is outside autoregulatory 
limits. A continuous correlation coefficient can be calculated between MAPs and 
TCD flow velocities obtaining a mean flow velocity index. Absolute Mx values rang-
ing between 0.3 and 0.5 are indicative of impaired autoregulation [30, 31].

Post-resuscitation myocardial dysfunction can result in low cardiac output in the 
first hours after ROSC. Cardiac output can change CBF, independent of changes in 
MAP. Immediately after cardiac arrest the MFVMCA as a parameter of CBF is low, 
with a high PI. This low flow state represents cerebral hypoperfusion phase of the 
post-cardiac arrest syndrome which has been shown to last up to 24  h, and is 
explained by increased cerebrovascular resistance due to imbalance of endothelin 
and cyclic guanosine monophosphate [32]. This phase is followed by normoperfu-
sion, or hyperperfusion in several patients which can be associated with risk of brain 
swelling [33–35]. Lower MFV immediately following arrest, higher initial cerebro-
vascular resistance, gradual increase in MFV (opposed to pronounced increase in 
MFVMCA), and concomitant change in cerebrovascular profile from vasoconstriction 
on admission to vasodilation after 72 h have been associated with increased survival 
in some studies, whereas others show no correlation with patient outcome [36]. A 
sufficiently high CPP should be maintained in the first hours after cardiac arrest to 
avoid secondary brain injury; MAP ranging from 85 to 105 mmHg has been sug-
gested [37]. In contrast, a low PI and low MFV reflect inadequate cardiac output 
[38]. Preserved cerebrovascular reactivity to changes in PaCO2 and disturbed cere-
bral autoregulation are described in many patients after cardiac arrest [34, 39]. 
These early changes in cerebral hemodynamics can be monitored by obtaining a 
baseline TCD/TCCS study post ROSC. An example of global hypoperfusion during 
the early hours after cardiac arrest monitored by TCCS is shown in Fig. 56.1.

Fig. 56.1 Example of cerebral hypoperfusion 24 h after cardiac arrest. Left: blood flow in the right 
middle cerebral artery. Note the reduced mean blood flow velocity (MFV 30 cm/s) and increased 
pulsatility (pulsatility index: 1.8). Right: normal blood flow in the left basal vein of Rosenthal 
(MFV 12 cm/s). (Reprinted from Doepp Connolly et al. [43]. With permission from Elsevier)
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56.4.2  TCD/TCCS: Monitoring of Cerebral Autoregulation 
During Hypothermia

Hypothermia (32–34 °C) and TTM (36 °C) using surface and/or intravascular cool-
ing devices are typically initiated and maintained for 24  hours in the ICU post- 
cardiac arrest, followed by gradual rewarming (0.5 °C/h) to 37 °C. Hypothermia 
may be used for longer periods in patients with TBI. However, while hypothermia 
has been shown to reduce ICP, early prophylactic hypothermia is not recommended 
for TBI [22].

Upon induction of TTM or hypothermia in patients following cardiac arrest, the 
CBF velocities from bilateral proximal MCA are monitored using a headframe. 
Measurements are obtained at least twice daily to monitor trends at three time 
points: pre-hypothermia phase, hypothermia phase (12–24 h in cardiac arrest, lon-
ger in other diagnoses), and rewarming phase (12–48  h after body temperature 
reaches 36 °C). The mean flow velocity in the MCA, as a parameter of CBF, is low 
in the first hours after cardiac arrest and can decrease further during hypothermia, 
followed by gradual increase toward normal values with rewarming [33]. Jugular 
venous oxygenation has been demonstrated to be normal during hypothermia; 
together with low MFVMCA, this suggests a decreased cerebral metabolism with 
hypothermia and TTM. CBF autoregulation is continuously monitored using Mx. 
Rewarming from mild or moderate hypothermia can be associated with impairment 
of CBF autoregulation denoted by an Mx ≥0.4 [27]. Impaired autoregulation may 
cause persistent increase of PI, and decreased MFV. During rewarming, a pressure 
passive CBF could have deleterious effects on cerebral perfusion. This is of particu-
lar significance in patients with cerebrovascular disease, as MAP can decrease dur-
ing this phase. High PI in the rewarming phase can predict hypoperfusion and raised 
ICP, and is an indication to return to moderate hypothermia or optimize hemody-
namic conditions. Presence of low PI with high MFV may reflect hyperemia, vaso-
spasm, or stenosis. Impaired CBF autoregulation increases the risk of neurological 
complications, particularly ischemic stroke. When the Mx exceeds 0.3, arterial 
blood pressure is below the patient’s lower autoregulatory “threshold” or “break-
point.” This should trigger targeted therapy to optimize MAP within the autoregula-
tory range, reflected by a decrease of Mx below 0.3, which means a lower risk of 
adverse cerebrovascular events.

In patients with TBI, impaired CBF autoregulation is a predictor of adverse neu-
rological outcomes. Conversely, outcomes improve when arterial blood pressure is 
optimized within the autoregulatory range [28, 40]. In patients with reduced intra-
cranial compliance, small changes in CBV can have an effect on ICP. The PI can 
increase during re-warming following prolonged hypothermia [41]. A linear rela-
tionship between PI and ICP has been described [13, 42]. In patients with diffuse 
TBI without invasive ICP monitoring, an upward trend in PI should alert the physi-
cian to reduced intracranial compliance, high ICP, and potentially a low CPP.  In 
addition, high PI may predict inadequate reperfusion or hypoperfusion related to 
raised ICP. With refractory intracranial hypertension, brain herniation and cerebral 
circulatory arrest can ensue. This is represented by a pattern of loss of diastolic flow, 
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appearance of retrograde diastolic flow, or no detectable flow in the cerebral arteries 
on TCD. CBF velocity can vary despite a constant CPP; CPP can remain stable as 
MAP reduction is typically concurrent to ICP decrease during hypothermia.

In patients with severe TBI where hypothermia is used to control refractory ICP, 
the integration of TCD with multimodal monitoring allows for dynamic cerebral 
hemodynamic monitoring. Induction of hypothermia decreases CMRO2. CMRO2 is 
physiologically coupled to CBF via modulation of vessel diameter, and this results 
in a decrease in CBF and CBV. TCD is used to monitor CBF-V during this phase. 
Rewarming poses challenges in patients with severe diffuse brain injury with low 
intracranial compliance. Rewarming can acutely increase CMRO2, inducing cere-
bral vasodilation and increase in CBV and CBF and a rebound increase in 
ICP. Preserved CO2 reactivity has been demonstrated in early stages of hypothermia 
[34]. Changes in arterial PaCO2 correlates with changes in MFVMCA and prolonged 
decrease in PaCO2 can reduce CBF resting in mismatch between cerebral oxygen 
demand and supply. Ventilator settings and serial arterial blood gases should be 
monitored. Monitoring CBF-V, PI, and Mx during rewarming allows the detection 
of the autoregulatory threshold, providing a target CPP value for treatment. In con-
junction with brain tissue oxygen tension (PbtO2) and CMD, TCD/TCCS allows for 
individualizing CPP goals in patients with severe TBI.  Identifying thresholds for 
temperature and physiologic interactions and targeted treatments to preserve CPP 
can prevent secondary brain injury. Treatment algorithm demonstrating use of TCD 
in the neuromonitoring of hypothermia is shown below.

56.5  Conclusion

Serial TCD/TCCS assessment of intracranial hemodynamics is a feasible diagnostic 
bedside tool in the acute phase after cardiac arrest, acute brain injury, and for neu-
romonitoring during targeted temperature management and therapeutic hypothermia.

S. Sivakumar and C. Lazaridis



927

 Algorithm

Intensive Care Unit (ICU)
Emergency Department (ED)

Clinical Status of the Patient

Consider

TTM ?

CARDIAC ARREST ? ACUTE BRAIN INJURY ?

Post Acute Event / Return Of Spontaneous Circulation (ROSC)

YES

Baseline Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography

(TCCS)

HYPOTHERMIA / TTM

[ 0 –24 Hours ]

POST-CARDIAC ARREST Sustained ↑PI or Mx ≥4

[ Hypoperfusion Syndrome ]

Transtemporal Window

A. Middle Cerebral Artery (MCA) B. Increase Pulsatility Index (PI) NO YES

Mean Flow Velocity (MFV) Decrease MFV

B. Spectral Doppler Waveform analysis A.Middle Cerebral Artery (MCA)

Transtemporal Window MAP/CPP
Optimization

eCPP Goal 60-70 mmHg

MAP Goal 85-105 mmHg

B.1 Pulsatility Index (PI) Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

During the Hypothermia / TTM
B.2 Estimate CPP (eCPP)

C. Mean Flow Index (Mx) Continue
MonitoringDynamic Cerebral Autoregulation

REWARMING

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

TBI Patient Impaired Cerebral Autoregulation (CA) No / Mx ≤ 0.3

Yes / Mx ≥ 0.4

Transtemporal Window High Intracranial Pressure (ICP)

A. Spectral Waveform 1. Re-iniciate Hypothermia with delayed
 gradual rewarming A.1 IncreaseEDV Transtemporal Window

A.2 ReboundincreaseCBFV 2. CPP goal 60 –70 mmHg I. Dicrease EDV

B. Pulsatility Index increase 3. Ventriculostomy / CSF Drainage II. Retrogade diastolic flowvelocity

4. Osmotherapy III. Systolic Spikes

IV. No-detectable flow

Refractory Intracanial Pressure (ICP)
Cerebral Circulatory Arrest

ABCD

Level of consciousness (GCS)?

Bilateral Pupillary reactivity

Hemodynamic stability?

Oxigenation? 

 

ABCD Airway-breathing-circulation-disability, TTM Target temperatura management, ICP 
Intracranial pressure, EDV End-distolic velocity, CBFV Cerebral blood flow velocity, CSF 
Cerebrospinal fluid, CPP cerebral perfusión pressure, Mx Mean flow index, ↑ Increase, MAP 
Mean arterial pressure
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Chapter 57
Management of Brain Tumors in ICU: 
Monitoring the Neurological Impact 
by Transcranial Doppler (TCD/TCCS)

Mohammed F. Kananeh and Syed Omar Shah

Key Points
 1. Transcranial Doppler and transcranial color-coded duplex sonography (TCD/

TCCS) are useful tools that are underutilized in the NCCU in investigating 
these tumors.

 2. TCD/TCCS are a quick, noninvasive study to aid in the evaluation of brain 
tumors both pre- and postoperatively.

 3. The examiner has to be aware of several artifacts that might be interpreted as 
progressive or returning tumors. Air trapped in the resection site will result in 
increased echogenicity and can be mistaken for tumor tissue.

 4. The use of TCD/TCCS is also hampered by the 10–15% rate of inadequate 
acoustic windows prevalent in African, Americans, Asians, and elderly women.

57.1  Introduction

The investigation of brain tumors involves analyzing the type, location, circum-
scribed vs invasive, extent of edema, and malignancy. In general, computed topog-
raphy (CT) and magnetic resonance imaging (MRI) have long been the gold standard 
in examining brain tumors. Although CT scans are quick and cost-effective, their 
limitations including exposure to radiation, contrast administration, and difficulty 
interpreting some of the images obtained make them less than ideal. MRI, on the 
other hand, does not suffer from exposure to radiation but are affected by the high 
cost, long scans, and contraindication in patients with cardiac devices. In addition, 
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many critically ill patients in the neurocritical care unit (NCCU) are unable to toler-
ate transportation to the MRI/CT bay for scanning. These limits can affect the diag-
nosis and follow-up of patients with brain tumors.

The use of transcranial color-coded duplex sonography (TCCS) and transcranial 
Doppler (TCD) has advanced the investigation of brain tumors. TCD/TCCS are 
noninvasive and easily performed, so that follow-up investigations can be performed 
bedside at less expense compared with CT and MRI [1, 2]. As such, TCDs have 
great utilization in investigating brain tumors beyond the typical use for checking 
vasospasm in subarachnoid hemorrhage (SAH) [3].

Doppler ultrasonography can be used to assess tumor vascularity, plan the opera-
tive approach, and for follow-up postoperatively. It utilizes the Doppler effect, 
which is an observed frequency shift when an ultrasound (US) wave is reflected 
back to the transducer from moving particles, to determine the direction and relative 
velocity of fluid along the axis of the probe [4]. This provides real-time measure-
ment of blood flow characteristics and cerebrovascular hemodynamics of brain 
tumors, which is useful for highly vascular tumors, like hemangioblastomas [2, 4].

57.2  TCD/TCCS: Use in Tumor Evaluation

Different types of Doppler ultrasonography exist and proper use can maximize the 
information gained about the tumor in question. Transcranial color-coded duplex 
Sonography (TCCS) is useful in examining highly vascular tumors like gliomas 
pre- and postoperatively. Color Doppler imaging relies on the magnitude of mea-
sured Doppler shift, which shows with color the direction of flow, either toward or 
away from the probe, overlaid on the 2D US image. Consequently, color Doppler is 
very much angle dependent: if the flow is perpendicular to the US waves, the 
Doppler shift is lost and no flow will be appreciated [2, 5]. Furthermore, color 
Doppler suffers from aliasing, an artifact in which areas of flow are represented with 
incorrect magnitude or direction as a result of transducer pulse rate limitations [5]. 
Lastly, color Doppler imaging is highly susceptible to noise, which may overwhelm 
the flow signal [6]. Power Doppler is an alternative to the frequency-coded signal as 
it relies on the power of the Doppler shift signal instead of the magnitude of the shift 
[5, 6]. Power Doppler has many advantages including less noise, less angle depen-
dence, greater resolution of small vessels, and no aliasing [5, 6]. Additionally, power 
Doppler can be reconstructed into a 3D volume, which, as compared to magnetic 
resonance angiography (MRA), can simultaneously demonstrate arteries and veins, 
include small-caliber vessels [7–9]. However, power Doppler sacrifices information 
about flow direction and velocity [2, 5]. The power Doppler signal can exaggerate 
smaller vessels, so they appear larger on power Doppler imaging than they do on 
MRA [2, 5]. This high sensitivity of power Doppler may result in visualization of 
small vessels of limited relevance, thus diminishing intraoperative utility [2, 5]. 
Power Doppler is also limited by operator dependence, motion sensitivity artifacts, 
and overall poor resolution compared to other imaging modalities [2, 5].
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Contrast-enhanced US delivers reliable intraoperative visualization of peritu-
moral and intratumoral vascularity [2, 10]. Strong contrast enhancement is seen in 
meningiomas, hemangioblastomas, and metastases, with less enhancement seen in 
gliomas and lymphomas [10]. US elastography is a new technology that is based on 
arterial pulsation to help to differentiate tumor from normal parenchyma. It is 
important to note that these images have only been compared with 2D US and not 
MRI or histopathology [11, 12]. Endonasal US is an emerging technology with 
studies conducted with the early rigid endonasal US probes suggested that US could 
identify pituitary tumors with 81% sensitivity [2]. In this book, we will concentrate 
on TCCS as it has the most applicability in the setting on the neurocritical care unit.

57.2.1  Sensitivity

It is important to note that the overall sensitivity of TCCS in tumor detection is 
inferior compared to CT and MRI [1, 13]. However, color Doppler is more sensitive 
than CT in detection of residual tumor and tumor regrowth [1, 14]. Solid tumors 
appear hyperechogenic on TCCS and the interspersed hypoechogenic areas repre-
sent necrotic or cystic tumor portions [13, 14]. In addition, comparison with histo-
pathology revealed that TCCS are consistent with the demonstration of tumor 
extension, due to the distinct differences in echogenicity between tumor tissue and 
perifocal brain edema and normal brain tissue. Neither CT nor MRI can definitively 
differentiate between non-contrast enhancing tumor tissue and perifocal brain 
edema [13, 15, 16]. Postoperatively TCCS is more sensitive than CT in detecting 
residual tumor. In one study, 12 out of 20 patient who underwent operative removal 
of brain glioma displayed residual tissue on CT. Three out of the eight remaining 
designated “tumor free” patients were found to have residual tumor tissue on TCCS, 
which was confirmed by pathology [15, 17]. It is essential to determine the extent of 
any residual tumor tissue postoperatively. Albert et  al. through MRI-controlled 
studies demonstrate that residual tumor tissue is the most predictive factor of sur-
vival in patients with supratentorial gliomas [18]. Additionally, complete tumor 
resection improved quality of life and renders adjuvant therapies, like chemother-
apy and radiation, more effectively [19]. Neither CT nor TCCS is able to determine 
the total extension of an infiltrating tumor (including the infiltrating zone) precisely 
[14]. However, when compared to CT, TCCS can provide more reliable data on the 
location, residual, and regrowth of tumors.

57.2.2  Artifacts

The examiner has to be aware of several artifacts that might be interpreted as pro-
gressive or returning tumors. Air trapped in the resection site will result in increased 
echogenicity and can be mistaken for tumor tissue [14]. This artifact is usually 
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resolved after postoperative day 5. Moreover, hemorrhage along the resection site or 
within the resection cavity may also lead to a misinterpretation by TCCS in the early 
postoperative period. A CT scan would be more helpful to differentiate hemorrhage 
at the resection site or around the surgery site. In case CT imaging is difficult to 
obtain, then a follow-up color Doppler study is helpful to differentiate tumor tissue 
from hemorrhage. In general, the echogenicity of blood would decrease in size 
within the first 2 postoperative weeks [14].

57.2.3  Vasospasm Detection

TCD/TCCS are helpful in ruling out vasospasm and ischemia in conditions like 
subarachnoid hemorrhage and stroke. It is possible to observe vasospasm and isch-
emia after resection of intracranial tumors but this has not received extensive atten-
tion clinically [20]. Often, they are misdiagnosed and improperly treated as surgical 
brain damage or brain swelling. Some of the factors that appear to correlate with a 
higher incidence of postoperative vasospasm include a larger tumor size, the need 
for preoperative embolization indicating increased tumor vascularity, vessel encase-
ment, displacement, and narrowing and increased intraoperative blood loss [20, 21]. 
It is likely that the presence of blood in the basal cisterns is responsible for this 
condition. Vasospasm should be considered in patients who are deteriorating after 
the surgical removal of a cerebral tumor. TCD/TCCS are indispensable in investi-
gating vasospasm to help initiate the appropriate treatment.

57.3  TCD/TCCS: Limitations

TCD/TCCS carry some limitations, where the operator should be conscious of the 
resolution of ultrasonography (US), which is not uniform in every direction or every 
tissues. Because the appearance of tissue depends on the depth and angle of US 
waves insonation, it can be challenging both to interpret US images and to compare 
them to images from other modalities, such as MR and CT [2, 14]. Dense tissue like 
bone can create a shadow that diminishes signal of any tissue behind it. Fluids like 
blood can mimic tumor tissue due to its echogenicity, which can imply tumor exten-
sion [14]. TCD is highly operator dependent, with the handheld technique requiring 
detailed three-dimensional knowledge of cerebrovascular anatomy and its varia-
tions. The use of TCD/TCCS is also hampered by the 10–15% rate of inadequate 
acoustic windows prevalent in African Americans, Asians, and elderly women [1, 2].
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57.4  Conclusion

TCD/TCCS are useful tools that are underutilized in the NCCU in investigating 
tumors. TCD/TCCS and sonography in general lack behind CT and MRI in the abil-
ity to initially diagnose brain tumors [1, 14]. But they are superior to CT in identify-
ing tumor extension and regrowth. TCD is better than CT and MRI in differentiating 
between normal tissue and edema. TCD is an indispensable tool intraoperatively 
and provides multitude of information. It is very useful tool to monitor extension 
and regrowth of brain tumors, especially in patients who are unstable to undergo CT 
or MRI postoperatively. It is cheap and relatively easy to learn. With experience, 
TCD will be a crucial tool in investigating and understanding the progression of 
brain tumors in patients in the NCCU.
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Chapter 58
Point-of-Care Ultrasound: Guidance 
for Lumbar Puncture

Camilo N. Rodríguez and Tiffany Fong

Key Points
 1. Ultrasound guidance is a tool to increase procedural success and decrease com-

plications of lumbar puncture.
 2. Sonography in the transverse plane determines the position of the spinal midline 

while imaging in a longitudinal plane maps the lumbar spine levels to identify 
the most appropriate interspinous space. The intersection of these two lines 
establishes the needle insertion site.

 3. Depth of needle insertion may be predicted by visualizing and measuring the 
distance to the ligamentum flavum.

 4. The use of ultrasound guidance should always be considered to improve out-
comes of lumbar puncture, particularly in patients with obesity or spinal land-
marks that are difficult to palpate.

58.1  Introduction

Lumbar puncture (LP) is a core procedure for the diagnosis and management of 
critical neurologic pathology. During LP, cerebrospinal fluid (CSF) is removed from 
the lumbar subarachnoid space, below the termination of the spinal cord.
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When LP is performed routinely by palpation of external landmarks, overall pro-
cedural success rate is reported to be 72% [1], with only 61.5% success at first 
attempt [2]. Obesity can present a significant obstacle to landmark palpation and has 
been shown to be a major contributor to failed LP [3, 4]. Such anatomic challenges 
are quite common; 30% of ED patients requiring LP have spinal landmarks that are 
difficult to identify [5]. One technique to promote the success and safety of LP is the 
use of point-of-care ultrasound guidance. This has been shown to improve proce-
dural success rates, while reducing the time to successful LP, number of needle 
passes and redirections, patient pain scores, and risk of a traumatic LP [6–8]. 
Ultrasound guidance should always be considered in patients who have anticipated 
procedural challenges (e.g., obesity or abnormal spinal anatomy) or after multiple 
failed attempts using conventional palpation methods.

58.2  Descriptive Anatomy: Lumbar Spine

The lumbar spine is composed of five vertebrae (L1-L5). The vertebral body is the 
weight bearing portion of the vertebra, and connects to the pedicles, laminae, trans-
verse processes, and spinous process (Fig. 58.1). The spinous process is palpable in 
the posterior midline of the spine, and the L2-L4 spinous processes are typically the 
most superficial.

The spinal cord ends at L1–L2 in most adult patients, with cadaveric and MRI 
studies demonstrating a range between T11 and L3 [9]. Generally, LP can be safely 
performed below the L2 vertebra. The L2–L3 and L3–L4 interspinous spaces are 
typically the widest. Using anatomic landmarks, the L4-L5 interspace is identified 
in the spinal midline at its intersection with Tuffier’s line, which spans the superior 
aspects of both iliac crests.

Moving from superficial to deep, multiple layers are traversed by the spinal nee-
dle during lumbar puncture:

• Skin and subcutaneous tissue
• Supraspinous ligament:

 – Connects the tips of the midline spinous processes

• Interspinous ligament:

 – Connects the shafts of the spinous processes

• Ligamentum Flavum (LF):

 – Lies deep to the interspinous ligaments, connects the lamina, and lines the 
vertebral foramina

• Epidural space
• Dura mater

C. N. Rodríguez and T. Fong



939

Further stabilizing the spinal vertebra are the posterior longitudinal ligament and 
anterior longitudinal ligament. These structures are located deep to any areas that 
should be traversed during an LP procedure (Figs. 58.1 and 58.2a).

Lumbar puncture (LP) is most commonly performed using a midline approach 
(Fig. 58.2b). A paramedian approach with a needle trajectory through the interlami-
nar space may be used as an alternative.

58.3  Pre-procedure Considerations

58.3.1  Procedural Preparation to Reduce Complications 
of Lumbar Puncture

Thoughtful preparation prior to LP can help improve safety and reduce procedural 
complications [10, 11] (Table 58.1).

VERTEBRAL
BODY

PEDICLE

LAMINA

SPINOUS PROCESS Camilo N. Rodríguez, 2020
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Fig. 58.1 Scheme: L2- vertebrae. (VF): vertebral foramen
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Fig. 58.2 Anatomy of the lumbar spine; (a) Sagittal view: (1) Lamina, (2) Anterior longitudinal 
ligament, (3) Posterior longitudinal ligament, (4) Intervertebral disk, (5) Ligamentum flavum, (6) 
Interspinous ligament, (7) Spinous process and (8) Supraspinous ligament; (b) Posterior view: (1) 
Lumbar vertebral body, (2) Transverse process, (3) Superior articular process, (4) Spinous process, 
(5) Intervertebral disk, (6) Lamina and (7) Inferior articular process; Red arrow: Trajectory of 
spinal needle during LP using a paramedian approach; Green arrow: Trajectory of spinal needle 
using a midline approach

Table 58.1 Modifiable factors to reduce complications of LP [10, 11]

Complication Modifiable factor Intervention

Post-dural puncture 
headache

Patient positioning Lateral decubitus

Needle tip Pencil point (atraumatic)

Needle size Smallest bore possible, preferably smaller than 20G

Needle position Bevel parallel to long axis of spine

CSF drainage Passive drainage of no more than 30 ml CSF

Bleeding Coagulopathy Defer LP until INR <1.4

Thrombocytopenia Defer LP until platelet count is >50,000–80,000

Use of anticoagulant 
medications

For elective LP, STOP anticoagulation prior to 
procedure:
   Heparin drip: 2–4 hours
   LMWH: 12–24 hours
   Warfarin: 5–7 days
   NOAC: 48 hours

Cerebral herniation Assess for elevated 
intracranial pressure

Obtain CT scan first if:
   Altered mental status
   Focal neurologic signs
   Papilledema
   Seizure within 1 week
   Immunosuppression

LP Lumbar puncture, LMWH Low molecular weight heparin, NOAC Novel oral anticoagulants, CSF Cerebral 
spinal fluid, INR International normalized ratio
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58.4  Patient Positioning

Lumbar puncture may be performed in either a lateral decubitus or upright seated 
position. The lateral decubitus position allows a more accurate measurement of 
opening pressure, but has lower success rate than an upright position. If an upright 
seated position is used, the patient’s flexed upper body must be supported on a sur-
face, and if possible a stool used to elevate the legs. This flexion of the back and hips 
serves to maximize interspinous distance. If a lateral decubitus position is used, the 
patient should flex the back as far as possible, raising the knees toward the chin and 
furthermore ensure that the hips and shoulders are aligned and perpendicular to the 
floor. The goal of positioning, whether lateral decubitus or upright, is to expand the 
interspinous space to facilitate needle passage. Choice of position should be dic-
tated by clinical circumstance and patient tolerance.

58.5  Probe (Transducer) Selection

A low frequency (2–5 MHz) curvilinear transducer is preferred for obese patients 
(BMI >30), as it enables adequate penetration to visualize deeper structures where 
the bony landmarks are non-palpable. For nonobese patients (BMI <25), a high 
frequency (5–10 MHz) linear transducer will provide the highest resolution images 
of relevant anatomic structures at 6–9 cm in depth. A musculoskeletal exam preset 
should be chosen if available. A depth of 10–12 cm may be used as starting point, 
but should be adjusted to the specific patient. The probe marker should be oriented 
to the operator’s left.

58.6  Ultrasound Technique

Point-of-care ultrasound is most commonly used for static guidance, in which key 
spinal landmarks are mapped to identify a needle insertion site prior to performing 
LP. Though real-time ultrasound needle guidance has been described in the litera-
ture, it is more technically challenging and less well studied. This chapter will focus 
on a midline approach using static guidance.

58.6.1  Midline Approach

58.6.1.1  Identify the Spinal Midline: Transverse View

Begin by placing the transducer over the sacrum, which is visible as a hyperechoic 
line with an irregular surface. Slide the probe cephalad to sequentially identify the 
lumbar spinous processes (L5-L4-L3-L2) [22, 23] (Figs.  58.3 and 58.5). Each 
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spinous process will appear superficially as a small, thin hyperechoic structure with 
posterior acoustic shadowing. The laminae are seen deeper and more lateral to the 
spinous process, and the transverse processes can be visualized deeper and more 
lateral to the laminae.

The transducer position should be adjusted until the spinous process is centered 
on the screen and a skin marker used to mark the midline perpendicular to the trans-
ducer. The spinal midline should be marked over a minimum of two or three spinous 
processes [12, 13].

58.6.1.2  Map the Lumbar Interspinous Space: Longitudinal View

At the L3-L4 interspinous space, rotate the probe 90° into a longitudinal orientation 
over the spinal midline. The spinous processes will appear similar to a row of ̈ tomb-
stones¨. Slide the probe along the midline to identify the widest interspinous space. 
Once the transducer is centered over the widest space (most commonly L3-L4), use 
a marking pen to draw a line perpendicular the probe [12, 13] (Figs. 58.4 and 58.5).

58.6.1.3  Identify the Needle Entry Site

The needle entry site should be the intersection of the two marked lines, represent-
ing the spinal midline at the widest lumbar interspinous space (L3-L4).

The lumbar puncture may proceed using standard techniques. It must be empha-
sized that the patient must remain in the same position during both ultrasound and 
LP components of the procedure, to ensure that marked areas do not shift relative to 
underlying anatomy.

Fig. 58.3 Lumbar ultrasound: Transverse view; SP Spinous process, L Lamina, LF Ligamentum 
flavum, PLL Posterior longitudinal ligament. (Courtesy: Soni et al. Neurol Clin Pract, 2016)
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58.6.2  Paramedian Approach

A paramedian technique is an alternative approach to LP that utilizes a needle tra-
jectory through the interlaminar space. Its advantages include a larger pathway to 
access the dura, and avoidance of the supraspinous and interspinous ligaments 
which may be calcified in elderly patients. This technique may also be assisted with 
ultrasound, and in addition to identifying a needle entry site, it allows the operator 
to estimate the distance that the needle must travel from skin to dural space 
(Fig. 58.8).

In a longitudinal plane, the operator slides the transducer to either a left or right 
paramedian position to identify the lamina of sequential lumbar vertebra 
(Figs. 58.6 and 58.7). Deep to the laminae in the interspinous space, the ligamen-
tum flavum is visible as a hyperechoic linear structure. The dura lies just a few 
millimeters deep to the ligamentum flavum. Measuring the distance from the skin 
to the ligamentum flavum allows the operator to predict the necessary depth of 
needle insertion [13, 14, 23], and to ensure a needle of appropriate length is 
selected for the procedure.

In patients with challenging surface anatomy, the midline and paramedian 
views may be easily confused, leading to misidentification of spinous processes as 
laminae. A distinction can be made by sweeping the transducer form the patient’s 
left to right and ensuring that both the spinous processes and laminae are visual-
ized. Furthermore, the spinous processes should have only skin and subcutaneous 
tissue overlying, whereas erector spinae muscle fibers will be seen overlying the 
laminae.

Fig. 58.4 Longitudinal view of lumbar spine at midline. (1) Spinous processes (Tombstone), (2) 
Lamina SP, LF Ligamentum flavum, PLL Posterior longitudinal ligament. (Courtesy: Soni et al. 
Neurol Clin Pract, 2016)
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Fig. 58.6 Longitudinal view of lumbar spine (Paramedian approach): (Caudal) Sacrum, 
(Cephalad) L3/L4 articular processes (A lateral slight probe movement: From the transverse pro-
cesses to articular process). (Courtesy: Nagdev Arun, et al. ACEP. 2014;33) [14]

a b

Fig. 58.5 (a) Transverse ultrasound view of midline lower back. (Shadow): Spinous process; (b) 
Longitdinal ultrasound view of the lower back over spine. (Small unlabeled arrows): Inidicate 
echogenic border of two spinous process. (Courtey: Peterson MA, et  al. Acad Emerg Med 
2014;21:130–136.) [19]
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58.7  Lumbar Puncture Procedure: Advantages

Lumbar puncture (LP) mapping with ultrasound has the greatest benefit in patients 
with obesity or poorly palpable bony landmarks. Advantages of this technique are 
reviewed in Table 58.2.

Fig. 58.8 Longitudinal 
paramedian view of lumbar 
spine. S Skin, ES Erector 
spinae muscle, L Lamina, 
LF Ligamentum flavum, 
PLL Posterior longitudinal 
ligament. The anechoic 
structure between LF and 
PLL is the dural sac filled 
with cerebral spinal fluid). 
(Arrow): Distance between 
skin and LF. (Courtesy: 
Soni et al. [13])

Fig. 58.7 Longitudinal view (Paramedian approach): Using marker, the interspaces are labeled 
lateral to the probe; CF Cepahlic, CD Caudal, LF Patient’s left, RT Patient’s right. (Courtesy: from 
Nagdev Arun, et al. ACEP. 2014;33) [14]
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58.8  Ultrasound-Guided Lumbar Puncture: 
Training Considerations

Like all bedside procedures, learning curves for skill acquisition in ultrasound- 
guided LP are variable and should be adapted based on the operator’s prior ultra-
sound experience.

It is recommended that novices learning ultrasound-guided LP should have a 
training program that includes didactics, simulation-based practice (if available), 
supervised practice by more experienced operators, and experiential and 
competency- based assessment for procedural credentialing and privileging. Various 
guidelines exist, and in general recommend performance of 10–20 supervised pro-
cedures [21, 24–26].

58.9  Conclusion

Ultrasound-guided lumbar puncture is associated with higher success rates, shorter 
time to successful LP, fewer needle attempts, fewer traumatic taps, and lower 
patient pain scores when compared to palpation techniques. Static ultrasound guid-
ance maps spinal landmarks to identify an ideal needle puncture site, and allows the 
operator to predict needle trajectory and depth. Point-of-care ultrasound is excel-
lent complementary tool to perform lumbar punctures, and should always be a con-
sidered as a procedural adjunct, especially in patients with obesity or difficult 
anatomy.

Table 58.2 Ultrasound-guided lumbar puncture advantages

1. Decrease time wasting in the procedure [12, 18, 19, 27]
2.  Increase ease of procedure in those patients whose spinal landmarks are either difficult to 

palpate or not palpable [12, 15, 16, 18]
3. Decrease pain scores [12, 27]
4. Fewer traumatic taps [7, 18, 19, 27]
5. Reduce the number failure procedures [1, 7, 16–19, 27]
6. Fewer needle redirection [7, 20]
7. Proper length spinal Needle selection (Depth: Skin to ligamentum flavum) [13, 20]
8. Decrease overall costs [1]
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

STOP

COMPLEMENTARY
STUDIES

SUSPECTED 
DIAGNOSIS

ANTICOAGULATION 
DRUGS

• Clinical exam
• Laboratory Studies
• Obtain Brain- Scan (CT-MRI):
 Prior to LP

MENINGITIS

ENCEPHALITIS

SAH

LUMBAR PUNCTURE (LP)

MINIMIZE RISKS

PROCEDURE-RELATED RISK FACTORS PATIENT-RELATED RISK FACTORS

1. Spinal Needle >> Small bore / Atraumatic needle

2. Patient Position: Lateral recumbent position

3. Attempts: ≤ 4 attempts

4. CSF drainage: Passive drainage

5. CSF Collection: < 30 ml

1. Brain Image/s: Signs of elevated ICP in CT/MRI?

2. Thrombocytopenia: Platelets > 50,000?

3. Coagulopatrhy: INR <1.5?

4. Medications: STOP Anticoagulation or reversal if indicated

5. Anatomy: Lumbar anatomy? / Landmarks?

Coagulopathy?: Must correct
Prior to Lumbar puncture Lumbar Puncture Requirements Met?

High risk for bleeding?:
Consider Fluoroscopy 

Platelets 40,000 – 50,000?:
Infuse during procedure

NO YES

ULTRASOUND-LUMBAR PUNCTURE (US-LP)

MENINGITS ENCEPHALITIS SUBARACHNOID HEMORRHAGE (SAH)

US-Approach US-Approach

US-Approach

CSF analysis CSF analysis

Cell count, protein, glucose, gram stain,
cultures, PCR

Cell count, protein, glucose, gram stain,
cultures, PCR

Other Measurements Other Measurements CSF analysis
Opening Pressure (cmH2O) Opening Pressure (cmH2O) Xanthochromia, elevated RBC

Other Measurements
Opening Pressure (cmH2O)

Interpreting the results in the clinical context of the patient

1. Transverse view
2. Longitudinal view
3. Paramedian view

1. Transverse view
2. Longitudinalview
3. Paramedian view

Convex Probe (MHz)
Lateral recumbent position

Convex Probe (MHz)
Lateral recumbent position

FISHERm / WFNS
Suspicious >> CT scan-negative

1. Transverse view
2. Longitudinal view
3. Paramedian view

• Heparin Drip: 2-4 hs

• LMWH: 12-24 HS

• Warfarin: 5-7 days

• NOAC: 48 Hs.

ABCD
Level of Consciousness? (GCS)
Pupillary Reactivity?
Hemodynamic Stability?
Oxigenation? (IMV / NIMV)

Convex Probe (MHz)
Lateral recumbent position

 

CSF Cerebral spinal fluid, CT Computed tomography, MRI Magnetic resonance image, ABCD 
Airway, breath, circulation, disability, US Ultrasound, LMWH Low molecular weight heparin, 
NOAC New oral antocoagulant
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Chapter 59
Intensive Care Unit-Acquired Weakness 
(ICUAW): Usefulness of Bedside 
Ultrasound

Paolo Formenti, Michele Umbrello, and Davide Chiumello

Key Points
 1. The principal causes of weakness include neuropathic and myopathic disorders, 

and mixed disorders that have been summarized in the term “ICU-acquired 
weakness” (ICUAW)

 2. It is now recognized to be a very important factor in “difficult-to-wean” patients 
in the ICU setting with prolonged ICU stay.

 3. The high-resolution ultrasounds now routinely available represent a valid tool to 
provide qualitative and quantitative details about muscle disease.

 4. The ultrasonography has been reported to offer more accurate data with excel-
lent reliability compared to the anthropometric measure (such as limb 
circumference).

 5. The cross-sectional area (CSA), muscle layer thickness, echointensity and pen-
nation angle are the parameters of the muscular architecture used during ultra-
sound (US) examination of the patient suspected of ICUAW.
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59.1  Introduction

A generalized muscle weakness syndrome is experienced by many patients admit-
ted to the intensive care unit (ICU) [1]. Since this syndrome occurs in the absence 
of pre-existing neuromuscular disease, it is believed to reflect illnesses or treatments 
occurring in the ICU [2]. The principal causes of weakness include neuropathic and 
myopathic disorders, and mixed disorders that have been summarized in the term 
“ICU acquired weakness” (ICUAW) [3]. Recent studies have demonstrated that a 
reduced excitability of the nerve and muscle cell membranes might contribute to 
weakness during the acute stages of the polyneuropathy and myopathy encountered 
in critically ill patients [4]. This has been found to be increasingly associated with a 
severe systemic response to infection with mortality rate up to 30% [5]. Moreover, 
it is now recognized to be a very important factor in “difficult-to-wean” patients in 
the ICU setting with prolonged ICU stay [1, 6]. In order to improve nutritional and 
rehabilitation strategies, different diagnostic methods to diagnose ICUAW at an 
early stage have been investigated and in part already reviewed elsewhere [7–9]. 
Among these, manual muscle strength using different scales (such as the Medical 
Research Council) has been applied, with a major limitation that patients need to be 
awake and cooperative for reliable assessment [10, 11]. That said, the high- 
resolution ultrasounds now routinely available represent a valid tool to provide 
qualitative and quantitative details about muscle disease.

The aim of this chapter is to describe the available literature knowing about the 
use of muscular ultrasound in detecting muscle weakness and its impact on patients’ 
treatments and prognosis.

59.2  Critical Illness: ICU-Acquired Weakness (ICUAW)

Functional weakness is a common phenomenon after critical care affecting all ages 
[12–15]. Various causal factors for this functional incapacity have been proposed. 
Whereas both psychiatric and psychological dysfunction are common after inten-
sive care [16, 17], these do not appear to be the cause of physical limitation. Altered 
pulmonary function and cardiac dysfunction secondary to sepsis) has been reported 
after critical illness and may contribute per se to exercise limitation [18–20]. Nerve 
conduction abnormalities have been demonstrated frequently in the critically ill 
patient, and emerging hypotheses for the pathophysiology include acquired channel- 
pathies of voltage gated sodium channels, localizing the defect to the muscle mem-
brane [21–23]. Despite this, critical illness neuropathy seems to be much less 
common than critical illness myopathy [4, 24], and its correlation with weakness 
seems inconsistently correlated with its symptoms [25]. Regarding the develop of 
ICUAW – even if this issue is not the purpose of this review and has been already 
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extensively discussed [3, 26] – it is important to briefly report that many factors play 
a key role, even if not completely understood at all. Among these, the patient- 
independent features – such as age and comorbidity [27] – associated with bed rest 
[28] and many pharmacological strategies (such as the practise of sedation, neuro-
muscular blocked agents (NMBAs) and steroids) used in the ICU as well as the 
metabolic approach seem to be all related with the reduction in muscular strength 
and mass (Fig. 59.1) [29].

59.3  Muscular Ultrasound: Is It a Surrogate for Strength?

The currently available tools for the assessment of skeletal muscle mass with the 
highest level of accuracy and reproducibility are represented by computerized 
tomography, magnetic resonance imaging and dual energy X-ray absorptiometry. 
Intuitively, all these methods are time-consuming and difficult to be performed 
especially in the ICU setting. Thus, a valid alternative to these imaging modalities 
able to early assess skeletal mass features is represented by ultrasonography. In fact, 
real-time ultrasound may allow visualization of muscle characteristics by detecting 
different parameters such as the cross-sectional area (CSA), the muscles layer thick-
ness, the echo intensity grey-scale and the pennation angle. The reliability of ultra-
sound to measure skeletal muscle thickness and the size of trunk muscles compared 
to gold standard measurement tools has been already reviewed [30]. In particular, 
Reeves et al. [31] validated the reproducibility of the CSA in lower limb muscles 
compared to magnetic resonance imaging-based measurements and Miyatany [32] 
demonstrated the accuracy of estimating the volume of limb muscles using ultraso-
nographic muscle thickness in different muscle groups compared with magnetic 
resonance imaging. Specifically in the ICU scenario, newly Paris et al. [33] evalu-
ated the qualities and challenges of using computed tomography and ultrasonogra-
phy to specifically measure skeletal muscle. The authors showed how the 
ultrasound-based quadriceps’ muscle layer thickness was positively correlated with 
CT-CSA. Finally, the ultrasonography has been reported to offer more accurate data 
with excellent reliability compared to anthropometric measure (such as limb cir-
cumference) [10].

59.4  Ultrasound Assessment: Muscular Features

As a non-invasive, painless technique, ultrasound may be used to identify skeletal 
muscle pathology. It offers several advantages compared with other tests in the eval-
uation of muscle features, allowing to quickly screen large areas of muscle at the 
bedside. In fact, healthy muscle tissue has a distinctive appearance on ultrasound 
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Critical Illiness

Prolonged bed rest

Age glucocorticoids

Nutritional
status

Decrease in
muscles quality

Decrease in
muscles mass

Muscular
ultrasound

Decrease in
muscles
strength

ICUAW

Insuline
resistance

anabolic
resistance

Sedation

NMBAs

Fig. 59.1 A simplified diagram of ICUAW development. Critically ill patients are exposed to a 
variety of stimuli, which might impact upon muscle turnover, and the combination and intensity of 
these will vary with the background burden of disease, the nature and severity of the disease state 
causing admission, the therapies applied, the physiological response to disease and treatment. The 
prolonged bed rest, the use of specific pharmacological strategies need for the critical illness (such 
as sedative and neuromuscular blockade), as well as glucocorticoids and basal nutritional status, 
all interact in the balance between insulin resistance and anabolic resistance that influence per se 
the modulation of nutritional status. As consequence, a decrease in muscle quality and quantity 
(mass) might occur, determine a decrease of global muscle strength until the ICUAW. The muscu-
lar ultrasound (both peripheral and diaphragmatic) could play a role in the earlier detection of 
muscle strength reduction with the aim to improve
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that readily distinguishes it from other tissues [34, 35]. To perform an adequate 
ultrasound examination of skeletal muscle, several technical components must be 
considered. First of all, muscle and subcutaneous fat are easily compressed. Thus, 
sufficient coupling gel combined with a minimal amount of pressure on the tissue 
with the ultrasound probe allow for the best imaging conditions. Additionally, obe-
sity and subcutaneous oedema can significantly alter the appearance and quality of 
the ultrasound images of skeletal muscle. Therefore the examiner must be aware of 
the depth of the imaged tissue, the effects of attenuation of the ultrasound signal and 
the limitations of the ultrasound system. Manipulating the gain, the focal points and 
the compression may improve imaging of deep structures, but may also signifi-
cantly alter the overall appearance of myofascial structures [31]. The probe orienta-
tion and muscle position can also radically alter the image appearance. The 
ultrasonographic brightness of the muscle is critically dependent on the relationship 
between the angle of the probe and the underlying pennation angle of the myofas-
cial bands [36]. In fact, a pennate muscle is a muscle with fascicles that attach 
obliquely to its tendon. These types of muscles generally allow higher force produc-
tion but smaller range of motion meaning that when a muscle contracts and short-
ens, the pennation angle increases. Thus, in a bipennate muscle (i.e. the rectus 
femoris) the superficial and deep portions of the muscle will alternately appear 
bright or dark as the probe angle is adjusted. Maintaining the probe angle perpen-
dicular to the bone yields an image of the bone with a bright reflection.

59.5  Muscular Ultrasound: Parameters of Muscles  
Architecture

59.5.1  Cross-Sectional Area

The anatomical cross-sectional area is the area of the cross section of a muscle per-
pendicular to its longitudinal axis. The physiological CSA is the area of the cross 
section of a muscle perpendicular to its fibres, generally at its largest point. Both are 
used to describe the contraction properties of pennate muscles, and in a non-pennate 
muscle they coincide because the fibres are parallel to the longitudinal axis 
(Fig. 59.2). As the muscle strength is related to muscle volume, it is reflected by 
muscle CSA and thickness [37]. Because their measurements do not need muscle 
tension, they are often assessed instead of the muscle strength test. Thus, muscle 
substance can be measured by the CSA which variation is dependent on age, gender 
and muscle group [38]; the muscle atrophy can likely be assessed by measuring the 
muscle thickness that has to be compared with subcutaneous fat (approximately 
2:1) even if the muscle-to-subcutaneous-fat ratio can be misleading in some patient 
categories (such as obese patients and infants) [39] determining that both quantita-
tive and qualitative assessment of muscle thickness must be interpreted using stan-
dards adjusted for patient characteristics.
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59.5.2  Muscle Layer Thickness

The muscle thickness is defined as the distance between two fascias easily deter-
mined with ultrasound. It has been shown that muscle loss of ICU patients could be 
monitored by thickness measurements of muscle rectus femoris and rectus interme-
dius [40]. Thus, in order to raise the accuracy, other indexes reflecting muscle 
strength should be added to that of muscle thickness. Concerning the reproducibil-
ity, muscle thickness measurements revealed the highest reproducibility in various 
muscles [41–43].

59.5.3  Echointensity

Information about the muscle composition can be gathered by quantification of 
muscle echogenicity [44]. The measure of the grey-scale of the image may reflect 
muscle composition: the increased echogenicity represents the more homogenous 
muscle [45]. Its value is calculated by performing grey-scale analysis of image pix-
els using the histogram feature of image-processing software. All of the pixels in the 
selected area of the muscle are categorized on a grey-scale configuration. It can be 
measured subjectively using a standard histogram function widely available in 
many commercially computer software programs for image editing (Fig.  59.3). 
Quantitative grey-scale analysis proved to be better than visual assessment alone of 
ultrasound images [35]. The ultrasonic echogenicity can be graded according with 
a score that differentiates ultrasonic echogenicity semi-quantitatively into four 
grades in which the higher grade of echostructure with reduced or lost bone signal 
correlates to the severity of muscle impairment [46]. This process has been shown 
to correlate with muscle pathologic findings on biopsy [44]. As for other measures, 
an echogenicity measurement seems to be highly influenced by observer-dependent 
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Fig. 59.2 Muscle cross-sectional area. The figure depict the cross sectional area of the rectus 
femoris perpendicular to its longitudinal axis
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factors such as the adjustment of the ultrasound probe. Additionally, factors as for 
example the hydration balance of the muscle might also have an impact on echo-
genicity measurements. Only one study investigating reproducibility of echo-
genicity of muscle rectus femoris and intermedius in healthy individuals showed no 
inter-observer reproducibility for measurements of echogenicity [47]. Finally, this 
methodology is slightly more time-consuming and requires the establishment of 
normal values.

59.5.4  Pennation Angle

As mentioned above, muscle architecture can be described by the pennation angle, 
the angle of insertion of muscle fibres into muscle aponeurosis (Fig. 59.4). It gives 
information about muscle strength as the larger the pennation angle is, the more 
contractile material can be packed within a certain volume and thus increases the 
muscle’s capacity to produce force [48]. Manini et  al. [49] reported that muscle 
disuse results in altered composition, characterized by a significant increased accu-
mulation of intramuscular fat, which is accompanied by a significant loss of muscle 
strength. Moreover, it has been already significantly correlated to the CSA [50]. 
Therefore, the angle of pennation is critical for determining force dynamics of mus-
cle. Because pennation angle measurements are strongly influenced by adjustment 
of the ultrasound probe, difficulties in observer-dependent techniques were reported 
[51]. In particular, its reproducibility in other muscles of the quadriceps was gener-
ally worse [36]. Finally, the fascicle length (FL) can be derived from pennation 

Fig. 59.3 The muscle ultrasound echointensity. Ultrasound images of two different ROIs used to 
measure muscle echo-intensity. A maximum ROI was defined for each image to include as much 
of the muscle as possible, avoiding bone and surrounding fasciae (right panel). A smaller ROI was 
positioned approximately at the center of the muscle image (left panel)
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angle and muscle thickness as described elsewhere [39, 52] using the following 
formula: (Eq. 59.1)

 
FL MT PA= ( )/ sin .

 
(59.1)

Muscles with larger pennation angles have greater muscle thickness by having 
greater numbers of sarcomeres in parallel to the direction of the fascicle. It may be 
that these parallel sarcomeres are lost first, causing loss of pennation angle and 
consequently loss of muscle thickness. In practical terms, a large pennation angle is 
able to pack more contractile components in parallel into a certain volume, and thus 
can generate greater force up to angles of 45° degrees, while a loss of angle leads to 
a loss of force generation.

59.6  Muscular Ultrasound: Clinical Practice

Among different regions of interest within the muscle, the quadriceps muscle is one 
of the greatest muscles groups of the lower limb, which can be explored using ultra-
sounds. Usually, the main image obtained permits the assessment of the muscle 

Fig. 59.4 The muscle ultrasound pennation angle. The figure represents a longitudinal view of 
quadriceps rectus femoris muscle. The pennation angle is calculated with the interception of fas-
cicular path to the lower aponeurosis; additionally, the muscle length can be measure. The to 
variables may be use to determine the strength of the muscle, as the lower is the angle, the lower is 
the length, the lower is the strength. The fascicle length (FL) can be derived from pennation angle 
and muscle thickness using the following formula: FL = MT/(sin PA)
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pattern and layer thickness aspects, which can be useful in monitoring the effects of 
different types of contraction in muscular physiology and in pathology. In the fol-
lowing section, we will describe the literature knowledge of this method in healthy, 
COPD and critically ill patients (Table 59.1).

Table 59.1 Principal studies regarding peripheral muscular ultrasound

Author Design Parameters Main remarks

Healthy Chi-Fishman 
2004 [57]

9 patients 
with 
myositis vs. 
healthy 
subject

Maximal isometric 
contraction of the 
rectus femoris muscle 
in 2 knee-flexion 
positions (60°, 90°) 
during simultaneous 
ultrasound imaging 
and muscle force 
dynamometry

Ultrasonography provided a 
quantitative measure of change 
between relaxed and contracted 
state of muscle, which correlated 
with muscle force. Ultrasound 
identified significant differences 
in cross-sectional diameters 
between the myopathic and 
normal muscles sampled and 
may be useful for measuring 
muscle response to drug and 
exercise therapy

Baldwin 
2011[76]

40 healthy 
subjects

Diaphragm thickness 
and thicknesses of the 
mid-upper arm, 
mid-forearm and 
mid-thigh 
musculature

Ultrasound technique has good 
reliability in recumbent 
positions, making it useful for 
application to clinical 
populations

E Lima 
2012 [86]

15 healthy 
subjects

Cross-sectional area 
rectus femoris 
measurements, 
obtained by 
ultrasound, with two 
in two distinct regions 
performed in 2 days

There were significant 
differences between areas at 
15 cm above the patella and at 
50% of the thigh length, 
emphasizing the lack of 
uniformity of this value along the 
muscle

Takai 2013 
[54]

77 healthy 
subjects

Ultrasound muscle 
thickness (MT) 
measurements for 
predicting leg skeletal 
muscle mass (SM) vs. 
dual-energy X-ray 
absorptiometry 
(DXA)

The application of equation for 
the cross-validation group did 
not yield a significant difference 
between the measured or 
estimated LTM and systematic 
error. With the ultrasound 
approach, increasing the number 
of levels for MT measurements 
will improve the accuracy of 
LTM estimation

Tillquist 
2014 [55]

78 healthy 
volunteers

Evaluate the intra- 
and inter-reliability of 
muscle quadriceps 
muscle layer 
thickness (QMLT)

Excellent intra- and inter-rater 
reliability for ultrasound 
measurements of QMLT in 
healthy volunteers was observed; 
multivariate linear regression 
showed that sarcopenia, but not 
muscle index, was associated 
with decreased ventilator-free 
and ICU-free days

(continued)
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Table 59.1 (continued)

Author Design Parameters Main remarks

De Bruin 
1997 [68]

9 asthmatic 
patients vs. 
healthy 
subjects

Forces generated by 
the respiratory 
(Diaphragm) and 
thigh muscles (rectus 
femoris) vs. with 
their dimensions 
assessed by 
ultrasound

Asthmatic patients had preserved 
quadriceps strength and 
Cross-sectional area of the 
relaxed rectus femoris muscle 
but moderately impaired 
maximum inspiratory pressure 
and thicker compared to normal 
subjects

COPD Vivodtzev 
2006 [87]

17 COPD 
with low 
BMI

Quadriceps muscle 
strength, total muscle 
mass (MM), exercise 
capacity with usual 
rehabilitation or plus 
muscular electrical 
stimulation (ES)

A significant relationship was 
found between changes in 
maximal voluntary contraction 
and changes in MM after training 
in the ES

Seymour 
2009 [70]

30 COPD vs. 
26 healthy 
subjects

Rectus femoris 
muscle cross-
sectional area 
(RFCSA) by US vs. 
whole-body free fatty 
mass by BIA

Mean RFCSA was reduced in 
patients with COPD by 25% of 
the mean value in healthy 
subjects; Ultrasound 
measurement of RFCSA is an 
effort-independent and radiation-
free method of measuring 
quadriceps muscle cross-
sectional area in patients with 
COPD that relates to strength

Menon 2012 
[67]

45 COPD Ultrasound derived 
measures of 
quadriceps mass vs. 
dual energy x-ray 
absorptiometry 
(DEXA)

Serial ultrasound measurements 
of the quadriceps can detect 
changes in muscle mass. The 
technique has good 
reproducibility, and may be more 
sensitive to changes in muscle 
mass when compared to DEXA

Hammond 
2014 [66]

15 
nondisabled 
subjects and 
17 COPD

Measurements of 
rectus femoris 
cross-sectional area 
by using a curved 
array transducer vs. a 
linear-array 
transducer

In nondisabled subjects, the 
rectus cross-sectional area 
measured with the curved- array 
transducer by the novice and 
experienced operators was valid 
and reliable in COPD, both 
reliability and repeatability were 
high

Campbell 
1995 [88]

17 patients 
with MOF

Serial measurements 
of both muscle 
thickness (five limb 
and one trunk 
measurements) and 
mid-upper-arm 
circumference

In patients with MOF, muscle 
thickness showed a statistically 
significant decrease with time, 
which in general was not 
detectable from arm 
circumference. The muscle 
thicknesses that correlate best 
with lean body mass are 
measured over the biceps, 
anterior forearm, and anterior 
thigh
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Table 59.1 (continued)

Author Design Parameters Main remarks

Thomas 
2012 [89]

45 CAD Diameter of rectus 
femoris muscle US 
vs. muscle 
dimensions measured 
with CT scans

The absolute difference between 
both techniques was 
0.01 ± 0.12 cm resulting in a 
typical percentage error of 4.4%. 
Muscle strength parameters were 
also significantly correlated with 
muscle diameter assessed with 
both techniques. Ultrasound 
imaging can be used as a valid 
and reliable measurement tool to 
assess the rectus femoris muscle 
diameter

Moukas 
2002 [90]

37 ICU 
hemiplegic 
patients

Low dose and 
short- term 
administration of 
corticosteroids vs. 
muscles relaxants on 
muscular mass (upper 
arm) and albumin 
detected by US (1th 
and tenth days)

Muscular atrophy of the ICU 
hemiplegic patients is 
significantly influenced by the 
synchronous treatment with 
muscle relaxants and 
corticosteroids at low doses and 
for short term

ICU Reid 2004 
[58]

50 ICU 
patients

Serial measurements 
of both mid-upper 
arm circumference 
(MAC) and muscle 
thickness, using 
ultrasound, were 
made at 1–3 day 
intervals

Muscle thickness decreased in 
almost every patients; ultrasound 
technique devised to identify 
muscle wasting in the presence 
of severe fluid retention works in 
the majority of patients; Energy 
balance made no difference to 
the rate of wasting

Gruther 
2008 [40]

118 ICU 
patients

Muscle layer 
thickness of the 
quadriceps femoris 
detected by US

Quadriceps femoris thickness 
showed a significant negative 
correlation with length of stay in 
ICU and seems to be higher 
during the first 2–3 weeks

Gerovasili 
2009 [91]

49 ICU 
patients

Electrical muscle 
stimulation effects on 
cross sectional 
diameter (CSD) of 
the vastus 
intermedius and the 
rectus femoris of the 
quadriceps muscle

The CSD of the right rectus 
femoris decreased significantly 
less in the EMS group and the 
CSD of the right vastus 
intermedius decreased 
significantly less in the EMS 
group

Derde 2012 
[92]

208 ICU 
patients

Markers of muscle 
atrophy and 
denervation vs. rectus 
abdominis and vastus 
lateralis; tissue and 
electrical 
physiological analysis

Both limb and abdominal wall 
skeletal muscles of prolonged 
critically ill patients showed 
down- regulation of protein 
synthesis at the gene expression 
level as well as increased 
proteolysis

(continued)
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Table 59.1 (continued)

Author Design Parameters Main remarks

Puthucheary 
2013 [26]

63 ICU 
patients

Serial US 
measurement of the 
rectus femoris 
cross-sectional area 
(CSA) on days 1, 3, 
7, and 10; 
histopathological 
analysis was 
performed

There were significant reductions 
in the rectus femoris CSA 
observed at day 10

Cartwright 
2013 79

16 ICU 
patients

Serial muscle 
ultrasound for 
thickness and 
gray-scale assessment 
of the tibialis anterior, 
rectus femoris, 
abductor digit, biceps, 
and diaphragm 
muscles over 14 days

The tibialis anterior and rectus 
femoris had significant decreases 
in gray-scale standard deviation 
when analyzed over 14 days. No 
muscles showed significant 
changes in thickness

Grimm 2013 
[78]

28 ICU 
septic 
patients vs. 
healthy

Biceps brachii and 
quadriceps femoris 
muscles, extensor 
muscles of the 
forearms and tibialis 
anterior muscle US, 
and nerve conduction 
studies on days 4 and 
14 after sepsis

A significant difference in mean 
muscle echotexture between 
patients and controls was found 
at day 4 and day 14; day 4 to day 
14, the mean grades of muscle 
echotexture increased in the 
patient group

Baldwing 
2014 [76]

16 ICU vs. 
16 healthy

Diaphragm, upper 
arm, forearm, and 
thigh muscle 
thicknesses US; 
respiratory muscle 
strength by means of 
maximal inspiration. 
Fat-free body mass 
(FFM) measured by 
bioelectrical 
impedance 
spectroscopy

Patients’ diaphragm thickness 
did not differ from that of the 
control group, Within the patient 
sample, all peripheral muscle 
groups were thinner compared 
with the diaphragm. Within the 
critically ill group, limb 
weakness was greater than the 
already-significant respiratory 
muscle weakness

Moisey 
2013 [6]

149 ICU 
trauma 
patients

CT Muscle cross- 
sectional area at the 
third lumbar vertebra 
quantified and related 
to clinical parameters 
including ventilator-
free days, ICU-free 
days, and mortality

Increased muscle index was 
significantly associated with 
decreased mortality
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Table 59.1 (continued)

Author Design Parameters Main remarks

Puthucheary 
2015 [93]

30 ICU 
patients

Vastus Lateralis 
histological 
specimens and 
ultrasound 
assessment of Rectus 
Femoris echogenicity

Change in muscle echogenicity 
was greater in patients who 
developed muscle necrosis. The 
area under receiver operator 
curve for ultrasound 
echogenicity’s prediction of 
myofiber necrosis was 0.74. 
Myofiber necrosis and fascial 
inflammation can be detected 
noninvasively using ultrasound in 
the critically ill

Parry 2015 
[80]

22 ICU 
patients

Sequential quadriceps 
US images were 
obtained over the first 
10 days

There was a 30% reduction in 
vastus intermedius thickness, 
rectus femoris thickness, and 
cross-sectional area within 
10 days of admission. Muscle 
echogenicity scores increased for 
both RF and VI. There was a 
strong association between 
function and VI thickness and 
echogenicity

Sarwal 2015 
[51]

20 ICU 
patients

Diaphragm and 
quadricipites US 
muscle thickness and 
echogenicity

Excellent interobserver reliability 
was obtained for all 
measurement techniques 
regardless of expertise level

Greening 
2015 [82]

119 ICU 
COPD 
patients

Multivariate analysis 
between age, MRC 
dyspnea grade, home 
oxygen use, 
quadriceps (rectus 
femoris) cross-
sectional area and 
hospitalization in the 
previous year

Patients with the smallest muscle 
spent more days in hospital than 
those with largest muscle. 
Smaller quadriceps muscle size, 
as measured by US in the acute 
care setting, is an independent 
risk factor for unscheduled 
readmission or death, which may 
have value both in clinical 
practice and for risk stratification

Mueller 
2016 [81]

102 ICU 
postsurgical

Rectus femoris 
cross- sectional area 
US

Diagnosis of sarcopenia by 
ultrasound predicts adverse 
discharge disposition in SICU 
patients equally well as frailty

Turton 2016 
[77]

22 ICU 
patients

Elbow flexor 
compartment, medial 
head of 
gastrocnemius and 
vastus lateralis 
muscle US at day 1,5 
and 10th

No changes to the size of the 
elbow flexor compartment over 
10 days. In the gastrocnemius, 
there were no significant changes 
to muscle. In the vastus lateralis, 
we found significant losses in 
muscle thickness

(continued)
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59.6.1  Muscular Ultrasound: Healthy Patient

Skeletal muscle ultrasound became a standardized and accurate imaging technique 
that has entered in clinical practice for the diagnosis and follow-up of neuromuscu-
lar disorders since Pillen reviewed its usefulness in this field [53]. Before and after 
that, many studies in healthy subject focused principally on validation of the tech-
nique and its reliability as compared with standard methods. Takai et al. [54], com-
pared the ultrasound muscle thickness measurements for predicting leg skeletal 
muscle mass with dual-energy X-ray absorptiometry in 77 older individuals. The 
lean tissue mass calculated by DEXA was used as a representative variable of leg 
skeletal muscle mass. The authors showed how the product of muscle thickness 
measured on the right leg at thigh anterior and posterior, lower leg anterior and 
posterior with limb length was a strong contributor for predicting the measured 
skeletal mass, as already reported by Miyatani [32]. Tillquist and colleagues [55] 

Table 59.1 (continued)

Author Design Parameters Main remarks

Seragan 
2017 [84]

44 ICU 
patients

Muscle depth changes 
assessed by US on 
study days 1, 3, 5, 7, 
12 and 14 in normal 
BMI vs. higher

Obese patients lost muscle depth 
in a comparable manner to 
non-obese patients, suggesting 
that BMI may not prevent muscle 
depth loss

Annetta 
2017 [83]

38 ICU 
trauma

Morphological 
changes of rectus 
femoris (RF) and 
anterior tibialis (AT) 
muscles up to 
3 weeks

Progressive loss of muscle mass 
from day 0 to day 20, that was 
more relevant for the RF than for 
the AT; this was accompanied by 
an increase in echogenicity 
which is an indicator of 
myofibers depletion

Valla 2017 
[94]

73 PICU Transverse and 
longitudinal axis 
measurements of 
quadriceps femoris 
anterior thickness

Femoris thickness decrease, 
proposed as a surrogate for 
muscle mass, is an early, 
frequent, and intense 
phenomenon in 
PICU. Quadriceps femoris 
ultrasonography is a reliable 
technique to monitor this process 
and in future could help to guide 
rehabilitation and nutrition 
interventions

Hadda 2018 
[85]

45 ICU 
patients

Arm muscle thickness 
US measured

There was an excellent intra- and 
inter-observer agreement among 
5 observers for measurement of 
arm muscle thickness using 
bedside USG among patients 
with sepsis

P. Formenti et al.
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showed an excellent intra- and inter-reliability for ultrasound measurements of mus-
cle quadriceps muscle layer thickness measured at the border between the lower 
third and upper two-thirds between the anterior superior iliac spine and the upper 
pole of the patella, as well as the measurement of the midpoint between the anterior 
superior iliac spine and the upper pole of the patella. With a similar purpose, the 
reliability of the ultrasound CSA measurement of the rectus femoris muscle has 
been proved in a couple of studies in which CSA was measured in two distinct 
regions (15 cm above the patella and 50% of the thigh length) five times/day for two 
consecutive days. The authors pointed out a significant different values of CSA 
between the two sites due to the fact that with a longer length of the thigh, the image 
were obtained more distally and with a smaller anatomical CSA [56]. With a differ-
ent purpose, the ultrasound CSA was correlated with strength measures detected by 
dynamometry during a relaxed and maximal isometric contraction of the rectus 
femoris muscle in 2 knee-flexion positions (60°, 90°) [57]. In this study the authors 
compared healthy muscles with those affected by myositis, and showed how the 
differences in CSA axes observed between the relaxed and contracted states of mus-
cle correlated with muscle force, as measured by dynamometry. Moreover, the 
study highlighted how the rectus femoris could be considered the easiest for stan-
dardizing measurement location across subjects because it is the largest, most 
superficial and the only two-joint muscle in the quadriceps complex. Finally, there 
is only a study that validated the ultrasound application in the recumbent position 
considering how in in many clinical populations, including critically ill patients, the 
erect posture presents logistic difficulties [58]. Even if the main purpose was the 
study of the diaphragm thickness, the authors investigated also the feasibility of 
mid-upper arm thickness measured to the humerus, with the elbow extended and 
arm neutrally rotated in slight abduction alongside the body. Interestingly, there was 
greater variability in peripheral muscle thickness measured on the right body side 
compared with the left. However, the level of error reported could be accepted in the 
sub-acute phase of critical illness as patients with multiple organ failure suffer a 
reduction in the combined measurements of peripheral muscle thicknesses. These 
results are congruent with others reported in the early 1990s where muscle thick-
nesses measured over the biceps, anterior forearm and anterior thigh correlated best 
with lean body mass [59].

59.6.2  Muscular Ultrasound: COPD Patients

There are several studies that covered the muscular ultrasound investigation topic in 
a population – as the COPD is – in which generalized loss of weight and skeletal 
muscle mass might reduce the force generated both by respiratory and limb mus-
cles. In particular, the disease is frequently accompanied by concomitant systemic 
manifestations among which skeletal muscle weakness is one of the major effects 
associated with the loss of lean body mass [60]. Therefore, the severity of 
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quadriceps weakness has been already showed to be associated with reductions in 
work capacity: across the spectrum of airflow obstruction all patients have both 
respiratory and peripheral muscle weakness [61], worsening dyspnoea and decreas-
ing health-related quality of life, and increasing mortality [62]. In these terms, quad-
riceps strength, associated with CSA measured by CT and age, have been shown to 
be a powerful parameters to predict mortality [63, 64]. Moreover, it has been already 
observed that quadriceps wasting evaluated by ultrasound CSA exists in patients 
with mild and advanced COPD GOLD stages, and it is independently associated 
with physical inactivity [65]. Since ultrasound of the diaphragm has become a diag-
nostic technique of emerging interest among clinicians used to estimate muscle 
mass by measurement of muscle thickness and diagnose diaphragm weakness, 
some studies in COPD associated the two muscular components investigations. 
First of all, the methodological assessment of the rectus CSA has been validated 
measured with the curved-array transducer by the novice and experienced operators 
in terms of both reliability and repeatability (%TE: 7.6% and 9.8%) [66]. Moreover, 
Menon and colleagues [67] compared the responsiveness of ultrasound-derived 
measures of quadriceps mass against DEXA in patients with COPD and healthy 
controls following a program of high rehabilitation. This study showed how serial 
ultrasound measurements of the quadriceps was able detect changes in muscle mass 
in response to rehabilitation in COPD and how the technique had a good reproduc-
ibility and might be more sensitive to changes in muscle mass when compared to 
DEXA. In one of the first studies published with the aim of comparing the quality 
of diaphragm and limb muscles, De Bruin [68] compared the forces generated by 
the respiratory and thigh muscles with their dimensions assessed either by diaphrag-
matic thickness and CSA of the relaxed rectus femoris muscle ultrasound – obtained 
half-way between the major trochanter and the lateral joint-line of the knee – in 
chronic asthma patients and healthy subjects. The authors did not find any abnor-
mality of the size and strength of the quadriceps muscle in asthmatic subjects and 
showed how the force generated by limb muscles was positively correlated to their 
ultrasound CSA as previously reported [38, 69]. Similarly, Saymur et al. [70] com-
pared the rectus femoris CSA and whole-body free fatty mass estimated using elec-
trical bioimpedance in 30 COPD patients and 26 healthy subjects, showing how in 
patients with COPD the quadriceps CSA was reduced by 25% as compared to 
healthy subjects. Moreover, a significantly higher echo-intensity of the rectus femo-
ris has been observed in all stages of COPD patients with the quadriceps muscle 
thickness and CSA of the rectus femoris significantly decreased in COPD GOLD 
III–IV [71]. Very recently, a study in 285 stable COPD 85 failed to determine func-
tionally relevant rectus femoris ultrasound CSA cut-points that identify patients 
with COPD unable to stand independently as compared with previous observations 
that identified functionally relevant cut-points for isometric quadriceps strength 
[72]. The identification of these patients in which muscular weakness is preponder-
ant may guide early lifestyle and therapeutic interventions.
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59.6.3  Muscular Ultrasound: ICU Setting

Many studies examined the association between muscle weakness and clinical out-
come, and showed how muscle weakness was an independent predictor of mortality 
[73], associated with an increased ventilator dependent time [74] and ICU length of 
stay (LOS) [75]. In particular, a negative correlation between muscular thickness (in 
both upper and lower limb) with ICU LOS has been shown [40, 58, 59]. For these 
reasons, many papers focused on this topic have been published in the last two 
decades. Several studies investigated the alterations in anabolic and catabolic sig-
nalling and introduced the use of ultrasound in the detection of muscular character-
istics with the aim of improving the pathophysiological knowledge and anticipating 
as much as possible its diagnosis. However, their interpretation result difficult 
because of significant methodological variability (such as small sample sizes and 
the standardization of imaging assessment) as well as the reliability of method was 
not the primary outcome. Moreover, we are currently unaware of how sex, age and 
presenting illness affect muscle mass loss in the critically ill. Most of the studies 
investigated the lower limb muscles for the reasons explained above, even if there 
are few studies that selected the upper arm as principal district, sometimes com-
pared it with others. Among these, Reid [58] performed a serial measurement of 
both mid-upper arm thickness within the first 72 hours of ICU stay, showing how it 
decrease in almost every 50 patients enrolled independently of positive or negative 
energy balance. With similar purpose, more recently Baldwing et al. [76] investi-
gated serial measurements of the thickness of the anterior mid–upper arm, mid- 
forearm in 16 septic ICU patients compared with healthy subject. As expected, 
septic patients were significantly weaker than control participants, with a significant 
difference in the thickness and thickness/Free Fatty Mass (FFM) of all peripheral 
muscles, suggesting that by 2 weeks of ICU admission, muscles of different func-
tionalities may not be equally affected by a combination of insults that occur with 
critical illness. Finally, Turton et al. [77] investigated the elbow flexor compartment, 
the medial head of gastrocnemius and the vastus lateralis muscle at the admission 
and after 10  days in 22 ICU mechanically ventilated patients. Interestingly, this 
study showed no changes to the size of the elbow flexor compartment with a muscle 
thickness that indicated a mass loss occurred preferentially in the lower limb. This 
supports the validity of choosing the quadriceps as the most extensively studied 
peripheral muscle group in critically ill patients perhaps due to the fact that lower 
limb becoming earliest prone to disuse atrophy. Moreover, this was the first study 
that investigated the role of the pennation angle, addressing previous lack of knowl-
edge. More specifically, patients who had a larger pennation angle at the day of 
admission had a greater percentage of their pennation angle reduction as well as 
muscle thickness.

Focusing largely on lower limb ultrasound investigation, most of the studies con-
sidered the muscle layer thickness and the CSA parameters, while only in few 
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papers the assessment of ultrasonic muscle echogenicity was the key parameter 
considered. With this regard, Grimm et al. [78] found significant alterations in mus-
cle echostructure in the early stage of sepsis compared with healthy controls. Since 
those patients were septic and have a positive fluid balance, it is difficult to clarify 
whether oedema or muscle weakening may cause muscle echogenicity. However, as 
the authors pointed out, the significance of tissue oedema in the assessment of mus-
cle echogenicity may be overestimated, since tissue oedema cannot alter the bone 
signal that is part of the echogenity score. Moreover, since the muscle echostructure 
score increased in the first 2 weeks with a concomitant decreasing in fluid balances, 
a specific structural damage in muscle architecture has been assumed. Cartwright 
and colleagues [79] found similar observation in echostructure changes over 2 
weeks in both the tibialis anterior and rectus femoris muscles. Interestingly, these 
changes were similar to those seen in other myopathy conditions and included a 
significant increase in mean grey-scale value, indicating an increased muscle echo-
genicity and a decrease in grey-scale standard deviation, indicating that the muscle 
is more homogeneous. The use of grey-scale standard deviation to define muscle 
homogeneity is justified considering that the standard deviation decreases as the 
pixels in the region of interest become more uniform. However, once again, it is 
difficult to define if this pattern of change occurs because of muscle breakdown and 
loss of the normally well-organized muscle architecture or due to inflammation or 
fluid retention in the subcutaneous tissue and muscle. Since it is not clear if the 
ultrasonographic muscle changes correlate with strength, Parry et al. [80] addressed 
this topic showing how muscle echogenicity scores increased in quadriceps muscle 
(both rectus femoris and intermedious vastus) by 12% and 25%, suggesting deterio-
ration in muscle quality with a strong association between function and echo-
genicity. Finally, in a recent prospective two-centre observational study, a 
comparison between sequential histological samples and ultrasound assessment of 
rectus femoris echogenicity was made [78]. This interesting paper showed how 
muscle echogenicity changes were greater in patients who developed muscle necro-
sis than in those who did not (8.2% vs −15.0%) and how the echogenicity’s predic-
tion of myofiber necrosis was 0.85. In a previous study [26], rectus femoris CSA 
and protein/DNA ratio were investigated showing that all decreased over the first 
week. This lower limb muscle wasting has been suggested as a consequence of both 
depressed muscle protein synthesis and an elevation in protein breakdown relative 
to protein synthesis, resulting in a net catabolic state. Unfortunately, muscle ultra-
sound significantly underestimated protein loss (as measured by the protein/DNA 
ratio), perhaps in part because of the presence of interstitial oedema. Moving for-
ward on CSA studies, there is only one paper that integrated the ultrasound values 
into a sarcopenia and frailty prediction model, showing how the rectus fermoris 
CSA adjusted for sex and integrated with nutrition, comorbidities, depression and 
patient demographics data was able to predict adverse discharge disposition in sur-
gical ICU patients [81]. With a similar purpose, looking at the risk of unscheduled 
readmission or death, Greening et al. [82] showed how smaller quadriceps muscle 
size described by CSA in the acute care setting was an independent risk factor for 
subsequent unscheduled re-admission. CSA have been also evaluated in selected 
critically ill populations – such as trauma and obese – confirming some previous 
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observation. In particular, the analysis of CSA and muscle diameter followed for 3 
weeks in ICU trauma patients, showed how 100% experienced severe muscle mass 
loss and 45% of RF muscle mass was lost by day 20, together with a progressive 
increase in echogenicity score [83]. The muscle depth to measure muscle wasting 
was applied between obese, overweight and normal weight patients using a muscle 
ultrasound technique [84]. Compared with a previous study that used a similar 
methodology, the muscle depth loss was comparable and not statistically different 
between the obese groups at each of the time points. Lastly, the muscle thickness 
was investigated in many studies at different muscles group and the main results 
found that it is significantly reduced. Among these, as already mentioned, it has 
been shown to be decreased by 0.2–5.7% /day in the upper arm [58] and by a similar 
percentage in the lower limb [40]. Interestingly, the progression of this reduction 
was not uniform among the different quadriceps muscles, with a 30% reduction in 
RF and VI thickness and 14% reduction in VL [80]. Finally, very recently, in a 
cross-sectional observational study which included critically ill patients with sepsis, 
arm muscle thickness was measured with the aim of clarifying the intra- or inter- 
observer variations that were excellent as reported by other studies, concluding how 
there was an excellent intra- and inter-observer agreement among 5 observers for 
measurement of arm muscle thickness [85].

59.7  Conclusion

Skeletal muscle wasting in the critically ill has significant functional implications 
for patients who survive and the development of prophylactic or therapeutic inter-
ventions has been troubled by our lack of understanding of the pathophysiology 
driving the process of muscle wasting. Strong correlations have been demonstrated 
between muscle strength and indices of muscle mass, which can be easily detected 
by ultrasound with rectus femoris CSA and muscle limb thickness, both having 
highly functional relevance. Several studies have demonstrated that muscle ultra-
sound is able to reliably detect pathological changes; despite this, the interpretation 
of available studies is difficult because of significant methodological defects, inad-
equate sample sizes and lack of standardization of ultrasound methodology. Ideally, 
within the first 48 hours after the admission to the ICU, a first muscular ultrasound 
assessment should be performed. For simplicity, the evaluation should be confined 
to the rectus femoris of quadriceps muscle. Simultaneously, volitional strength eval-
uation should be performed as soon as cognitive impairment allows. The degree of 
possible cooperation should also be evaluated with validated scales for sedation, 
agitation level and delirium. Manual muscle testing, such as MRCS, reasonably 
achieved on average only 7–10 days after ICU admission, should be performed with 
a score in the normal range confirming the absence of ICUAW. When this is not 
accomplished, serial re-evaluations by muscular ultrasound may represent valuable 
tools. In particular, a reduction of 20% in muscle thickness, 10% of CSA, 5% of 
pennation angle and an increment in echo-intensity of at least 8% seem to be a rea-
sonable indicators of ICUAW.
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 Algorithm

INTENSIVE CARE UNIT (ICU) 
Within 7-10

days 
Clinical Status of the Patient

Cognitive Impairment

DIAGNOSIS
Critical pathology Manual Muscle Testing

Within 48 hours to admission MCR>48 MRC<48

BEDSIDE MUSCULAR ULTRASOUND
Quadriceps Rectus Femoris

Muscle Thickness Cross Sectional Area (CSA) Echointensity Pennation Angle(PA)
US Probe: Linear array

Muscle Volume
Measurement Measurement Measurement
1. Distance 1.Cross section of a muscle Measurements
2. Between two
 fascias

2.Perpendicular of its longitudinal axis 1. Maximum ROI

Include as much of the muscle as
posible (No bone/No fascia) 

≥ 45º (PA)

2. Smaller ROI
US Centre of the muscle image

Not Need Muscle Tension Hydratation balance of the muscle

High Reproducibility High Reproducibility Impact on echogenicity
mesurement 

ICUAW

OPTIMIZE MUSCULAR LOAD

Treat Muscle Inactivity Avoid Excessive Muscular Load Potential Pharmacological
Intervention 

Metabolic Derangement

Early-goal mobilization Adequate Pain control Asses adequate Nutritional Early Enteral nutrition
Early Muscle stimulation Optimize Tissue Oxygenation Vitamin Support Later Parenteral nutrition

Avoid Drug side effects Glycemic Control
Electrolytes Correction

ABCD
Level of consciense (GCS)
Hemodynamic Stability?
Oxygenation?(Mechanical Ventilation?)

RASS≠0
CAM-ICU+

RASS=0
CAM-ICU -

US Probe: Linear array
Muscle Volume

US Probe: Linear array
Muscle Composition

Grey-scale of the Image

US Probe: Linear array
Strenght of the muscle

FL= MT/ (Sin PA)
US Longitudinal view 

1. Greater muscle thickness
2. Great # of sarcomeres
3. Greater muscle Force

 

RASS Richmond agitation sedation scale, CAM-ICU Confusion assessment method for the ICU, 
ICU Intensive care unit, MRC Medical research council scale,; TH Muscle thickness, CSA Cross-
sectional area, ICUAW ICU-acquired weakness

A flowchart suggests a protocol for early identification of ICUAW. Ideally, within 
the first 48 hours, a first muscle ultrasound assessment should be performed for a 
baseline description of patient muscle characteristics comprehensive of the quadri-
ceps rectus femoris. It should include at least two or more of the following: muscle 
thickness (mTH), cross-sectional area (CSA), echointensity and pennation angle 
(PA). At the same time, the cognitive impairment should be evaluated using stan-
dard reproducible scales. If these scores are in the normal range, the application of 
manual muscle testing such as the medical research council scale is possible 
(MRCS). These first evaluations might be reconsidered within the first week after 
the admission in the ICU, and their modifications over time, integrated with each 
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other as well as with the re-evaluation of MRC scale, allow an accurate diagnosis of 
ICUAW and should be used to modify the different patient-dependent factors, such 
as pharmacological strategies, muscular over-loading or inactivity and metabolic 
derangements.
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Chapter 60
POCUS Application in Neurocritical Care 
Patients: Transcranial Doppler (TCD/
TCCS) as a Part of POCUS, 
from the Brain Ultrasound to Monitoring 
the Systemic Complications

Raffaele Aspide, Chiara Robba, and Federico Bilotta

Key Points
 1. The clinical applications of Ultrasound (US) in perioperative medicine have 

enormously expanded over the past decades and include US-guided central 
venous catheterization, cardiac US imaging, airways and lung ultrasound, and 
abdominal ultrasound.

 2. Point-of-care ultrasonography can be performed rapidly with good quality in 
critically ill patients.

 3. Point-of-care ultrasonography frequently can help to diagnose and manage 
patients in the ICU and therefore can potentially have a substantial impact on 
critical care practice.

 4. In the specific context of neurocritical care, in addition to other applications, 
transcranial Doppler (TCD/TCCS) ultrasonography has gained particular inter-
est as a non-invasive bedside monitoring technique that helps to evaluate cere-
bral blood flow hemodynamics in the intracranial arterial vessels.

 5. Brain US also includes the assessment of optic nerve sheath diameter, midline 
shift, hydrocephalus, and intracranial hemorrhage for the bedside diagnosis of 
neurological complications.

R. Aspide (*) 
IRCCS Istituto delle Scienze Neurologiche di Bologna, Anesthesia and Neurointensive Care 
Unit, Bologna, Italy
e-mail: r.aspide@isnb.it 

C. Robba 
Department of Anaesthesia and Intensive Care, Ospedale Policlinico San Martino IRCCS, 
IRCCS for Oncology, University of Genoa, Genoa, Italy

Deputy Neurointensive Care section - ESICM, Brussels, Belgium 

F. Bilotta 
Department of Anesthesiology, Critical Care and Pain Medicine, Section of Neuroanaesthesia 
and Neurocritical Care, Sapienza University of Rome, Rome, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81419-9_60&domain=pdf
https://doi.org/10.1007/978-3-030-81419-9_60#DOI
mailto:r.aspide@isnb.it


976

60.1  Introduction

The clinical applications of ultrasound in perioperative medicine have enormously 
expanded over the past decades. The use of ultrasound to assist physicians in vascu-
lar cannulation and regional anesthesia has been described in depth. Moreover, 
transesophageal echocardiography has been performed by anesthesiologists during 
cardiac surgery for over 20 years [1].

Since the advent of portable ultrasonography machines, many providers, includ-
ing intensivists, have been adequately trained in point-of-care ultrasonography 
(POCUS). When point-of-care ultrasonography is performed with a focused clinical 
question and goal, it serves as a valuable adjunct to the clinical examination and can 
facilitate patient care and disease management, without subjecting the patient to 
excessive radiation or transfer risks [2].

Management of critically ill patients requires rapid and safe diagnostic tech-
niques. Ultrasonography can help with early detection of neurological emergencies; 
it is of assistance in the diagnosis of abdominal, lung, and brain pathologies and 
provides real-time information on the cardiac performance of critically ill patients.

Point-of-care ultrasonography can be performed rapidly with adequate image 
quality in the majority of critically ill patients. Point-of-care ultrasonography fre-
quently brings changes to diagnosis and management in the ICU and therefore can 
potentially have a substantial impact on critical care practices [3]. Whether such 
impact translates into an improvement in patient outcomes remains to be demon-
strated, but a growing body of evidence seems to point in this direction: Point-of- 
Care ultrasound has the potential to enhance patient care in the ICU and should now 
be part of every critical care clinician’s armamentarium [4].

There was strong agreement among several international experts with regard to 
the guidelines for the use of ultrasound in the ICU. These recommendations were 
published by the Society of Critical Care Medicine (SCCM). They defined Grade 
1A as follows: ultrasound-guidance for pleural effusion, diagnosis of pneumotho-
rax, ultrasound-guided internal jugular venous cannulation, and ultrasound guid-
ance for femoral venous cannulation. Grade 1B includes the use of ultrasound to 
assist with the following: drainage, paracentesis, diagnosis of most proximal deep 
venous thrombosis, and diagnosis of lower extremity proximal deep venous throm-
bosis. In particular, for cardiac ultrasonography, SCCM authors included in Grade 
1B, investigation of the following: preload responsiveness in mechanically venti-
lated patients, pulmonary hypertension, ventricular tachycardia/fibrillation, cardiac 
tamponade, pericardiocentesis, shock, prosthetic valve endocarditis, blunt chest 
trauma for the pericardium, pediatric reversible causes of cardiac arrest, and pediat-
ric preload responsiveness [6].

In the specific context of neurocritical care, in addition to other applications, 
transcranial Doppler (TCD) ultrasonography has gained particular interest. TCD is 
a non-invasive bedside monitoring technique that helps to evaluate cerebral blood 
flow velocities (CBFVs) in the intracranial arterial vessels. TCD allows the assess-
ment of linear cerebral blood flow velocity with a high temporal resolution and is 
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inexpensive, reproducible, and portable. In this chapter, besides the general applica-
tions of Ultrasound in critically ill patients, we will present an overview of the most 
commonly used TCD applications in neurocritical care settings. The latter include 
the evaluation of intra- and extra-cranial arterial and venous vascular flow as well as 
the ultrasound imaging of the cerebral parenchyma, the ventricles, and the optic 
nerve with its sheath [5, 78].

60.2  Evaluation of Neurocritical Care Patients: Use of Pocus

60.2.1  POCUS: US-Guided Central Venous Catheterization

The ultrasound guidance to cannulate venous access has revolutionized medical 
practice, reducing errors and improving outcome. In addition to central venous 
access, echoguide is also used for various peripheral venous approaches (Midline, 
PICC) and for arterial access [11]. Often neurocritical patients, both in intensive 
care and operating room settings, need central venous access, for example, for inter-
ventions in a sitting position or in patients needing hemodynamic support, pro-
longed parenteral nutrition, or when prolonged stay in intensive care is needed. The 
cannulation of the internal jugular vein, the femoral vein, and also the subclavian 
vein (the infraclavicular approach being more common than the supraclavicular) is 
facilitated by the use of ultrasound, reducing accidental arterial punctures and help-
ing the operator in complex situations, such as in a neurocritical patient with cervi-
cal spine injury [7]. This technique aids the identification of possible anatomical 
variations and the assessment of vessel depth, vein patency, and the possible pres-
ence of venous thrombosis that may contraindicate venous access [8, 9]. A linear 
probe of 5–15 Mhz is generally used, which allows for color Doppler analysis. The 
approach may include pre-procedure use of ultrasound for the identification of the 
vessel, which is then cannulated “freehand” (“US-assisted” CVC placement), or the 
fully ultrasound-guided approach that follows the puncture and the needle during 
the insertion phase (Fig.  60.1a). This technique encompasses two methods: the 
“out-of-plane” method, which uses the short-axis on the transverse plane and is 
easier for the less experienced US-operator, and the “in-plane” method, which uses 
the long-axis on the longitudinal plane and allows the operator to follow the needle 
during the entire insertion phase avoiding punctures of the vessel’s back wall 
(Fig. 60.1b).

From a recent systematic review and meta-analysis, it appears that the echo- 
guided technique for cannulation of the internal jugular vein significantly reduces 
complications, accidental arterial puncture and hematoma formation and increases 
the success of the procedure, aiding cannulation at the first puncture [10, 13].

In addition to the anatomical identification of the vein, the most commonly used 
algorithm for the echo-guided approach to central vein cannulation allows for test-
ing of the compressibility of the vessel; exclusion of thrombosis; use of ultrasound 
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in real time in an aseptic and sterile environment during the puncture; and confirma-
tion of correct needle positioning and correct direction of the wire and catheter 
(using both short-axis and long-axis) [12].

Despite the extensive evidence available, the actual worldwide use of the tech-
nique at bedside has yet to be fully implemented.

60.2.2  POCUS: Cardiac Ultrasound

Neurocritical care (NCC) patients can suffer from damage of the blood–brain bar-
rier following stroke, subarachnoidal hemorrhage (SAH), or traumatic brain injury 
(TBI), but also as a consequence of brain tumors and other causes of increased 
intracranial pressure (ICP) [14]. This is mainly due to local brain inflammation, 
which produces endothelial damage in the vessels, increases oxidative stress, and 
promotes the release of cytokines and chemokines, activating the response of astro-
cytes, microglia, and macrophages. This mechanism can alter both the sympathetic 
and parasympathetic system regulation, activate the hypothalamic–pituitary–adre-
nal (HPA) axis, cause catecholamine surges, gut microbiome dysbiosis, as well as 
the release of microvesicles and microRNA. These phenomena can cause cardiac 
dysfunction, arrhythmias, and heart failure. These cardiac dysfunctions have been 
shown to be associated with an increased risk of death, delayed cerebral ischemia, 
and poor outcomes after SAH [15].

Specific cardiac diseases such as stress-induced cardiomyopathy – the Takotsubo 
syndrome (TTS) – have been found with a certain frequency among neurocritical 
patients. According to a retrospective study including over 2000 patients, 0.8% of 
patients with non-traumatic SAH may present with TTS.  The causes and 

Compressed jugular vein

a b

“out-of-plane” technics
needle shadow

Fig. 60.1 B-Mode ultrasound of internal jugular vein: (a) compression maneuver; (b) needle 
insertion through transverse plane (“out-of-plane”)
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pathogenesis of TTS, described by Japanese authors in the 1990s, remain to be 
clarified in detail. These patients mimic a myocardial infarction with severe left 
ventricle dysfunction, apical ballooning pattern, ST and troponin-I elevation, but 
with unharmed coronary arteries. They tend to recover in a few days or weeks. 
Some of them can present a left ventricular clot. TTS is linked to higher short-term 
and long-term mortality. The pathophysiological mechanism seems to be related to 
hormonal alterations and an increased bioavailability of catecholamines, which can 
induce coronary vasoconstriction.

These phenomena are currently the object of in-depth study within the medical 
sub-specialty now called neurocardiology. In this context, echocardiography allows 
even an intensivist without specific cardiological training to assess - with bedside 
point-of-care ultrasound (Fig. 60.2a) the size and function of the left ventricle, the 
transvalvular gradient, the pressure in the left atrium and, indirectly, the value of 
pulmonary artery pressure. Furthermore, the volume status can be assessed by cal-
culating the degree of inspiratory collapse of the inferior vena cava [16].

Moreover, with echocardiography, it is possible to evaluate cardiac abnormalities 
such as atrial septal defect and patent foramen ovale, which can sometimes explain 
the source of emboli in patients with atrial fibrillation, as well as to assess the ven-
tricular function and verify the presence of pericardial effusion/cardiac tamponade. 
In neurocritical patients, it is very important to avoid prolonged hypotension and 
hypoxia due to cardiac depression, as these can worsen patients’ outcomes and 
increase the risk of both early and delayed cerebral injury. Finally, for example, 
pericardial tamponade is often present in polytrauma patients [14, 17].

Evaluation of the left ventricular function is performed with a 2D view of the 
four cardiac chambers: after freezing a good image, the operator freezes an image 
of the left ventricle in systole, with the caliper instrument delimiting the area of the 

a b

Fig. 60.2 Cardiac US: (a) Paraesternal long axys view; (IVS) Intraventricular septum, (LV) Left 
ventricle, (RV) Right ventricle, (LA) Left atrium, (Ao) Aortic valve; (b) Paraesternal short appical 
view (yellow line): Distolic area

60 POCUS Application in Neurocritical Care Patients: Transcranial Doppler…



980

ventricle, and the same measurement is repeated during the diastolic phase [18]; 
then fraction of ejection (EF) is calculated as:

 
LVEF LVEDV LVESV LVEDV Fig  b= −( ) ( )/ . .60 2

 

Once the interatrial septum is identified, with the color mode on, it is possible to 
highlight an abnormal flow if a defect is present. Indeed, with the rapid injection of 
intravenous microbubbles (1 milliliter of blood mixed with 9 milliliters of normal 
saline and some air), it is possible to highlight the passage of microbubbles through 
a patent oval foramen (a finding present in 25% of population) [77].

To prevent cerebral edema, an accurate fluid management strategy is very impor-
tant. The volume status can be evaluated by comparing the two ventricles: if the 
right ventricle is as large as or larger than the left ventricle and a septal shift can be 
seen, it is likely that the patient is overloaded or suffers from pulmonary hypertension.

To implement tailored fluid therapy, ultrasound evaluation of the collapse of the 
inferior vena cava (IVC) can be very valuable: there is a poor relationship between 
central venous pressure (CVP) and blood volume, so the CVP/dCVP relationship 
has poor sensitivity in predicting the hemodynamic response to fluid challenge. The 
inspiratory collapse of the IVC, to be measured using the subcostal window, has 
shown good accuracy in predicting responsiveness to fluids. IVC diameter should 
be measured just proximally to the entrance of the hepatic veins. IVC diameter 
<2.1 cm that collapses >50% with an in-breath suggests normal right atrial (RA) 
pressure of 3 mm Hg (range 0–5 mm Hg); IVC diameter >2.1 cm that collapses 
<50% suggests high RA pressure of 15 mm Hg (range 10–20 mm Hg). In scenarios 
in which IVC diameter and collapse do not fit this paradigm, an intermediate value 
of 8 mm Hg (range 5–10 mm Hg) may be used [17, 19]. However, there are restric-
tions to the use of indicators such as IVC and its collapse in patients on the ICU: 
first, the IVC is commonly dilated and may not collapse in mechanically ventilated 
patients; and second, the IVC may be dilated in the presence of normal pressure in 
normal young athletes. However, measurement of changes in IVC dimensions after 
administration of an i.v. bolus of fluid is of particular interest, because of its techni-
cal simplicity.

60.2.3  POCUS: Airway and Lung Ultrasound

The use of US for assessment of the airways and the lungs is an important part of 
the point-of-care assessment in NCC patients. In particular, we recognize two main 
applications of lung US: the management of percutaneous tracheostomy and the 
study of lung parenchyma and pleurae. Many neurocritical patients may require 
mechanical ventilation by tracheostomy due to the persistence of neurological defi-
cits. In percutaneous dilatational tracheostomy (PDT), we can distinguish a pre- 
procedural and an intra-procedural role for US [20]. Pre-tracheostomy US is used to 
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make anatomical assessments, to identify the vascular structures present and the 
location of the thyroid, and occasionally to exclude patients from the percutaneous 
tracheostomy pathway, allocating them to surgery. Pre-procedural US leads to tra-
cheal puncture site change in 20–24% of cases and is associated with less bleeding 
during the procedure [21]. It can be very valuable to use US in the course of PDT, 
reducing the risk of accidental vascular punctures, stings of the first tracheal ring, 
puncture of the posterior tracheal wall, and upper misplacement of the tracheostomy 
[22]. Real-time US during PDT is very useful in the management of obese patients 
with difficult anatomy and in patients with cervical spine injury. Finally, the effects 
on systemic and cerebral hemodynamics can also be better modulated with the use 
of US during the procedure, a very valuable element in neurocritical patients [23].

Evaluation of the pulmonary parenchyma and pleurae can help us in the diagno-
sis of neurogenic pulmonary edema, a frequent scenario in NCC patients [24]. A 
linear or microconvex ultrasound probe works well on the chest surface, even with 
a grayscale-only machine. The evaluation must be performed with the patient in the 
supine position; the transducer is placed on the anterior chest wall in the second or 
third intercostal space in the longitudinal plane [25].

“Neurogenic” pulmonary edema complicates a fair share (10%) of cases of 
SAH. It seems to be mainly linked to hemodynamic changes due to alterations in the 
central neurovegetative control. Specifically, SAH is known to induce a stress of the 
sympathetic descending system with final depressive effects on the performance of 
the left ventricle. The absence of X-ray exposure and the simple reproducibility of 
the examination have made lung ultrasound a real point-of-care tool for the patients 
in ICU [28]. Fluids management in patients in NCC is very delicate and crucial in 
preventing cerebral edema; the search for specific signs with lung ultrasound can be 
an important guide. The use of the BLUE protocol [83] (Figs.  60.3 and 60.4) 
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Fig. 60.3 Lung ultrasound: BLUE protocol. (Courtesy from Lichtenstein and Mezière [26])
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(Bedside Lung Ultrasound in Emergency) [26], extended to include more specifi-
cally cardiac aspects in the fluid administration limited by lung sonography [84] 
(FALLS) protocol, is a good starting point. Possessing the skills to look for the top 
10 ultrasound signs leads to a diagnostic accuracy between 90 and 100%. A normal 
lung surface is characterized by the presence of long sliding, bat sign, lung pulse, 
and A-lines. Abnormalities are identified by detecting lung point (absence of slid-
ing), increase in pleural thickness (surface consolidation), vertical B-lines (lung 
rockets in interstitial syndromes), C-pattern in the consolidation areas, pleural effu-
sion, and pneumothorax with a stratosphere sign and lung point (Table 60.1) [27].

The most common use of thoracic ultrasound is for the identification of the pneu-
mothorax. Ultrasound sensitivity in the detection of the pneumothorax is very high; 
even a small apical or localized pneumothorax may be visualized.

Fig. 60.4 BLUE protocol: ultrasound areas; (Zone1) anterior chest wall, (Zone 2) lateral wall and 
(Zone 3) posterolateral chest wall. (Courtesy from Lichtenstein and Mezière [26])

Table 60.1 Lung ultrasound: normal findings

Ultrasound 
findings Definition Clinical implications

Lung sliding A movement in rhythm with respiration at the 
pleural line: Sliding of the visceral on parietal 
pleura

NO pneumothorax

Lung pulse Absence of lung sliding, with perception of 
heart activity at pleural line

Atelectasis. NO Pneumothorax

A-lines An horizontal line located below the pleural 
line, at the same distance of the skin from the 
pleura

NORMAL
If present with lung sliding
PNEUMOTHORAX
If present with lung point, 
without lung sliding
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60.2.4  POCUS: Abdominal Ultrasound: FAST

Among the various applications of ultrasound, the study of the abdomen is probably 
the most widespread. Neurocritical patients, and in particular TBI patients with 
polytrauma, require a prompt assessment of abdominal trauma at arrival in the 
Emergency Department (ED) [29]. Ultrasound can be a valuable point-of-care tool 
both to avoid moving such complex patients to radiological environments and to 
speed up management.

The aim of abdominal ultrasound examination in ED is to identify the presence 
and localization of blood (hemoperitoneum) and/or fluids. Blood and fluids tend to 
be located in the recess of the Morison for the supramesocolic regions, whereas 
from the suprapubic view the inframesocolic region is usually explored, which in 
women corresponds to the rectouterine space, known as Douglas’ recess.

The most widespread and recognized protocol in ED is called FAST (focused 
assessment with sonography for trauma) and should include views of four different 
abdominal areas: the hepatorenal recess (or Morison’s pouch) on the right, the peri-
splenic region on the left, the subxiphoid pericardial window centrally, and the 
Douglas pouch in the suprapubic window. In an extended version – the E-FAST 
examination – views of the bilateral hemithoraces and the upper anterior chest wall 
should also be performed [30, 31].

The main ultrasound examination of the abdomen includes four principal 
approaches. The areas should be examined using the probe on all available orthogo-
nal planes: transverse, longitudinal, and coronal. FAST Protocol, step by step in the 
following order:

 1. The Pericardial View (Subcostal or Subxiphoid View):
This view uses the liver as an acoustic window to detect pericardial effusion 

(fluid or blood). It is also possible to study the inferior vena cava (IVC) and the 
hepatic veins. IVC evaluation is also useful for the assessment of volume status 
and fluid responsiveness.

 2. The Right Upper Quadrant View:
Here, the liver is used as an ultrasound window to study the liver itself and the 

hepatorenal recess (Morison’s pouch) for free fluid. In this view, it is also pos-
sible, by tilting the probe, to explore the dome of the liver and the diaphragm. 
From the same position, the right pleural space can also be explored. Finally, in 
the caudal direction, the upper pole of the right kidney can be viewed and the 
right paracolic gutter can be examined for the presence of free fluid.

 3. The Left Upper Quadrant View:
This allows examination of the spleen, the perisplenic space, the diaphragm, 

and the hepatorenal recess from the left. Above these, the left pleural space can 
be seen, and below them the upper pole of the left kidney and the left paracolic 
gutter can be identified.
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 4. The Pelvic View:
Ideally, this evaluation is performed with a fluid-filled bladder (fluid can be 

inserted through a Foley catheter or trapped in the bladder by clamping the Foley 
catheter). This is the point of view of choice for the identification of free fluid in 
the peritoneum. The bladder should be studied on both the sagittal and transver-
sal planes.
Acute hemorrhages appear as anechoic fluid collections. However, as the blood clots, 

often quite rapidly, these fluid collections may appear complex, hypoechoic, or even 
isoechoic to surrounding structures [32]. There are additional and more specific win-
dows and training programs that exist for medical and non-medical ultrasound operators 
that are specific to each scientific company of reference and their guidelines. However, 
the interpretation of the exam must be performed exclusively by doctors. This is because 
the FAST examination has some limitations in identifying retroperitoneal hemorrhages 
and because the presence of free fluid in the abdomen can be due to concomitant causes, 
which are unrelated to trauma.  Also bowel gas, obesity, subcutaneous emphysema, 
patient positioning, the degree  of injury and rate of bleeding, adhesions from prior sur-
geries, and often in the patients who has pain or they are combative (secondary to trau-
matic injury), it can be difficult ultrasound diagnosis.

60.2.5  POCUS: Neurosonology

Already in the 50s, French and Leksell carried out several studies of the brain paren-
chyma, assessing the midline shift by using ultrasound images [33]. In 1982, Rune 
Aaslid from the University of Berne, Switzerland, developed the measurement of 
cerebral arteries’ velocities flow through the Doppler effect, laying the foundations 
of our current knowledge [34]. By using a low-frequency–pulsed Doppler of 2 MHz 
over different acoustic windows – i.e., areas where cranial bones are thin – and the 
foramen magnum, Aaslid made use of the phenomenon described by physicist 
Christian Andreas Doppler in the nineteenth century: when a sound wave with a 
certain frequency strikes a moving object (such as red blood cells inside an artery), 
it is reflected with a different frequency - the Doppler shift - which is directly pro-
portional to the velocity of the object (V). Echoes received by the transducer probe 
are processed in pulse or continuous mode to produce a spectral waveform with 
peak systolic and diastolic velocity values.

Over the years, this technique, integrated with US imaging, has found many 
fields of application not limited to neurocritical care but extending to a vast range of 
clinical scenarios, thus becoming a real point-of-care application [6, 35]. Common 
applications in NCC include the detection of vasospasm in patients with spontane-
ous or traumatic subarachnoid hemorrhage [36, 37, 83], cerebrovascular autoregula-
tion [36, 38, 81, 82], as an adjunct in the clinical diagnosis of brain death [36–40], 
and many other scenarios [80]. The application of this technique in other clinical 
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areas – including liver failure, pregnancy in pre-eclampsia [41], and sepsis [42] – is 
undergoing further study, although at present there is not enough scientific evidence 
to incorporate it into daily practice.

60.2.5.1  Techniques

The traditional transcranial Doppler (TCD) equipment is commonly called “blind”, 
and it usually uses a dedicated device that can only measure blood flow velocity 
through one or more types of probes, where the 2 MHz probe is the most commonly 
used. With the same type of equipment, it is possible to use the so-called bilateral 
continuous Doppler through a special helmet in which 2 MHz probes are usually 
inserted; this allows the continuous monitoring of flow velocities in the patient’s 
brain vessels.

A development of this equipment is represented by the combination of ultra-
sound imaging (B-Mode) with color Doppler through the color-coded duplex mode: 
TCCS (transcranial color-coded duplex sonography). In many ultrasound devices 
there are pre-defined TCCS settings that allow, using a low-frequency 1.6–3.5 MHz 
probe, the one of 4 MHz normally used for echocardiography, visualization of basal 
cerebral arterial anatomy to measure blood flow velocities and to study brain paren-
chyma by combining B-mode ultrasound imaging and Doppler curves. If pre-set 
options are not present, the operator will need to ask a specialist or consult manu-
facturer’s documentation in order to correctly set up the equipment’s parameters to 
better visualize brain images. With the same probe, without using the Doppler effect 
and using the appropriate landmarks, it is possible to study the parenchymal struc-
tures of the brain in the B-mode exclusively.

To perform TCD, the operator should position her/himself behind the head of the 
supine patient, in a neutral position. A slow circular movement of the end of the 
transducer without change in contact may help find a signal. A signal identifying the 
middle cerebral artery (MCA) can usually be obtained at a starting focus depth of 
55 mm. If a signal is not found, the probe is shifted more anteriorly toward the 
orbital rim. If a signal is still not found, the probe is moved upward at the crossing 
of the zygomatic bone and the lateral orbital margin. Approximately 10% of patients 
do not have a temporal window, and failure to find a signal cannot therefore be 
automatically attributed to technique [43]. The echo-Doppler monitor is normally 
on one side of the bed and it is useful to avoid that the probe cable impedes the 
operator’s movements. Especially in the early stages of learning, a lot of endurance 
and tranquility are needed: just getting used to doing very fine movements, the 
evaluation might take a long time (about 20–30 minutes) [44, 45].

The aim of the examination is the insonation of the main structures of the brain, 
including mesencephalon, basal cisterns, lateral ventricles, third ventricle, and the 
Circle of Willis.
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60.2.5.2  Neurosonology: Cerebral Blood Flow Velocities (CBFV)

The Circle of Willis has the shape of a heptagon with the following sides: frontally, 
the two anterior (right and left) cerebral arteries (ACA) that are connected via the 
anterior communicating artery (AcomA); posteriorly, the two posterior cerebral 
arteries (right and left) (PCA); between the anterior and posterior cerebral arteries 
of each side, the posterior communicating arteries (PcomA); and at the point of 
convergence between the posterior communicating artery and the anterior cerebral 
artery, the middle cerebral artery (MCA).

The classical didactic image of the circle of Willis, which sees the basal artery in 
the center, as the point of convergence of the two vertebral arteries, then the circle, 
must be mentally rotated by 90 degrees in lateral B-mode ultrasound. MCA is the 
vessel of largest caliber (approximately 3 mm), and is responsible for the 75% of the 
brain blood flow. It is the vessel of choice for most of the TCD-derived signals; it 
comes from the medial angle of the small wing of the sphenoid and approaches 
laterally and obliquely the surface of the temporal bone squama.

In daily practice, the four more common acoustic windows used to insonate the 
vessels are: transtemporal, suboccipital, transorbital, and submandibular.

TCD/TCCS: Basic and Advanced Methods to Measure CBFV and Indexes

Each of these fields of application requires significant dedication to the learning 
process. For all applications, solid knowledge of the local neuroanatomy and of the 
cerebrovascular anatomy in particular is essential; images of interventional neuro-
radiology may prove very useful in this respect.

Given the range of fields of application, learning to identify the main basic ele-
ments – flow velocities and pulsatility index (PI) – is essential for a practical and 
quick approach.

With reference to cerebral arteries, flow velocity is measured in cm/sec and indi-
cated by CBFV. It comprises three components: cerebral flow peak systolic velocity 
(PSV), mean flow velocity (MFV), and end-diastolic velocity (EDV). Peak systolic 
flow velocity (PSV) is predominantly dependent on cardiac output.

In physiological conditions, CBFV is proportional to the cerebral blood flow 
(CBF). Although TCD/TCCS does not allow for the calculation of an absolute value 
of CBF, changes in CBFV over time are related to changes in CBF. Therefore, since 
TCD/TCCS provides a quantitative measurement of CBFV, the measurement of 
changes in CBFV provides an estimation of the changes in CBF. This means that 
TCD/TCCS is a very useful tool to follow up of a phenomenon. With CBFV it is 
possible to study, through the analysis of waveform, the CPP (Cerebral Perfusion 
Pressure) reduction due to rising ICP in TBI for example, and cerebrospinal fluid 
(CSF) dynamics related to arterial blood pressure (ABP) and increased ICP.

The PI, also known as Gosling’s index, describes the cerebral vascular resistance 
through the interpretation of TCD/TCCS curves. Mathematically, PI is calculated as 
the relationship between the difference of PSV and EDV, divided by the mean flow 
velocity (MFV) [46].
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PI has been used for the assessment of the distal cerebrovascular resistance 
(CVR), with greater PI values corresponding to higher CVR [47]; however, hyper-
capnia is known to alter CVR behavior [48]. Despite some the discordant findings 
in the literature, there is a positive correlation between PI and ICP (R  =  0.94 
p < 0.05) [49, 50, 58]. We can say that the sensitivity of PI in identifying a raised 
ICP is high, but its specificity is low. In addition, PI is dependent on a variety of 
factors, including ICP, ABP, CPP, and vascular tone (consequently CO2).

During a TCD/TCCS exam, an obstructive lesion proximal to the insonation 
point produces a prolonged rise time and damping of the peak systolic and end- 
diastolic components due to the loss of pressure when crossing the proximal 
obstruction. Increased PI typically occurs proximal to the lesion, because maximal 
vasodilatation from intact autoregulation produces less resistance and therefore 
increased pulsation. Abnormalities in absolute values, a relative difference of more 
than 50% from each side, and turbulence producing a cracked or harsh sound and 
localized focal reversal of the signal should be noted.

ICP measurement is considered a milestone for many neuro-acute patients, and 
the gold standard is represented by the use of invasive techniques (intraparenchy-
mal, intraventricular, subdural, and epidural probes), which carry a certain risk of 
hemorrhagic and infectious complications and whose indication is often dependent 
on the neurosurgeon’s opinion. Non-invasive management of the ICP through TCD 
has been studied since the time of Aaslid, with not always encouraging results [51]. 
In view of the practical approach of this book, we wish to point out that from the 
studies by Czosnyka et al. in 1998 [52], the confirmations by Cardim et al. and other 
more recent literature too, we have learned that the non-invasive measurement of 
CPP, called nCPP, has a high predictive power (94%) for low CPP (<60 mm Hg) 
[53–55]. The formula is always nICP = ABP – nCPP. The most correlated parameter 
of the TCD waveform is undoubtedly the EDV. Having said that, we suggest that it 
is very important, once the operator has acquired sufficient mastery of the tech-
nique, that they keep themselves up to date on scientific developments in the field of 
non-invasive ICP (nICP) and its correlations with ABP, EtCO2.

New non-invasive approaches have included cerebral venous oxygen monitoring 
[56] and venous transcranial Doppler ultrasonography for increased ICP: venous 
blood is pooled to larger venous vessels, and venous maximal blood flow velocity 
increases [57].

60.2.5.3  TCCS: Brain Parenchyma Ultrasound

Thanks to the refinement of ultrasound hardware in B-mode, it is possible to study, 
in addition to cerebral vessels, the parenchymal structures of the brain using the 
same windows of insonation. It is therefore possible, by exploiting the different 
echogenicities of parenchymal structures, to assess in more detail the characteristics 
of space-occupying pathologies, such as deep hemorrhages, subdural hematomas, 
and neoplasms. This approach is known as brain parenchyma sonography and is an 
expanding field of clinical application. The main US landmarks are represented by 
hyperechogenic parenchymal structures such as bone and perimesencephalic 
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cisterns where the liquid–solid interface generates echoes; these structures appear to 
be whiter than the surrounding parenchyma [59]. Other parenchymal structures, 
such as the substantia nigra and the lenticular nucleus, also appear hypercogenic 
and may be valuable landmarks. Vessels are also important landmarks and blood in 
the form of a hematoma also appears hyperechoic. However, if the normal paren-
chyma of the brain (called white and gray matter) is considered normoechogenic, 
the structures that are crossed by the ultrasound – that is the cerebrospinal fluid and 
the vacuum - appear black [60].

This kind of ultrasound study can be performed using the transtemporal window, 
modifying the inclination of the probe. It is possible to identify five different planes, 
which in the cranial-caudal direction are: the ventricular plane, the diencephalic (or 
third ventricle) plane, the mesencephalic plane, the upper pontine plane, and the 
lower pontine plane. We can mention a semi-coronal plane (45°), through the trans-
temporal window, which allows us to visualize the 4th ventricle and the cerebellum. 
It is part of the TCCS approach in movement disorders as a cerebellar plane 
(Parkinson Disease) [61, 62, 83].

In this type of exam, it is always essential to answer two questions: where are we 
and what are we insonating? The starting point for TCCS (B-mode) is the mesence-
phalic plane, in which the mesencephalon is shown as the main landmark, with its 
typical “butterfly-like” image. It is advisable to work with a probe depth of about 
16 cm, to look for the midbrain at 7–10 cm of depth, using as a landmark the small 
wing of the concave and oblique sphenoid and the contralateral cranial theca inferi-
orly. The midbrain is surrounded laterally and anteriorly by the P1 and P2 traits of 
the posterior cerebral arteries and, at a closer look, the substantia nigra is visible in 
the anterior portion of the midbrain, and the red nucleus in its posterior-medial por-
tion. An operator who is unfamiliar with TCCS (B-mode) will find it very useful to 
compare an ultrasound image and a CT image of the same patient, to identify cor-
rectly and more easily the parenchymal structures.

The mesencephalic plane can be further divided into three sections: lower, mid-
dle, and upper, which can be identified by means of micro movements of the probe 
of 2–3°. These three continuity planes follow the anatomical development that leads 
from the Varolio bridge to the cerebral peduncles, whereby the midbrain will appear 
oval in the lower plane, partially divided into two in the middle plane, and com-
pletely divaricated at the cerebral peduncles in the upper plane. Vessels and features 
of the cerebral lobes can become important anatomical landmarks.

For the diencephalic plane, it is essential to identify the third ventricle; this 
appears as a binary structure that is hypoechoic at the center and hyperechogenic 
externally with two lines representing the liquor–ependima interface. Posteriorly, 
the pineal gland appears often hyperechoic, outwardly and externally to the “white 
rails”, making the overall image easily recognizable, with the oval shape identifying 
the two thalami. In front of the third ventricle and thalamus, it is possible to identify 
the frontal horns of the lateral ventricles. Sometimes in the posterior horn of the 
lateral ventricle, posterior hyperechogen elements appear, which represent the cho-
roid plexi. Directing the probe cranially by another 20–30°, we reach the ventricular 
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plane, where it is possible to identify the frontal horns of lateral ventricles as two 
symmetrical hypoechoic strips.

Brain Parenchyma Ultrasound: Clinical Applications

Optic Nerve Sheath Diameter (ONSD)

In addition to brain parenchyma and cerebral vessels, nerves can also be studied 
with ultrasound techniques. In particular, the study of the optic nerve sheath diam-
eter is becoming increasingly useful for the detection of raised intracranial pressure 
[58, 63, 73, 76]. The sheath of the optic nerve is continuous with the dura mater and 
contains CSF in the subarachnoid space [64]. The sheath of the optic nerve is dis-
tensible, whereby an increase in intracranial pressure corresponds to a transmission 
to the subarachnoid compartment of the nerve sheath, which can be measured as an 
increase in ONSD as in the case of papilledema [65]. Many studies have correlated 
these changes with ICP changes detected by other methods; the relationship seems 
to be linear and confirmed also through infusion studies (performed through EVD) 
and in the case of CO2 variations [66–70]. The application of color-Doppler can 
refine the assessment technique [85].

Midline Shift

In the patient with neurotrauma or acute brain injury, the midline shift (MLS) often 
represents a life-threatening situation that requires urgent diagnosis and treatment. 
A shift ≥0.5 cm at CT scan is associated with poor neurological outcome and a shift 
≥1  cm is associated with an increase in mortality [71, 72] (Fig.  60.5). Besides 
trauma, hematomas and intracranial masses can also cause midline shift, CT scan of 
the brain is the gold standard for diagnosis of MLS.  However, this may not be 
immediately available, is not easily repeatable in a short time, presents side effects, 
and an uncompromising environment for critically ill patients undergoing all sorts 
of monitoring. For these reasons, several authors have begun to experiment with the 
use of ultrasound for the detection of MLS, with the aim to aid timely diagnosis and 
identify the need for aggressive treatment in neurocritical patients both in the ICU 
and in ED [71].

Hydrocephalus

There is significant scientific debate on the definition and diagnosis of hydrocepha-
lus. The term hydrocephalus refers to an increase in the volume of CSF that occu-
pies the cerebral ventricles. This increase in volume is due to a hydrodynamic 
disorder: alteration of the equilibrium between the ependymal production and the 
absorption of CSF. The effect of this is ventricular dilatation and partial discharge 
of CSF into the periventricular space, with consequent damage to the white sub-
stance and glial cells. The classification of hydrocephalus provides a distinction 
between non-communicating hydrocephalus, also known as obstructive (either 
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congenital or acquired), and communicating hydrocephalus, mainly due to increased 
CSF production. Different types of hydrocephalus can also be distinguished on the 
basis of accompanying intracranial pressure values: so, a hydrocephalus is distin-
guished from a “normal pressure hydrocephalus”, linked to a characteristic syn-
drome. The causes of hydrocephalus can be many and the gold standard for diagnosis 
is the measurement of the ventricular diameters by CT scan.

In view of this, various authors compared the measurements taken with CT and 
ultrasound. On the diencephalic plane, the third ventricle and the frontal horns of 
the lateral ventricles are measured. The accepted physiological measures vary 
according to age: under 60 years, third ventricle 7 mm and frontal horns <17 mm; 
over 60 years, third ventricle <10 mm and horns <20 mm. On the ventricular plane, 
it is possible to measure the middle cell of the lateral ventricles; normal values are: 
under 60 years <19 mm; over 60 years <22 mm. A good correlation between the two 
methods was found for the measurement of the third ventricle; however, 

a b

c

Fig. 60.5 Midline shift measurement (MLS): (a) MLS measurement by TCCS through transtem-
poral acoustic window: (arrow) distance between external bone table (skull) and the centre of third 
ventricle; (b) MLS measurement by brain-CT scan: (red and blue arrow) distance between the 
skull and the centre of the third ventricule; (c) MLS measurement by brain-CT scan: (blue line) 
ideal midline and (blue arrow) distance between ideal midline and the septum pellucidum. 
(Coutesy: Motuel et al. [72])
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measurement of the lateral ventricles proved more difficult with brain parenchymal 
ultrasound [71, 74]. Ultrasound measurement of the third ventricle for the evalua-
tion of hydrocephalus can be a useful point-of-care tool for neurocritical patients, 
especially for follow-up and in the case of drainage patients with continuous moni-
toring of the ICP, as it is non-complex and easily repeatable.

In some studies, good correlation indices between US and CT measurements 
have been identified in patients undergoing decompressive craniectomy: r = 0.978 
for the right lateral (p < 0.001); r = 0.975 for the left lateral (p < 0.001); and r = 0.987 
for the third (p < 0.001) ventricle [72].

Intracranial Hemorrhage

Although in non-decompressed patients, ultrasound evaluation of hemorrhages and 
hematomas is very limited, through the temporal bone window it is possible to 
evaluate the presence of parenchymal blood lesions. Blood appears hyperechoic on 
cerebral ultrasonography. Thanks to blood hyperechogenicity, it is possible to accu-
rately trace the limit between healthy brain parenchyma and a hematoma. It is there-
fore possible, by measuring thicknesses at different points, to study intra-parenchymal 
hematomas, such as hematomas below and above the dura.

It is also possible to use brain US to monitor the volume of intracranial bleeding. 
Some authors have studied the usefulness of US in a cohort of decompressed patients, 
correlating their measurements with those performed in CT (intraclass correlation 
coefficient 0.993, p < 0.001) [72]. According to other authors, the use of BPS in 
patients affected by stroke in whom a temporal bone window was present was useful 
to correctly differentiate ischemic from hemorrhagic areas in many cases [75, 78, 79].

60.3  Conclusion

Even for the neurocritical patient, ultrasound can be a very valuable tool. Specific 
theoretical notions, training courses for medical and nursing staff, are now indis-
pensable, but only with daily practice under expert guidance, with the devices and 
the correct settings, it is possible to obtain reliable examinations:

• US-guided central and peripheral venous catheterization minimizes complica-
tion risks and standardizes procedures.

• POCUS echocardiography together with the measurement of the inferior vena 
cava can help the neuro intensivist to manage the use of catecholamines, to high-
light specific dyskinesias and syndromes (i.e. Takotsubo) and together with TCD 
to diagnose the patency of the oval foramen(stroke or sitting position surgery).

• Airway ultrasound can facilitate the management and timing of percutaneous 
tracheostomy, avoiding maneuvers harmful to the neurological patient; lung US 
can anticipate diagnosis of overload or inflammatory processes.

• Abdominal US with E-FAST is now widely used in the emergency department 
on patients with polytrauma or even only with trauma brain injury.
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• Transcranial Doppler (TCD/TCCS) ultrasonography is a cornerstone in neuroin-
tensive care and it is essential that a large group of the staff know how to do it. In 
addition to studying the velocities of the circle of Willis and assessment of vaso-
spasms, neurosonology is now valuable for monitoring cerebral blood flow, non- 
invasive intracranial pressure, and cerebral autoregulation.

• Brain ultrasound (B-mode) is one of the specific applications of TCCS. It also 
includes the assessment of optic nerve sheath diameter, midline shift, hydro-
cephalus and cerebral hemodynamic monitoring through Doppler, which is very 
useful in the acute ICU patient.

 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

CRITICAL ILL PATIENT
Hemodynamic instability?/ Trauma?

VASCULAR US
1. ABCDE Primary Assessment � Arms and Legs?

� DVT?

� Caval vein?

(B) BREATHING (A) AIRWAY

LUNG ULTRASOUND CERVICAL ULTRASOUND
Respiratory Performance and
Dyspnea/Hypoxemia causes

Airway Patency and Obstructive cause ABDOMINAL US
� FAST?

(D) DISABILITY

(C) CIRCULATION HEAD ULTRASOUND
ECHOCARDIO Neurological status and

Coma / focal signos causes

2. ABCD Resuscitation 3. HEAD-to-TOE Secondary assessment
CPR – Fluid/Drugs - Interventional

CONSIDER TRANSCRANIAL DOPPLER (TCD/TCCS)
ASSESSMENT

1. Cerebral Hemodynamics (CBFV)
2. Hemodynamic indexes (PI / LR)

5. Continuing Follow-Up 4. Intensive / Definitive Care
Serial examinations and Monitoring

FollowInstitutional Protocols

Follow Institutional Protocols

Follow Institutional Protocols

ONSD?
Pupillary Reflex?
Midline Shift (MLS)?

Ventilation?
Pneumothorax?
Pulmonary edema?
Pleural effusion?
Pneumonia?

Tracheal lesions-Emphysema?
Tracheal displacement?
Compressive hematoma?

Contractility?
Pericardial effusion-Tamponade
Acute dilation?
Aortic valve?

Hemodynamics and Shock /
hypotension causes

 

ABCDE Airway-breathing-circulation-disability-exposure, ONSD Optic nerve sheath diameter, 
CPR Cardio-pulmonary resuscitation, DVT Deep venous thrombosis, FAST Focused assessment 
with sonography in trauma, CBFV Cerebral blood flow velocity, PI Pulsatility index, LR Lindegaard 
ratio, US Ultrasound.
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Chapter 61
Intra-Aortic Balloon Pump (IABP) in ICU: 
Cerebral Hemodynamics Monitoring 
by Transcranial Doppler (TCD/TCCS)

Juliana Caldas and Ronney B. Panerai

Key Points
 1. Intra-aortic balloon pump (IABP) modifies the pattern of arterial blood pressure 

pulsatility leading to concurrent changes in the cerebral blood flow (CBF) wave-
form during the cardiac cycle.

 2. Transcranial Doppler ultrasound (TCD/TCCS) allows measurement of CBF 
velocity (CBFV) in the middle cerebral artery, or other large intracranial arteries, 
with considerable potential to identify cerebral hemodynamic disturbances in 
critically ill patients.

 3. TCD can detect reversal of diastolic CBFV which is likely to be iatrogenic and 
should be minimized.

 4. Microemboli produced by IABP should be evaluated with TCD to avoid neuro-
logical complications.

 5. Patients suspected of clinical brain death need IABP to be on standby to allow a 
proper determination of the actual CBFV by TCD/TCCS.
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61.1  Introduction

Intra-aortic balloon pump (IABP) remains the most widely used form of mechanical 
circulatory support in current clinical practice [1]. The accepted clinical indications 
for IABP use are wide ranging, but the available clinical evidence is largely limited 
to cardiogenic shock, myocardial infarction without shock, high-risk percutaneous 
coronary intervention, and perioperative of cardiac surgery [1]. In neurological crit-
ical care patients, IABP has been used in subarachnoid hemorrhage (SAH) [2–4].

The physiological premise underlying the utilization of IABP was first described 
by Kantrowitz in animal models in 1953, based on the diastolic augmentation of 
aortic root and coronary pressure [5]. Percutaneous IABP was first applied clini-
cally in 1980 and remains the most widely used form of left ventricular mechanical 
support in most centers [6].

The IABP is a flexible balloon catheter with two lumens—one to allow flushing, 
aspiration, and for aortic pressure to be transduced; the other to allow inflation/
deflation with the rapid shuttling of gas (usually helium) to and from the balloon [7]. 
Triggering of the insufflation and deflation is synchronized by the trace of the elec-
trocardiogram (ECG) or the systemic arterial blood pressure (ABP) [8]. Of consid-
erable relevance, the control of triggering can be changed to change the time delay 
when inflation takes place after the QRS complex of the ECG, leading to changes in 
the temporal pattern of the ABP waveform as it will be discussed later.

In this procedure, a balloon is placed into the aorta just distal to the left subcla-
vian artery, generally via the femoral artery [6]. The balloon is connected to an 
external pump through a catheter. The pumping is timed so that the balloon inflates 
immediately after the aortic valve closes. Balloon inflation decreases diastolic aortic 
runoff and increases diastolic aortic pressure; these changes increase perfusion of 
the coronary arteries. The balloon deflates just before systole. Balloon deflation 
results in systolic unloading and a decrease in the aortic impedance to left ventricu-
lar ejection [1, 9] (Fig. 61.1). This combination causes relatively little change in the 
mean aortic pressure but decreases the left ventricular pressure by approximately 
20% and increases coronary perfusion and cardiac output by up to 40%. As a con-
sequence of these hemodynamic changes, cardiac workload and myocardial oxygen 
consumption are reduced in patients with a failing heart in cardiogenic shock or 
heart failure [10, 11].

IABP use is not free from complications. Postmortem examinations have shown 
multiple etiologies, including cerebral air embolism secondary to IABP rupture, 
compromised spinal cord blood supply due to mechanical trauma, dissecting hema-
toma of the thoracic aorta, spinal cord necrosis, microatheroembolism to radicular 
arteries, and other minor cerebrovascular events [12–15].

Given ongoing concerns about the effects of cardiac surgery on cognitive impair-
ment and perioperative hypoperfusion stroke, the role of IABP on alterations of 
cerebral hemodynamic parameters is of considerable interest.
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61.2  Neuro ICU: Intra-Aortic Balloon Pump (IABP)

In the neuro intensive care unit, the IABP has been used in patients with subarach-
noid hemorrhage (SAH) [2, 4, 16] in two distinct clinical situations. The first one is 
the neurogenic stunned myocardium, that is, a severe condition characterized by 
reversible left ventricular dysfunction [17]. Neurogenic stunned myocardium fol-
lowing SAH occurs in 20–30% of SAH patients and may result in several complica-
tions such as cardiac arrhythmia, pulmonary edema, and prolonged intubation, 
which can negatively impact morbidity and mortality as well as long-term recovery 
[17]. Patient management remains basically supportive with case reports acknowl-
edging the utility of contractility vasopressors such as dobutamine and milrinone 
[17]. Limited data also suggested the utility of IABP in patients who require hemo-
dynamic support when neurogenic stunned myocardium is accompanied by cardio-
genic shock [4, 18].

The second clinical situation reported is when patients develop refractory cardio-
genic shock despite vasopressor use in cerebral vasospasm after SAH [2, 18]. 
Cerebral vasospasm is a major cause of morbidity and mortality following 
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Fig. 61.1 The pressure waveform transduced from the tip of the IABP demonstrates a reduction 
in systolic pressure and augmentation of diastolic pressure with counterpulsation. (Courtesy: Murli 
and Zacharowski [51])
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aneurysmal SAH and contributes to delayed cerebral ischemia [19]. The combina-
tion of induced hypertension, hypervolemia, and hemodilution (triple-H therapy) is 
often used to improve cerebral perfusion pressure following cerebral vasospasm 
[20]. Although this approach has gained widespread acceptance over the past 
20 years, the efficacy of triple-H therapy in the management of the acute phase of 
SAH may be questioned [19]. The IABP can improve the hemodynamic status of 
patients, who would probably die without such therapy and allow the continuing use 
of triple- H therapy [3].

TDC is a standard screening tool for vasospasm, but the predictive value of mean 
flow velocity (MFV) is likely inaccurate in the setting of an IABP, as the aforemen-
tioned alterations in the arterial waveform are reflected in the TCD velocity wave-
form (Fig.  61.1). There is just one study that explored this topic; Morris and 
colleagues reviewed cases of SAH that underwent same-day TDC and angiography 
[2]. TDC/TCCS waveforms were assessed for MFV, peak systolic velocity (PSV), 
balloon pump-augmented diastolic velocity, and a novel feature that they called 
“delta velocity” (balloon pump-augmented velocity—systolic velocity) [2]. The 
authors concluded that delta velocity, a novel transcranial Doppler flow velocity 
feature, may reflect vasospasm in patients with SAH with IABP support. The MFV, 
usually considered the most accurate TCD/TCCS measure of proximal vasospasm, 
was not significantly correlated with proximal vasospasm, although it was corre-
lated with distal vasospasm [2]. However, these data are from a single, retrospective 
observational study. Clearly, interpretation of the waveform in patients with IABP 
for vasospasm detection requires further investigation.

61.3  Cerebral Blood Flow: IABP Effects

Although its benefits for improving cardiac function have been well documented, 
the effects of IABP on the cerebral circulation are still not well understood. Studies 
investigating the effects of IABP on the cerebral circulation provide conflicting 
results and have suggested that IABP either decreased, increased, or even transiently 
reversed cerebral blood flow [21–23]. What is clear though is that the use of IABP 
can change the temporal pattern of CBFV waveforms during the cardiac cycle, lead-
ing to characteristic double-peaked waveforms (Figs. 61.2 and 61.3) and the occur-
rence of transient reversed diastolic (i.e., negative) values of CBFV recorded with 
TCD [21, 24].

Cheung et al. reported in their study with 19 patients that IABP modified the pat-
tern of CBFV in the middle cerebral artery (MCA) as measured by TCD but did not 
affect mean CBFV, even at different magnitudes of augmentation or trigger ratios 
[21]. They also concluded that IABP modified the phasic profile of cerebral blood 
flow to reflect the arterial pressure waveform (Figs. 61.2 and 61.3), and this pattern 
was not showing on standby mode.

J. Caldas and R. B. Panerai



1003

Notwithstanding some studies reported that the IABP device probably not 
changes the MFV. Currently, this device uses a square-wave function to control gas 
flow into the balloon [8], and with TCD, it may be possible to devise nonlinear infla-
tion/deflation sequences for intra-aortic balloon pumps that can maximize forward 
blood flow in the intracranial circulation [24].

Fig. 61.2 Continuous recording of blood pressure (yellow tracing) and cerebral blood flow veloc-
ity (top, right and left middle cerebral arteries) from a 55-year-old male patient with IABP ratio 1:2 
showing the double-peaked waveform

Fig. 61.3 Continuous recording of blood pressure (yellow tracing) and cerebral blood flow veloc-
ity (top, right and left middle cerebral arteries) from the same patient in Fig. 61.1 showing the 
IABP in standby mode
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61.3.1  Transient Reversed Diastolic CBFV

Late diastolic IABP flow reversal in CBFV was first described in 1990 when TCD 
was used to evaluate CBF in three patients with an IABP [24]. This phenomenon is 
not uncommon; studies suggested that waveform flow reversal in intracranial ves-
sels may occur in up to 35% of cardiac surgery patients supported by IABP [22].

Under normal conditions, forward CBFV is detected in both systole and diastole 
with TCD.  The reversal of diastolic CBFV implies negative CBF in diastole 
(Fig. 61.4) and has also been described in other cerebrovascular conditions such as 
intracranial hypertension, intracranial circulatory arrest, in the first minutes after 
acute SAH, in metabolically compromised comatose patients, and, in the posterior 
circulation, the subclavian steal syndrome [24, 25]. However, the clinical signifi-
cance of this dramatic alteration in the CBF waveform pattern is still unknown and 
more research on its implications is urgently needed [26].

Reversal of diastolic CBFV has been reported in a few case studies in the litera-
ture [27, 28]. The reversal or absence of diastolic flow at late diastole is probably 
due to diastolic pressure rapid reduction induced by deflation of IABP, so this phe-
nomenon is a direct cause of IABP utilization (Fig. 61.4). These case reports sug-
gest that reversal of diastolic CBFV is iatrogenic and it should be avoided. One 
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possible approach is to optimize the balloon inflation/deflation cycle, by moving 
deflation to the absolute end of diastole [24, 27]. Although the precise effects of 
CBFV diastolic reversal on cerebral hemodynamics are still unknown, its departure 
from normal physiological waveforms is likely to be undesirable and to have a nega-
tive effect on CA.

TDC available in ICU, as an easy-to-use, safe, and low-cost bedside tool, is 
advantageous to identify the reversal of diastolic CBFV in patients with 
IABP.  Furthermore, it could be helpful to assess the hemodynamic response to 
changes in the balloon deflation timings to minimize the flow reversal phenomenon.

61.4  IABP: Cerebral Autoregulation

The main reason why IABP might disturb CBF and/or its regulatory mechanisms is 
due to observed changes in CBF temporal patterns. Chiefly among these regulatory 
mechanism is cerebral autoregulation (CA) that maintains cerebral perfusion within 
strict limits despite changes in mean ABP in the range 60–150 mmHg [29].

Assessments of CA are generally classified as being “static” or “dynamic” [30]. 
Static CA refers to the steady-state relationship between ABP and CBF [30, 31]. 
Dynamic CA reflects the transient response of CBF, often recorded as CBFV with 
TCD to rapid changes in ABP [31]. Impairment of CA renders the brain less tolerant 
to both low and high ABP, with increased risks of significant brain oligemia and 
hyperemia, respectively [32]. Assessment of CA in critical care patients and those 
with IABP could be an important bedside tool to avoid these complications [50].

There are numerous methods of quantification and assessment of CA in use at 
the current time, each with their own inherent assumptions, caveats, and specific 
analytical models. Importantly, no particular method is currently considered to be 
the “gold standard” [33].

Hypo- and hyper-perfusion, resulting from disturbances in cerebral autoregula-
tion, are thought to be contributing factors in the neurological complications follow-
ing cardiac surgery with cardiopulmonary bypass, and the use of IABP could also 
play a part in the development of these complications [34–36].

Hitherto, only two studies evaluated cerebral autoregulation in patients with 
IABP [37, 38]. These studies used different methods to assess cerebral autoregula-
tion. Caldas et  al. (2017) used transfer function analysis and the autoregulation 
index (ARI) to quantify the efficiency of CA [31, 37]. The second study (Bellapart 
2010) was based on the time-delay between fluctuations in CBFV and ABP, esti-
mated using a cross-correlation technique. Both studies found that cerebral auto-
regulation was intact in patients with IABP [37, 38].

One important corollary of these studies though was demonstrating the feasibil-
ity of performing bedside assessments of CA in critically ill patients requiring the 
use of IABP or different invasive support devices. Several critical care conditions 
were reported with impairment of cerebral autoregulation, such as sepsis, periopera-
tive of cardiac surgery, ischemic heart disease, or SAH, and these conditions may be 
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requiring the use of IABP [39–44]. Patients who have manifested impairment of CA 
should have close monitoring and management of arterial blood pressure, to prevent 
ischemia or hyper-perfusion.

61.5  IABP and TCD/TCCS: Other Miscellaneous Conditions

61.5.1  Microemboli

Monitoring of the cerebral circulation with TCD can identify microemboli within 
the MCA during cardiopulmonary bypass procedures [45–47]. Similar techniques 
during the use of left ventricular assist devices may help identify occult cerebral 
embolization with IABP. Cerebral air embolism is a neurological emergency most 
commonly iatrogenic in origin [14]. It has been reported following invasive proce-
dures such as cardiac catheterization, central venous catheter insertion, and cardio-
thoracic surgery. This complication, previously reported in patients with IABP 
when there is a rupture with gas embolization, is a rare but potentially fatal 
event [48].

61.5.2  Brain Death

The classical TCD pattern in brain death consists of three stages: oscillating or 
biphasic flow, systolic spike flow, and no flow [49]. With increasing intracranial 
pressure, diastolic flow ceases and systolic peaks become sharper. As cerebral per-
fusion pressure approaches zero, there is collapse of blood vessels during diastole, 
and so absent or reversed diastolic flow can be demonstrated.

The IABP can induce alterations in the pattern of CBFV measurements and the 
reversal of flow in late diastole may appear [24, 27]. Therefore, in a patient with an 
IABP, who is clinically brain dead, the IABP has to be on standby to allow a proper 
determination of the actual CBFV. The classic TCD pattern has to be detectable for 
at least 30 minutes [25] to confirm the diagnosis of brain death.

61.6  Conclusion

IABP significantly changes CBF temporal patterns in basal cerebral arteries. TCD 
provides valuable information about cerebral hemodynamics with intra-aortic bal-
loon pumping, given the ability to measure subsecond changes in cerebral 
hemodynamics.

The IABP is an important resource to support the failing heart, in diverse clinical 
situations, but the alterations produced in the systemic circulation are transmitted to 
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the brain, resulting in alterations of the CBFV temporal pattern, whose implications 
still require more detailed investigation. The use of TCD for monitoring patients 
with IABP, and also performing a number of dedicated assessments, such as 
dynamic CA or brain death, is recommended.

Further studies are needed in patients with IABP to assess the extent of cerebral 
hemodynamic effects, particularly regarding the phenomenon of diastolic CBFV 
reversal.

 Algorithm

EMERGENCY DEPARTMENT (ED)
INTENSIVE CARE UNIT (ICU)

Clinical Status of Patient
ABCD
Level of consciousness (GCS)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxigenation?

ASSESSMENT
Delta Velocity

Cerebral Vasospam ?

DIAGNOSIS

CRITICALLY ILL PATIENT
CARDIOGENIC SHOCK ? IABP

PERIOPERATIVE CARDIAC SURGERY ?  
CHECK MYOCARDIAL INFARCTION ?

Clinical of Brain Death ? STUNNED MYOCARDIUM ? (SAH)

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

REMEMBER MICROEMBOLI ?
PUT IABP IN: Transtemporal Window
Standby Mode Transtemporal Window MCA

Classic TCD/TCCS Pattern
Has to be detectable for at

least 5 minutes**

PSV / MFV / EDV Spectral Doppler Waveform
MCA 

CBFV Waveform Pattern ?
I. Reverse diastolic CBFV NO YES

II.  Double – Peaked waveform

CHECK
OPTIMIZE ASSESSMENT I. Check the device and the Gas

Moving deflation to the
Absolute end of diastole

Cerebral Autoregulation (CA) II. Attention for Stroke and Delirium

IMPAIRED CA ? CONSIDER
Performing Brain CT-scan

ABP YES NO
I. Prevent Ischemia

II. Prevent hyperperfusion STANDARD MANAGEMENT

ASSESSMENT OF
CEREBRAL HEMODYNAMICS

CLOSE MONITOR and
MANAGEMENT

 

ABCD Airway-breathing-circulation-disability, IABP Intra-aortic balloon pump, CA Cerebral 
autoregulation, ABP Arterial blood pressure, MCA Middle cerebral artery, CBFV Cerebral blood 
flow velocity, PSV Peak systolic velocity, MFV Mean flow velocity, EDV End-diastolic velocity, 
SAH Subarachnoid hemorrhage; ** If the complementary exam is needed
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Chapter 62
Brain Parenchyma: Usefulness 
of Transcranial Color-Coded Duplex 
Sonography (TCCS)

Silvana Svampa

Key Points
 1. The combination of B-mode and spectral Doppler images allows the visualiza-

tion of structures of the cerebral parenchyma and the vessels of the circle 
of Willis.

 2. Measurement of arterial and venous blood flow velocities, as well as collateral 
circulation.

 3. The most common axial insonation planes by TCCS: mesencephalic, dience-
phalic, and ventricular planes through transtemporal acoustic window.

 4. Measurement and follow-up of midline shift (MLS).
 5. TCCS allows the evaluation of changes in the third ventricle (hydrocephalus or 

intracranial hypertension).
 6. TCCS is useful for locating, measuring, and following up intracerebral hemato-

mas (ICH).

62.1  Introduction

Transcranial color-coded duplex sonography (TCCS) is an ultrasound monitoring 
method to produce a useful combination between two-dimensional images (B-Mode) 
and spectral Doppler images (duplex sonography) [1].

This combination allows the visualization of parenchymal structures (such as the 
third ventricle and midline) as well as the exact determination of the insonated ves-
sel (arterial and venous), improving the angle of insonation and therefore the 
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cerebral blood flow velocity (CBFV). It also detects hyperdense mass lesions, com-
pared to other techniques such as computed tomography (CT).

However, in daily practice, its use is less frequent than TCD despite having been 
introduced in 1996 and sharing the same characteristics in terms of noninvasive-
ness, reproducibility, and the possibility of being performed at the bedside of the 
patient in a critical area where transfers for other complementary studies are risky.

62.2  TCCS: Probe and Acoustic Window Selection

TCCS requires the use of lower-frequency (2–2.5 MHz) sector transducer and the 
use of same acoustic window such as TCD [1].

62.2.1  Transtemporal Acoustic Window

Monitoring axial and coronal plans (Tables 62.1 and 62.2).

62.2.2  Suboccipital (transnuchal) Acoustic Window (Table 62.3)

Table 62.1 Axials approach

Axial plans of insonation Intracerebral structure

1. Mesencephalon Mesencephalon and basal cistern
2. Diencephalic 3rd ventricle and pineal gland
3. Ventricular Anterior horns of lateral ventricules
4. Upper pons plane ICA-siphon/sphenoid bone
5. Lower pons plane Petrosal segment of internal carotid artery (ICA)

Table 62.2 Coronal approach

Coronal plans of 
insonation Estructuras cerebrales

Anterior coronal 
plane

Distal ICA/bifurcation on middle cerebral artery (MCA) and anterior 
cerebral artery (ACA)

Posterior coronal 
plane

Distal segment of basilar artery(BA)/superior cerebellar arteries (SCA) 
and posterior cerebral artery (PCA)

Table 62.3 Suboccipital acoustic window

Structure Identification

Foramen magnum Round and hypoechoic
Vertebral arteries (VA) V3/V4 segments
Basilar artery (BA) Proximal segment
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62.2.3  Trans-orbital Acoustic Window

Allows us the assess ophthalmic artery (OA) and central retinal artery (CRA) hemo-
dynamic changes, and dynamic changes of optic nerve sheath diameter (ONSD).

62.2.4  Frontal Bone Window: B-Mode Sonography

For depiction of the parenchymal anatomy, an insonation depth of 14–16 cm should 
be chosen so that the contralateral skull becomes visible. Stolz et al. (1999) described 
two intonation views through frontal bone window (FBW): paramedian frontal bone 
window (PMFBW) and latero-frontal bone window (LFBW), whereas Sentenac 
et  al. (2020) described three view zones through FBW: paramedian frontal zone 
(PMFZ), supraorbital zone (SOZ), and latero-frontal zone (LFZ) [3, 4].

Stolz (1999): FBW—Parenchymal and vascular structures

 – PMFBW: Contralateral skull bone (hyperechoic), choroid plexus of the third 
ventricle (hyperechoic), third ventricle (hypoechoic), corpus callosum 
(hypoechoic), orbital roof (hyperechoic), and cerebellar tentorium (hyperechoic).

 – LFBW: Rotated 90° outward and move horizontally from PMFBW, up to the 
latero-frontal zone: Sylvian fissure (hyper echoic), contralateral skull bone 
(hyperechoic), and mesencephalon (hypoechoic) as landmarks structures to 
assess the circle of Willis [3].

Sentenac (2020): FBW—Parenchymal and vascular structures

 – PMFZ: Contralateral skull bone (hyperechoic), choroid plexus of the third ven-
tricle (hyperechoic), third ventricle (hypoechoic), corpus callosum (hypoechoic), 
orbital roof (hyperechoic), and cerebellar tentorium (hyperechoic).

 – SOZ: Insonation A2 segments of the ACA were recorded.
 – LFZ: The A2 segments of the ACA were recorded, while only the A1 segments 

were measured by the TBW [4].

The FBW was able to insonate the ACA in 45% of patients admitted to ICU for 
brain injury. Combining transtemporal acoustic window with the FBW significantly 
enhanced the insonation rate of the ACA when compared to the transtemporal win-
dow alone [4].
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62.3  TCCS B-Mode: Insonation Plans

62.3.1  Mesencephalic Plane (Fig. 62.1a)

 1.1 Mesencephalon (hypoechoic)
 1.2 Basal cisterns (hyperechoic)

62.3.2  Diencephalic Plane (Fig. 62.1b)

 2.1 Third ventricle
 2.2 Thalamus (hypoechoic)
 2.3 Pineal gland (hyperechoic)

62.3.3  Ventricular Plane

 3.1 Frontal horns of lateral ventricles (LV) (hypoechoic)

Mesencephalon

3th Ventricle Thalamus Pineal gland

Basal Cisterns

Butterfly Shaped

Hyperechoic

Double parallel lines

Hypoechoic Hypoechoic

On the sides of
3th ventricle

Hyperechoic

Behind the
3th ventricle

b

a

Hypoechoic
(Cerebral peduncles)

Surronding the
mesencephalon

Fig. 62.1 (a) Schema of the brain structures visualized by ultrasound (B-Mode) through the mes-
encephalic plane. (b) Schema of brain structures visualized by ultrasound (B-Mode) through the 
diencephalic plane
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62.3.4  Upper Pons Plane

Ultrasound landmarks: Sphenoid bone anteriorly and petrosal bone posteriorly

 4.1 Middle temporal fossa (hypoechoic)
 4.2 Posterior fossa: Cerebellum (hypoechoic)
 4.3 ICA-siphon (vascular structure)

62.3.5  Lower Pons Plane

Ultrasound landmarks: Sphenoid bone anteriorly and petrosal bone posteriorly

 5.1 Middle temporal fossa (hypoechoic)
 5.2 Posterior fossa: Cerebellum (hypoechoic)
 5.3 ICA-petrosal segment (vascular structure)

62.4  TCCS: Advantages over TCD

 1. TCCS allows to see cerebral basal arteries and deep cerebral venous, being able 
to locate accurately, quickly, and efficiently the insonated vessel, improving the 
insonation angle and, therefore, the CBFV that is higher than those from TCD.

 2. It can improve the detection of collateral circulation, having greater sensitivity 
(S) and specificity (E).

 3. It allows the visualization of parenchymal structures such as the third ventricle 
and can detect hydrocephalus due to its enlargement or intracranial hypertension 
(ITH) due to collapse.

 4. The monitoring of the midline shift (MLS) allows you to detect signs of subfal-
cial herniation as an expression increase intracranial pressure (ICP).

 5. TCCS can detect intra- (SAH, ICH, abscess, etc.) and extra-axial hemorrhages 
and/or space-occupying lesions (subdural hematoma, subdural empyema, epi-
dural hematoma).

62.5  TCCS: Brain Parenchymal Approach

62.5.1  Insonation Protocol

 A. Window: Transtemporal acoustic window
Transtemporal acoustic window failure is found in 8–20% of patients [5].

 B. Planes: Five axial insonation planes (rostro-caudal course)
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 1.1 The midbrain (mesencephalic) plane: can be identified as the typical image, 
“butterfly-shaped” (hypoechoic), surrounded by the hyperechoic basal cis-
terns. Circle of Willis can be located from this plane (Fig. 62.2a).

 1.2 The diencephalic plane: can be identified in the same plane with a slight 
rotation of 10 ° upward, being able to locate the third ventricle by a double 
hyperechoic line, in front of pineal gland (hyperechoic posterior landmark). 
The normal values for the third ventricle are 4.8 ± 1.9 mm for those under 
60 years and 7.6 ± 2.1 mm for those over 60 years (Fig. 62.2b).

 1.3 The ventricular plane: where we can identify the hypoechoic frontal horns 
of lateral ventricles (LV), directing the transducer upward. The normal val-
ues for the lateral ventricles (frontal horns) are 16  ±  2.3  mm for under 
60 years old people and 19 ± 2.9 mm for over 60 years old [6] (Fig. 62.3).

a b

Fig. 62.3 Lateral ventricles: (a) Computed tomography (CT): (1) Frontal horns of lateral ventri-
cles, (2) Skull bone; (b) TCCS: (1) Frontal horns of lateral ventricles are visualized as hypoecho-
genic structure. The three parallel lines correspond to lateral layers of ependima and septum 
pellucidum, (2) Contralateral skull bone and (3) Third ventricle

a b

Fig. 62.2 (a) Mesencephalic plane and basal cisterns; (b) Diebcephalic plane where it’s shown the 
third ventricle (arrow) and pineal gland (posterior hyperechoic structure close to third ventricle); 
C(s) contralateral skull
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 1.4 The upper pons plane: from the mesencephalic lowering the insonation 
angle approximately 10°, where ultrasound landmarks are the sphenoid 
bone anteriorly and petrosal bone posteriorly (forming together the middle 
temporal fossa). ICA-siphon (hyperechoic) can be observed in the minor 
wing of the sphenoid. Here we can identify the ACA, MCA, and ICA 
(Fig. 62.4a, c).

 1.5 The low pons plane: located below upper pons plane by an additional 10°, 
where ultrasound landmarks are the sphenoid bone anteriorly and petrosal 
bone posteriorly (forming middle temporal fossa). The hyperechoic distal 
ICA can be observed in its petrosal portion (Fig. 62.4b).

62.5.2  Other Insonation Planes

 2.1 Coronal planes : Transtemporal acoustic window [7]

 2.1.1 Anterior: Probe is rotated from the midbrain plane by 90° in temporal 
position.

 – Frontal horns of lateral ventricle

a b

c

Fig. 62.4 (a) Non-contrast CT brain-scan; (b) Lower pons plane: TCCS by transtemporal acousitc 
window; (c) Upper pons plane: TCCS by transtemporal acoustic window. (SB) Sphenoidal bone, 
(PB) Petrosal bone, (MTF) Middle temporal fossa and, (PF) Posterior fossa (cerebellum)
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 – Third ventricle
 – Contralateral bone skull

 2.1.2 Posterior: Probe is rotated from the level of the PCA by 90° in temporal 
position.

 – Vascular structure: Top of the basilar artery (BA)

 2.2 Sagittal plane: Frontal bone window (FBW)

 2.2.1 PMFBW/PMFZ [3, 4]:
Contralateral skull bone (hyperechoic), choroid plexus of the third 

ventricle (hyperechoic), third ventricle (hypoechoic), corpus callosum 
(hypoechoic), orbital roof (hyperechoic), and cerebellar tentorium 
(hyperechoic)

62.5.3  Midline Shift Measurement (MLS)

It can be measured in two different ways, always in the diencephalic plane:

 3.1 Measure the distance between the two temporal bones to the middle of the third 
ventricle (Eq. 62.1; Fig. 62.5) [8]:

 MLS Distance Distance= −A B / 2  (62.1)

A is ipsilateral.
B is contralateral.

 3.2 Measure the distance to the third ventricle and measure the distance between 
the two temporal bones (Eq. 62.2) [8]:

 
MLS Distance Distance= − ( )C D / 2

 
(62.2)

C is ipsilateral.
D is distance between the two temporal bones.

If the MLS value is positive, it is by ipsilateral deviation. If it is negative, it is by 
contralateral deviation.

The MLS expresses “mass effect” and according to different authors has a very 
good correlation with the brain CT scan measurement (r = 0.88) [9].
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a

b

Fig. 62.5 Midline shift (MLS): Detecting midline shift; (a) First method to estimate midline shift. 
Measuring the distance from the ipsilateral temporal bone to the contralateral temporal bone (here 
13.0 cm), and comparing it with the distance from the ipsilateral temporal bone to the third ven-
tricle (here 6.54 cm). (b) Second method to estimate midline shift. Measuring the distance from the 
temporal bone to the third ventricle on one side (here 6.54 cm), and comparing it with the same 
measurement taken on the other side (not shown). (Courtesy: Lau et al. [8])

62 Brain Parenchyma: Usefulness of Transcranial Color-Coded Duplex Sonography…



1020

A deviation >2.5 mm is considered significant and suggests the need to repeat the 
brain CT scan [10].

MLS is not reliable when there are skull defects such as fractures and decom-
pressive craniectomy (DC), the presence of cephalohematomas in the scalp, or 
changes in intracranial anatomy visualized through brain CT scan [2].

62.5.4  Measurement and Follow-Up of Third Ventricle 
(Fig. 62.4b)

The normal values described for the third ventricle, according to the age groups, are 
4.8 ± 1.9 mm for those under 60 years and 7.6 ± 2.1 mm for those over 60 years.

Other authors consider hydrocephalus by TCCS when the size of third ventricle 
>9 mm and >19 mm for lateral ventricles, showing a very good correlation with 
brain CT scan.

Based on these data, the TCCS allows us to define the placement or removal of a 
ventricular drainage [2].

On the other hand, the reduction in the diameter of the third ventricle may express 
increase in the ICP.

In a paper published by Oliveira in 2017 comparing both methods (CT scan and 
TCD/TCCS) in patients with traumatic brain injury (TBI), it shows a correlation 
(r = 0.93) for MLS and (r = 0.88) for third ventricle [10].

62.5.5  Measurement and Follow-Up of Perimesencephalic 
Basal Cisterns (PBC) Size

The TCCS, through the mesencephalic plane, can measure and estimate if there is 
compression or not of the PBC with a 100% of sensitivity and 50% of specificity; 
this allows to estimate, as it can be seen in a brain CT scan, increase of ICP [10].

62.5.6  Measurement and Follow-Up of Intracerebral 
Hemorrhage (ICH)

The intracerebral hematoma (Fig. 62.6) [11] is usually identified as a hyperechoic 
mass in its acute stage (<5 days) and as hypoechoic with a hyperechoic halo around 
the hematoma (>5 days).
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The TCCS also allows the evaluation of the size of the third ventricle and LV, 
MLS, the presence of intraventricular hemorrhage (IVH), as well as measuring and 
follow-up of the volume of the intracerebral hematoma according to the equation 
(Eq. 62.3):

 
Hematoma volume HV( ) × ×( ): /A B C 2

 
(62.3)

Camps et al. (2017) found that an average HV value of 21.8 ml measured by 
TCCS has a sensitivity of 88.9% and specificity of 80% in predicting early neuro-
logical deterioration and correlates very well with brain CT scan findings [12].

However, Camps et al. concluded that TCCS may overestimate the volume of 
small hematomas and underestimate large ones. The detection of intracerebral 
hematomas by TCCS depends more on location than size of it. It is easier to recog-
nize deep hematomas than those located at the frontal or parietal level. A sensitivity 
of 94% and a specificity of 95% are described. Differential diagnosis should be 
made with arteriovenous malformation (AVMs) and brain tumors.

62.6  TCCS: Other Diagnostic Methods in ICU

Using the same acoustic windows as TCD. TCCS also achieves a two-dimensional 
image (B-mode) of the parenchymal brain. The anatomical details are inferior to the 
computed tomography (CT), but it allows to recognize the mass effects and midline 
shift (MLS).

a b

Fig. 62.6 TCCS axial brain scan at thalamus level showing a large intracerebral hematoma. (a) 
Computed tomography (CT) image corresponding to the TCS image shown in (b). The triangles 
indicate the hematoma. (b) TCS image showing the highly echogenic hematoma in the acute 
phase. The midline shift at level of third ventricle can be calculated after measuring the distance d 
of the temporally placed transducer face to the third ventricle (indicated by double arrow) from 
both sides: midline shift = (d1 − d2)/2. (Courtesy: Walter et al. [14])
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62.6.1  Advantages Over Brain CT Scan

 1.1 Noninvasive
 1.2 Non-radiation
 1.3 Fast
 1.4 The patient should not be transported
 1.5 It is reproducible
 1.6 Allows monitoring of vasospasm, vessel stenosis, acute vascular occlusion, ICP 

changes, and the calculation of cerebral perfusion pressure (CPP)

62.7  Traumatic Brain Injury (TBI): Usefulness of TCCS

TCCS is a complementary monitoring tool in the acute phase of TBI. It allows the 
assessment of brain perfusion and response to secondary brain injury until the 
placement of invasive intracranial pressure monitoring.

It can detect patients with mild or moderate TBI at risk of neurological 
impairment.

According to different authors based on:

 1. MLS: TCCS is a bedside technique that is valid for determining MLS in patients 
with TBI, where coefficient of correlation between MLS measured by CT and 
TCCS was 0.88 (r = 0.88) [13].

 2. Third ventricle: Reduction of the size.

As described for TCD/TCCS, the decrease in end-diastolic flow velocity (EDV) 
< 20 cm/s, decreased mean flow velocity (MFV) < 30 cm/s, and increase in pulsatil-
ity index (PI) > 1.4 could be expressing cerebral hypoperfusion and are associated 
with poor results [14, 15].

62.8  Conclusion

Despite being a portable, accessible, noninvasive tool that provides more informa-
tion than the TCCS (midline deviation, signs of brain herniation, intra- and extra- 
axial bleeding) by combining two-dimensional ultrasound images with spectral 
ones, it is a tool that is beginning to gain ground in the daily clinical practice of the 
ICUs as monitoring at the bedside of the critically ill patient in real time.
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

DIAGNOSIS

CRITICALLY ILL PATIENT
Acute Neurological Injury

Non-Acute Neurological Injury

Transcranial Color-Coded duplex Sonography (TCCS)

BRAIN PARENCHYMAL
ULTRASOUND

SUBOCCIPITAL ACOUSTIC
WINDOW

TRANSTEMPORAL ACOUSTIC
WINDOW

TRANS-ORBITAL ACOUSTIC
WINDOW

• Foramen Magnum Mesencephalic Plane Parenchyma
Hypoechoic rounded structure • Mesencephalon 1. Optic Nerve
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Chapter 63
ICP Management by Osmotherapy 
with Mannitol and Hypertonic Saline 
in ICU: Real-Time Effect on Optic Nerve 
Sheath Diameter Monitoring 
by Ultrasound

Yoann Launey

Key Points
 1. Optic nerve sheath diameter (ONSD) ultrasonography is a useful noninvasive 

and accurate tool to detect raised ICP.
 2. The procedure requires a strict technique following safety rules to warrant qual-

ity images and patient safety.
 3. Serial ONSD measurements may help to detect real-time changes in ICP such as 

the effect of osmotherapy.
 4. ONSD may be a surrogate for ICP monitoring when invasive ICP monitoring is 

unavailable or contraindicated.
 5. There is a need for additional research to validate ONSD use for tracking ICP 

changes in real time.

63.1  Introduction

Acute brain injuries result from the primary insult but may largely depend on sec-
ondary injuries induced by brain swelling, inflammation, intracranial hypertension, 
and consecutive reduced cerebral perfusion [1]. Specifically, in traumatic brain inju-
ries (TBI), the management of the most severe patients includes intracranial pres-
sure (ICP) monitoring [2]. A rapid detection of elevated ICP and subsequent 
management are crucial, as raised ICP is significantly associated with mortality and 
morbidity [3]. The reference method for estimating ICP includes invasive methods 
such as intraventricular catheterization and intraparenchymal probes. However, 
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these procedures may be delayed because of the absence of neurosurgeons, or inten-
sive care units or complicated by hemorrhage or infection. In addition, ICP probe 
insertion is contraindicated in case of coagulation disorders. Accordingly, the need 
for noninvasive methods for rapid ICP assessment has increased and several emerg-
ing tools have been investigated. Specifically, the use of optic nerve sheath diameter 
(ONSD), measured by computed tomography (CT) or ultrasonography (US), has 
considerably gained interest over the past decade in intensive care units and emer-
gency departments.

63.2  Optic Nerve: Anatomy and Physiology

The optic nerve is a part of the central nervous system (CNS). In its intraorbital part, 
the optic nerve extends from the eye globe to the optic canal and is surrounded with 
a dural sheath, which is an extension of the CNS meninges. The space delineated by 
this sheath (i.e., dura mater and arachnoid mater) allows communication between 
the perioptic nerve cerebrospinal fluid (CSF) and cerebral CSF [4] (Fig. 63.1). The 

Close eyelid

3mm

Cerebrospinal
fluid

Optic nerve
sheath diameter

Lens

Retina

Optic nerve
sheath

Ethmoidal bone

Sphenoidal bone

Fig. 63.1 Anatomical 
transverse view of eyeball 
and optic nerve. Optic 
nerve sheath diameter is 
measured 3 mm behind the 
retina
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sheath is normally described to be loose near the eye globe, forming larger space 
between the optic nerve and the sheath than anywhere alongside its course, conse-
quently appearing bulbous shape just behind the eyeball. Then, this space narrows 
in the region of the optic canal, with thick fibrous bands stretching from the dura 
mater to the pia mater of the optic nerve so that the space shapes a trabecular mesh-
work in the canal, where the subarachnoid and subdural spaces are reduced to 
almost a capillary size [5]. Communication between the subarachnoid spaces of the 
cranial cavity and of the sheath almost always exists. However, the extent of com-
munication in the optic canal may widely fluctuate from one subject to another. 
Thus, during ICP increases due to limited intracranial compliance, CSF accumu-
lates in the optic nerve sheath thereby widening its diameter. This dilation tends to 
reach a plateau at an ONSD of just over 7 mm (US measurement) [6]. As regards 
dynamics, previous human studies have demonstrated that this phenomenon occurs 
within minutes of acute upward changes of ICP and is reversible [7–9].

63.3  ONSD Sonography: Technique

The technique of ONSD US has been previously described [10–12] and its repro-
ducibility seems good [13]. In detail, the patient is placed in supine position at 
20–30° to horizontal. A thick layer of standard water-soluble ultrasound transmis-
sion gel is applied over the closed upper eyelid. The operator holds the transducer 
close to the contact surface, touching the patient’s face with the fourth and/or the 
fifth finger for stability. The probe is placed only on the gel in the temporal area of 
the eyelid to prevent pressure being exerted on the eye. The transverse view with a 
front lateral approach allows avoiding the edge-shadowing artifact that in antero- 
posterior views obscures the peripheral zones of the vitreous humor and the globe 
wall near the equator. The oblique transverse view with optic disc and optic nerve 
head is the quickest and the most reproducible way to measure ONSD (Fig. 63.2a). 
From this view, ONSD can also be measured in sagittal plane by rotating the probe 
of 90° (Fig. 63.2b).

a b

Fig. 63.2 Position of the probe for ultrasonographic neasurements of ONSD in transvere view (a) 
and parasagittal view (b)
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The probe is placed laterally to the cornea so that the imaging plane bypasses the 
anterior structures (cornea, anterior chamber, ciliary body and the lens).The position 
of the probe is adjusted to give a suitable angle for displaying the entry of the optic 
nerve into the globe. Two-dimensional mode is used, and ONSD is measured 3 mm 
behind the globe where the optic nerve enter the globe (optic disc or optic papilla), 
using an electronic calliper along an axis perpendicular to the optic nerve (Fig. 63.3). 
A fair visualization of optic nerve assumes a straight forward gaze but may not pos-
sible in unconscious or sedated patients. If the patient is conscious and cooperative, 
he is asked to look straight ahead with eyes closed, without clenching the eyelids.

63.3.1  Ultrasonography Settings

Usually, the procedure requires the use of a high-resolution 7.5–12 MHz or higher 
linear array ultrasound transducer to ensure a sufficient resolution for superficial 
tissue such as the ocular globe. Before scanning the ocular globe, several different 
control settings need to be mentioned.

Fig. 63.3 Ultrasonogaphic 
view of eyeball and optic 
nerve sheath in transverse 
view. Optic nerve sheath 
diameter is measured at 
3 mm behind the retina
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First, the following two have to be considered and continuously monitored to 
prevent adverse bioeffects of ultrasounds; both are available and displayed on the 
screen of modern machines:

 1.1 Mechanical index (MI) roughly refers to the likelihood of the occurrence of 
cavitation. Its value is constantly updated by the scanner, according to the con-
trol settings.

 1.2 Thermal index (TI) is defined as the ratio of the emitted acoustic power required 
to raise the temperature of tissue by 1 °C. In soft tissue insonation, TI should be 
limited to 1.0 [14].

Second, the following controls need to be set to optimize the MI and TI and 
image quality:

 1.3 Time-gain compensation (TGC) or linear-in-dB gain: the purpose of TGC is to 
normalize the signal amplitude with time, compensating for depth. Roughly, 
this parameter adjustment allows to compensate the depth-related signal attenu-
ation and to display similar tissue material with the same brightness.

 1.4 Depth: usually this parameter is set to 4 cm which allows the visualization of 
the eyeball, its posterior part, and the first centimeter of the optic nerve includ-
ing bulbous part. Depth should be adjusted so that the image of the eye fills 
the screen.

 1.5 Focus: by adjusting the depth of focusing, this setting enhanced the image qual-
ity and beam focus at the focal zone. Focus should be set at the level of area of 
optic nerve measurement.

 1.6 Power output: it refers to acoustic power emitted by the transducer. This control 
should be set at the optimal value to respect safe levels of MI and TI.

63.3.2  Normal Findings

A clear understanding of the normal range for ONSD and its associated factors is 
crucial to refine the interpretation of ONSD. The normal eye appears as a circular 
hypoechoic structure. The cornea is seen as a thin hypoechoic layer parallel to the 
eyelid. The anterior chamber is filled with anechoic fluid and is bordered by the 
cornea, iris, and anterior reflection of the lens capsule. The iris and ciliary body are 
seen as echogenic linear structures extending from the peripheral globe toward lens. 
The normal lens is anechoic. The normal vitreous chamber is filled with anechoic 
fluid. Sonographically, the normal retina cannot be differentiated from the other 
choroidal layers. The optic nerve is visible as a hypoechoic linear region radiating 
away from the posterior region of the globe, and the optic disc appears as an echo-
genic structure where the nerve meets vitreous without any interposition of thick 
echogenic layer of the posterior sclera.

63 ICP Management by Osmotherapy with Mannitol and Hypertonic Saline in ICU…
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63.3.3  Quality Criteria for Valid ONSD Imaging

Literature describing the quality criteria for ONSD measurements is scarce; how-
ever, some criteria may be suggested to warrant safety, reproducibility, and valid 
measurements:

 1. The ultrasound plane should not include the lens on the image.
 2. The image contrast should be optimized to view clearly the sonographic differ-

entiation between the nerve and the wrapping arachnoid corresponding to 
CSF space.

 3. Identification of the outer border of the arachnoid requires clear and well-focused 
images to allow confident measurements of the inner diameter of the dural sheath.

 4. Ideal views should demonstrate the point of its penetration into the globe 
(optic disc).

 5. Standardized measurements: the most distensible part of the sheath is located at 
3 mm distance from the vitreoretinal interface. ONSD measurements must be 
performed at this level in a direction perpendicular to the nerve longitudinal axis. 
In extreme gaze deviations, this position may be hard to obtain and may require 
repeated attempt or adjustment of gaze if possible.

 6. To warrant quality and valid measurements, ONSD should be measured bilater-
ally, in more than one image frame, ideally in sagittal and transverse views.

 7. For ONSD monitoring the previous record with images must be reviewed to 
ensure similar views and measurements technique. Prior images should be avail-
able at bedside for reference. ONSD measured in sagittal planes should not be 
compared with ONSD from transverse planes.

63.4  ONSD Ultrasound: Safety Considerations

Despite an excellent safety record of ultrasound in clinical imaging, a prolonged 
exposure of tissues to high levels of ultrasound can potentially cause harmful 
adverse bioeffects [15], especially in ocular ultrasound procedures. Indeed, the eyes 
are fluid-filled structures containing large amounts of collagen which provides a 
perfect acoustic window, but make them efficient absorbers of ultrasound energy 
and, consequently, can potentiate an increase in local temperature in case of pro-
longed ultrasound exposure. Furthermore, in the context of acute traumatic brain 
injury (TBI), the orbital structures can be damaged by mechanical forces. Then, in 
case of unstable probe position or eyeball compression during probe positioning, 
incautious movements of the procedure performer or involuntary movements of the 
patient may be deleterious. Moreover, the use of irritant antiseptics for probe disin-
fection or inappropriate ultrasound gel can lead to chemical conjunctivitis. By con-
trast, the failure of appropriate probe disinfection or the use of inappropriate gel can 
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potentially be a way of accumulation of pathogenic flora in conjunctival sac. Hence, 
the three following safety sections should be considered to minimize risks of harm-
ful effects:

63.4.1  Respect of the “As Low As Reasonably Achievable” 
(ALARA) Principle Which Relies On

 1.1 Control of energy, meaning a low acoustic output levels, including TI ≤ 1.0 and 
MI ≤ 0.23. Check TI and MI upon each mode change; and before increasing 
output level, prefer optimizing two-dimensional gain, focus, and time-gain 
compensation.

 1.2 Control of exposure time to ultrasound: minimize data redundancy, scan only 
while looking, and delay measurements after procedure.

 1.3 Control scanning technique, which includes gaze control, minimizing move-
ment, elimination of distraction, good ergonomics, using sufficient amount of 
gel, prioritization of views, control of total duration of the procedure, deferring 
secondary views to the end of the procedure.

63.4.2  Chemical and Biological Safety

 2.1 Use of sonographic gel safe for human use and cleared for eye contact (safety 
datasheet).

 2.2 Appropriate disinfection of the transducer (with 70% isopropyl or ethyl alcohol 
solution) and air-drying before gel application.

 2.3 Respect hygiene rules: general skin hygiene and operator’s hand hygiene 
including gloves.

63.4.3  Mechanical Safety

 3.1 Stable and comfortable position of the operator before starting the procedure.
 3.2 Adequate time for scanning must be available to avoid rush.
 3.3 Use a good transducer manipulation technique: stable position including hand 

anchoring, use of bony prominences of the patient’s periorbital area, and use of 
both hands as necessary to reliably control probe position and prevent trans-
ducer pressure at all times especially in trauma patient where a possibility of 
globe rupture exists.

63 ICP Management by Osmotherapy with Mannitol and Hypertonic Saline in ICU…
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63.5  ONSD: Clinical Applications

In clinical practice, ONSD US is a rapid and easily accessible bedside test. Indeed, 
growing evidences have shown that this procedure has high reproducibility and low 
intra- and inter-observer variability [13]. In addition, the learning curve has been 
shown finite for operators having performed more than 20 procedures [16]. Then, 
ONSD measurements may be a good choice to assess elevated ICP in clinical set-
tings. For instance, ONSD US may be useful when invasive monitoring is contrain-
dicated or unavailable, or in “borderline” situations in which the insertion of invasive 
monitoring is questioned but noninvasive ICP measurement helpful, such as non-
traumatic subarachnoid or intracranial hemorrhage [17, 18]. Other applications of 
ONSD US rely on patients at risk of intracranial hypertension for non-neurosurgical 
causes (such as liver transplantation and intraoperative settings at risk of intracra-
nial hypertension) [19, 20]. ONSD US may be a worthwhile screening tool in emer-
gency departments in patients where the need for invasive ICP monitoring is 
questionable [11, 21].

Broadly, in intensive care medicine, ONSD US may be relevant to address two 
aspects of ICP-related issues: detection of raised ICP and monitoring rapid 
changes of ICP.

63.5.1  Detection of Raised ICP

ONSD measurement to detect raised ICP has been investigated in different environ-
ments, mainly in intensive care units and emergency departments. However, the 
optimal cutoff value for an abnormal ONSD indicating elevated ICP remains 
unclear, and ranges from 5.2 to 5.9 mm. The sensitivity ranges from 74% to 95% 
and the specificity from 74% to 100% to identify ICP >20 mmHg [22]. These varia-
tions may be due to the small number of subjects included in most of the studies on 
ONSD measurement. Furthermore, although previous studies considered demo-
graphic and physiological factors affecting ONSD, the results have been inconsis-
tent or inconclusive due to a relatively wide interindividual range of ONSD which 
may be a result of ethnic diversity, or genetic differences. Another explanation could 
be attributed to the fact that ONSD reaches a plateau at some point of dilation, and 
further distension may be too small to measure or be due to technical issues because 
ONSD measurements in early clinical study have not been performed using refined 
methodology according to strict image quality criteria.

One-time ONSD measurements should be considered with caution, and cutoff 
values reported in literature should be used as “alert levels” to prompt additional 
attention to ICP. The clinician must also remember that any patient may have had a 
large ONSD before the current illness [23].

Y. Launey



1033

63.6  ONSD Ultrasound: Monitoring of Osmotherapy Effect

ONSD measurement may also be an interesting tool to track rapid changes in ICP 
in patients at risk of raised ICP or to confirm the effect of therapeutics in decreasing 
ICP (such as osmotherapy or ventricular CSF shunt placement). However, studies 
focused on investigating ONSD changes to monitor ICP trends remain limited.

Several lines of evidence come from in vivo studies led by Tamburrelli, Hansen, 
and Helmke. Indeed, using an intrathecal infusion of saline, Tamburrelli et al. found 
a “direct, biphasic, positive relation between diastolic ICP and optic nerve diame-
ters” measured by A-scan sonography. The authors showed rapid changes of optic 
nerve diameters in response to variation of ICP [24]. Later, works from Hansen and 
Helmke were based on recording ONSD using B-scan mode sonography versus ICP 
data in an intrathecal infusion test [8]. Ultrasonography was performed at 2- to 
4-minute intervals. Their data support a linear relationship between ICP and ONSD 
over a particular cerebrospinal fluid pressure interval. A noteworthy point is that this 
interval differed between patients: optic nerve sheath dilation started at pressure 
thresholds between 15 and 30 mmHg and in some patients saturation of the response 
(constant ONSD) occurred between 30 and 40 mmHg. The slope of ONSD versus 
ICP curve varied considerably by patient, making it impossible to infer an absolute 
ICP value from an ONSD without prior knowledge of the patient’s ratio. Additionally, 
no temporal delay of the ONS response was found within this ICP interval. The only 
study comparing real-time ONSD data to gold-standard measurements of rapidly 
changing ICP in humans was performed by Maissan et al. in 2015 [25]. In 18 TBI 
patients monitored with intraparenchymal ICP probes, ONSD measurements were 
performed during endotracheal tube suctioning, a period of transiently ICP raising. 
Consecutive ONSD US measurements were performed 30–60 seconds prior to suc-
tioning, during suctioning, and 30–60 seconds after suctioning.

Even during this very rapid time course, a strong correlation between ICP and 
ONSD measurements was demonstrated (correlation coefficient at 0.80). There was 
no perceptible “lag” in ONSD change during ICP alterations. Moreover, for an 
ONSD cutoff ≥5.0 mm, the sensitivity and specificity were 74% and 98%, respec-
tively, with an area under the curve of 0.99 (95% CI 0.97–1.00) to detect raised 
ICP. But, an absolute change of less than 8–10 mm Hg in ICP did not affect ONSD, 
which is consistent with data collected by Hansen and Helmke.

Regarding ONSD measurements to assess decreasing ICP, the evidence is scant 
and addresses two kinds of treatment. First, in idiopathic intracranial hypertension 
(IIH), therapeutic lumbar puncture (LP) effect has been assessed: there are few case 
reports of ONSD US measurements performed before and after LP in patients with 
IIH. In the first, in 1989, Galetta et al. used A-scan US to measure pre- and post-LP 
ONSD in a woman with papilledema secondary to IIH. They found a significant 
reduction in ONSD bilaterally “within minutes” of performing the LP [26]. A sec-
ond case report was published in 2015 by Singleton et al. They recorded ONSD 
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measurements 30 minutes pre- and post-LP in a woman who presented to the ED 
with symptoms from elevated ICP. After reduction of pressure via LP, they recorded 
a significant reduction in ONSD bilaterally [27]. Similarly, a recent case reported by 
Hassen et al. showed the first continuous real-time ONSD dynamic change mea-
surement over 5–10  minutes during an LP for removing CSF in a patient with 
IIH. The ONSD changed from 7.8 to 5.7 mm at the end of the procedure [28].

Regarding the assessment of osmotherapy effect, only one study has specifically 
addressed the change of ONSD during osmotherapy infusion for ICP reduction [7]. 
Using B-mode US, the rate of ONSD change was measured in 13 patients with TBI 
or subarachnoid hemorrhage with raised ICP episodes (>25 mmHg) and 20 minutes 
following a 20% mannitol infusion. A significant ICP reduction was observed in all 
cases, but the variation of ONSD was not correlated to ICP variation suggesting the 
ONSD reversibility may be impaired after episodes of prolonged raised ICP or high 
ICP. To explain this impairment, Hansen and Helmke investigated the distensibility 
and elasticity optic nerve sheath using postmortem optic nerve preparations. They 
found a linear correlation between pressure increases of 5–45  mmHg and 
ONSD. However, they demonstrated that when ICP increased higher than 45 mmHg, 
false-positive ONSD findings occur, most likely because of structural changes 
within the optic nerve sheath. Their model of hysteresis curve may explain why 
ONSD remains widened despite a dramatic drop of ICP following therapeutic action 
[9]. Similarly, in 2012, Rajajee et al. [29] found that acute ICP fluctuation could 
affect the accuracy of ONSD measurements and proposed that delayed reversal of 
optic nerve sheath distension might be impaired following flare-ups of intracranial 
hypertension. Recently, in another clinical situation, Sahay et al. showed that ONSD 
increased when pneumoperitoneum was insufflated during laparoscopic surgery, 
but did not revert to baseline value after 5  minutes following disinflation [30]. 
Despite some limitations and the non-ICU patient population, this study supports 
the hypothesis of a hysteresis curve for ONSD changes in response to ICP trends, 
relying on the distensibility characteristics of the optic nerve sheath. Consequently, 
further clinical investigations are needed in living patients to clarify the value of 
ONSD especially when monitoring downward ICP trends.

63.7  Conclusion

Using an appropriate and rigorous technique, ONSD US values accurately reflect 
the anatomic dimension of the sheath at a specific point behind the retina. ONSD 
measurements may be an interesting tool to track rapid changes in ICP in patients at 
risk of raised ICP or to confirm the effect of therapeutics in decreasing ICP (such as 
osmotherapy or ventricular CSF shunt placement). However, one must keep in mind 
some limitations associated to ONSD use, which should make careful interpretation 
of ONSD variations when assessing effect of ICP reduction therapy especially in 
downward trends and warrant further clinical investigations to validate its use in 
tracking real-time ICP changes.
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Chapter 64
Neuroanesthesia: Usefulness 
of Transcranial Doppler (TCD)

Marta García-Orellana and Nicolás de Riva Solla

Key Points
 1. Transcranial Doppler (TCD) is very useful in the operating room for neurosurgi-

cal interventions, but it has two main limitations: (1) The absence of an acoustic 
window in 10–20% of patients and the difficulty in keeping the probe fixed and 
(2) obtaining a continuous signal.

 2. The most frequent uses in the operating room are (1) monitoring of cerebral 
hemodynamic function during neuroendoscopy and (2) neurosurgery in the sit-
ting position for detection of the permeable foramen ovale (bubbling technique), 
detection of vascular air embolism, and carotid artery surgery.

 3. The use of the robotic probes may make TCD a routine monitor in the future.

64.1  Introduction

As a noninvasive neuromonitoring system, transcranial Doppler (TCD) allows indi-
rect estimation (“surrogate marker”) of cerebral blood flow (CBF). In addition to its 
applications in critical care already explained in previous chapters, TCD can have a 
certain role in the operating room, although in this area it has two main 
limitations:

 1. The absence of an adequate acoustic bone window in 10–20% of patients [1]
 2. Difficulty in continuous monitoring during surgery, as slight movements of the 

probe significantly alter the recorded signal (the TCCS technique does not yet 
allow for a continuous monitoring approach)
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Therefore, intraoperative monitoring with TCD is really restricted to very spe-
cific surgeries and clinical research.

64.2  TCD: Usefulness in the Operating Room

As in the intensive care unit (ICU), we use a low frequency probe (2–2.5 MHz), and 
the most frequently used is the trans-temporal acoustic window. The probe is posi-
tioned in front of the swallow and above the zygomatic arch, and, once positioned, 
we can use different systems (“helmets”) of fixation [2] in order to monitor continu-
ously during the whole surgery (Fig. 64.1). The recent appearance of robotic probes 
in the market makes it easier to find, optimize, and maintain the TCD signal [3].

From the trans-temporal acoustic window, we can examine the different arteries 
of the circle of Willis. The most frequently monitored is the middle cerebral artery 
(MCA), easily identifiable (M1 segment) by its characteristic horizontal trace in the 
direction of the transducer (positive spectral wave) and with a velocity of around 
50 ± 10 cm/s.

64.3  Most Common Uses in the Operating Room

64.3.1  Monitoring of Cerebral Hemodynamic Function 
During Neuroendoscopy

Neuroendoscopy (Fig. 64.2) is a minimally invasive neurosurgery that uses an endo-
scope to directly visualize deep brain structures through the ventricular system, and 
thus the treatment of various neurosurgical pathologies.

Fig. 64.1 Helmet for 
fixing the probe on the 
transtemporal acoustic 
window (bilateral 
insonation)
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The classic indication for neuroendoscopy is the performance of a ventriculos-
tomy on the floor of the third ventricle for the treatment of noncommunicating 
hydrocephalus [3]. This surgical approach also allows the performance of septosto-
mies and/or foraminotomies, the fenestration or exeresis of colloid cysts, the biopsy 
or resection of intraventricular tumors, etc.

Each of these procedures has different complexity and duration, and conse-
quently patients may present various perioperative complications related to the 
manipulation or injury of nearby brain structures, bleeding, nerve tract distension, 
or hypothalamic injury [4, 5].

To perform neuroendoscopic surgery, the patient is positioned in a supine posi-
tion, slightly “in a hammock,” with minimal neck flexion (10–20°), and fixing the 
head by means of a Mayfield type craniostat.

Then, the neuroendoscope is introduced through a trephine, which will be either 
rigid or flexible depending on the type of surgery. For greater safety, in some cases 
this device can be fixed to an articulated arm to avoid undesired movements.

Neuroendoscopy requires intermittent perfusion of fluid inside the ventricular 
system to facilitate visibility and keep it permeable. This infusion is usually of lac-
tated Ringer’s or sodium chloride 0.9% (heated to 37 °C) and is introduced under 
pressure through a lateral channel of the endoscope, whose connection is opened 
and closed at the discretion of the neurosurgeon.

Fig. 64.2 Neuroendoscope
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The neuroendoscope also has a second channel for drainage-suction of the intro-
duced fluid and a third channel (working) through which the different surgical 
instruments are introduced. The drainage of the irrigation fluid is very important to 
avoid an excessive increase of the intracranial pressure (ICP) due to the irrigation 
pressure and/or the accumulation of the perfusion solution.

Although neuroendoscopy is defined as a minimally invasive technique, it is a 
procedure that is associated with a high percentage of complications both intraop-
eratively (up to 50% depending on the series) [6–8] and post-operatively (6–12%) 
[9, 10], although with an estimated mortality rate of <1% [11].

64.3.2  Intraoperative Complications of Neuroendoscopy

64.3.2.1  Hemodynamics (up to 50%)

They are produced by surgical manipulation of brain structures or by sudden 
changes in ICP associated with intraventricular irrigation [6, 7]. They can manifest 
themselves both in the form of tachycardia and bradycardia-asystole, and in both 
cases may be associated (or not) with hemodynamic instability in the form of hyper-
tension or hypotension.

64.3.2.2  Intracerebral Bleeding Related to Manipulation 
of the Endoscope

It is usually venous and easily controlled with irrigation solution and/or cauteriza-
tion. In contrast, arterial bleeding due to injury of the basilar column or one of its 
branches is the most serious intraoperative complication of the technique and has a 
high mortality rate [4].

64.3.2.3  Intracranial Hypertension and Decreased Cerebral Perfusion 
Pressure (CPP)

Although it was initially assumed that the outlet of the irrigation fluid from the neu-
roendoscope prevented rapid increases in ICP, it has been shown that in up to 40% 
of cases these episodes of intracranial hypertension do occur [3, 4]. This significant 
increase in ICP can cause hemodynamic imbalance (changes in CPP) and even lead 
to cerebral circulatory arrest, although these alterations rapidly subside when the 
irrigation fluid is released.

Cerebral circulatory imbalance leads to perioperative cardiovascular complica-
tions and retinal bleeding, delayed awakening, transitory neurological focus, hydro-
cephalus, cognitive impairment, ionic disorders, rhythm disorders, vomiting, 
etc. [12].
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Therefore, in addition to the intraoperative monitoring that we would have for a 
craniotomy, it is advisable to use as direct a monitoring of the cerebral blood flow 
and its behavior in real time as possible [4, 5].

The ICP can be measured indirectly and simply by continuously monitoring the 
value of “pressure inside the neuroendoscope” (PIN) [12]. This is done by connect-
ing a pressure transducer at one end to a three-step tap located in the irrigation chan-
nel of the endoscope (via an extension tube filled with saline) and at the other end 
to the anesthesia monitor. The “zero” of this pressure is made at the level of the 
external auditory canal (Fig. 64.3).

In this context, the TCD allows us to detect severe drops in the cerebral perfusion 
pressure (through dynamic changes in blood flow velocities rates and Doppler spec-
tral waveform) that do not have systemic repercussions. Moreover, it has been 
shown that there is a clear association between PIN values and changes in TCD 
blood flow velocities, so to avoid complications, it is recommended to keep PIN 
<30 mmHg and CPP >40 mmHg [4].

64.3.3  Neurosurgery in a Sitting Position

In neurosurgery, the seating position is used for occipital, posterior fossa, and pos-
terior cervical approaches. In addition to improving surgical access to these ana-
tomical structures, this position decreases venous bleeding, increases gravity 
drainage of the cerebrospinal fluid (CSF), and decreases ICP.

64.3.3.1  Permeable Foramen Ovale (PFO) Screening

Approximately 25% of healthy adults (with equal distribution between men and 
women) have a patent foramen ovale (PFO), but most are asymptomatic [4]. 
However, when the pressure in the right atrium increases and is higher than in the 

Three-way-Stopcocks

Pressure
Transducer

Fig. 64.3 Assembly for 
PIN monitoring [12]
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left atrium (e.g., during a punctual Valsalva maneuver) a right-left shunt is produced 
through this foramen.

This direct passage of venous blood into the arterial circulation can cause a para-
doxical embolism through the foramen, which could trigger a cerebral, coronary, or 
other systemic embolism with serious consequences. This fact becomes vitally 
important in surgeries with the patient in sedation, in which the difference in hydro-
static pressures may facilitate the entry of air through the venous sinuses of the dura 
mater when these are open.

Therefore, it is essential to rule out the existence of a PFO for surgeries per-
formed on site. The gold standard is to perform a study with transesophageal echo-
cardiography (TEE), but given the limited access to this possibility, a first screening 
can be done using the simple double bubbling technique [13, 14] and the perfor-
mance of TCD before placing the patient in sedation. The test is performed using 
bolus-stirring saline through a central venous line while monitoring the flow in the 
MCA through the trans-temporal acoustic window (Fig. 64.4).

The test is first performed on normal controlled ventilation and then a moderate 
Valsalva maneuver (peak 25–30 cmH2O) is performed. If PFO is present, micro-
bubbles from the saline will be detected in the MCA “real-time” insonation. It is 

a

b

Fig. 64.4 Example of two intraoperative TCD records during neuroendoscopic procedures.  
(a panel) Systolic spicules; (b panel) Reverberant flow
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considered positive when high-intensity microsignals (HITS) are recorded in the 
MCA [15].

If a PFO is detected, it is advisable to inform the neurosurgical team and decide 
jointly on the patient’s position during surgery, assessing the pros and cons on an 
individual basis [16]. Other possibilities for placement are the prone position or the 
“modified” seating by Jadick et al. (Fig. 64.5).

64.3.3.2  Detection of Air Embolism

Air embolism can occur in any surgery where the head is in a higher position than 
the chest, and air can be drawn into the venous bloodstream during ventilation. It 
has been described in neurosurgery but also in neck, shoulder, axilla, breast, and 
thyroid surgery [13].

The actual incidence of air embolism is difficult to determine, as its incidence 
varies greatly depending on the method of detection. In addition, many embolisms 
are subclinical and not reported.

Although the intraoperative use of precordial Doppler is indicated in sedation 
neurosurgery to detect possible venous air embolism, TCD could be another option 
in those cases where it can be applied [17]. An early diagnosis allows the neurosur-
geon to be alerted so that he or she can apply the necessary measures to reduce the 
entry of air and, at the same time, inform the neuro-anesthesiologist so that he or she 
can aspirate the intravascular air through the central venous catheter inserted at the 
beginning of the surgery in anticipation of this intraoperative complication.

64.4  Conclusion

Today the TCD (maybe the transcranial color-coded duplex sonography (TCCS)) is 
the monitor that best estimates, indirectly, the CBF and its dynamic changes. 
Classically (through the cerebral blood flow velocity changes), it has been used in 

Fig. 64.5 Bubbling technique, high-intensity microsignals (HITS) in MCA and “modified Jadick” 
seating position
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experimental studies because of the limitation that exists when it comes to obtaining 
an uninterrupted signal [18]. Despite this, we have seen that it has real utility in 
intraoperative monitoring in neurosurgery, and in the future the potential of robotic 
probes could make it a monitor for routine use [3].
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Chapter 65
Traumatic Brain Injury in Neuro-ICU: 
Usefulness and Experience of Robotic 
Transcranial Doppler (TCD)

Frederick A. Zeiler

Key Points
 1. Current robotic TCD (rTCD) technology improves the ability to obtain extended 

duration uninterrupted recordings of cerebral blood flow velocity (CBFV).
 2. Automated signal acquisition algorithms appear to reduce setup time for 

TCD in TBI.
 3. Various functions exist to automatically alter probe position and insonation angle.
 4. Tracking algorithms exist to automatically correct for probe shift and improve 

CBFV, further reducing the need for user input.
 5. With further advances, high-quality uninterrupted signals obtained from rTCD 

could be utilized for continuous assessments of various other aspects of cerebral 
physiology.

65.1  Introduction

It is well known that dysfunction to CBF and cerebral autoregulation (CA) occurs 
after TBI and is associated with mortality in moderate/severe TBI and long-term 
functional outcome across the spectrum of TBI [1–5]. The application of transcra-
nial doppler (TCD) in the neurocritical care unit (NCCU) can provide invaluable 
information regarding cerebral blood flow velocity (CBFV), a surrogate measure of 
cerebral blood flow (CBF). Thus, having a real-time assessment of CBFV in the 
NCCU can prove useful for the early detection of deficits in flow. Various vascular 
territories can be assessed via TCD, with bilateral assessment of the middle cerebral 
arteries (MCA) being the most common [6, 7]. Other territories include 

F. A. Zeiler (*) 
Section of Neurosurgery, Department of Surgery, Department of Human Anatomy and Cell 
Science, Rady Faculty of Health Sciences, University of Manitoba, Winnipeg, MB, Canada
e-mail: frederick.zeiler@umanitoba.ca

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81419-9_65&domain=pdf
https://doi.org/10.1007/978-3-030-81419-9_65#DOI
mailto:frederick.zeiler@umanitoba.ca


1046

supraclinoid internal cerebral artery, ophthalmic artery, posterior cerebral artery, 
and basilar artery [6, 7].

However, standard TCD comes with limitations. The technique has classically 
involved intensive user input through probe application, obtaining the correct 
insonation position/angle, and correction for probe shift during the recording. This 
is even the case with commercially available probe holding systems. To further 
complicate matters, the NCCU care for those with moderate/severe TBI is complex, 
with numerous other invasive intracranial/extracranial devices and constant bedside 
care [8, 9]. As such, classically it has proven difficult to obtain long-duration unin-
terrupted TCD recording of the MCA in these critically ill TBI patients, with many 
studies reporting recording lengths of less than 1 hour [10, 11], not including inter-
ruptions due to probe shift.

Recent technological advancements have led to the development of robotic tech-
nology that has been integrated with TCD systems. Such systems allow for extended 
duration TCD recordings in TBI, with minimal signal interruption and user input. 
These advancements, though only preliminarily assessed to date in critically ill 
moderate/severe TBI patient populations [12, 13], open the doors to increased appli-
cation of TCD monitoring in the NCCU TBI population. This short chapter reviews 
some of the aspects of this emerging technology.

65.2  Robotic TCD: Equipment and Technique

65.2.1  Equipment

Currently, there are few systems available on the market, with the most readily 
advertised systems including Delica EMS Robotic TCD Systems (Shenzen Delica 
Medical Equipment Co. Ltd., China; http://www.delicasz.com) and the Atys Robotic 
TCD-X Systems (Atys Medical, France; http://www.atysmedical.com). To date, 
only the Delica EMS 9D system has been evaluated in critically ill TBI patients [12, 
13]. As such, the technique section will focus primarily on the Delica system, 
though the Atys system and other systems in development in theory should perform 
similarly.

65.2.1.1  Delica Systems

The Delica EMS 9D system is a rTCD system designed for simultaneous bilateral 
insonation of the MCA. Initially designed for less acute patients and the outpatient 
clinical setting, this device has been adapted and recently employed within the 
NCCU for monitoring critically ill TBI patients [12, 13]. The device consists of a 
headframe composed of both rigid plastic and Velcro, padded with Neoprene, allow-
ing for ease of adjustment and comfort for the patient. Furthermore, a ratcheting 
system exists to reduce the need for headband and head manipulation during final 
adjustments. Figure  65.1a displays the headband with frontal ratchet system. A 
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a b

c d

Fig. 65.1 Delica EMS 9D rTCD System. rTCD robotic transcranial Doppler. Panel (a)  – 
Adjustable headband with ratchet system. Bilateral TCD probe/robotic construct attached. Panel 
(b) – Demonstrates ability to completely dismantle headband system, enabling reassembly around 
a patient’s head. Panel (c) – TCD probe and robotic drive construct. Black 1–2 MHz TCD probe is 
surrounded by optional rubber ring, designed to retain ultrasound gel and reduced gel drying. Panel 
(d) – Delica EMS 9D rTCD monitor

65 Traumatic Brain Injury in Neuro-ICU: Usefulness and Experience of Robotic…
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particularly important aspect of this headband system is that it can be completely 
disassembled and reassembled around the patient’s head, allowing for placement in 
those critically ill TBI patients in which excessive movement is not desired. 
Figure 65.1b displays the headband system dismantled.

The standard TCD system employs 1–2 MHz probes attached to robotic drives, 
with the entire construct encased in a plastic shell. These constructs are mounted to 
the headband via adjustable wing-nuts over the temporal windows. Figure 65.1c 
displays the TCD probe/robotic drive construct. The robotic drives allow millimeter- 
based adjustments in the TCD probe position and insonation angle, via a hands-free 
touch-screen interaction with the TCD device monitor (Fig. 65.1d). Two cables exit 
from the probe constructs leading to the TCD monitor. They are of sufficient length 
to allow placement of the entire device behind the bed and ventilator in the 
NCCU. All aspects of the system are easily cleaned via disinfectant wipes.

65.2.1.2  Atys Systems

Though this system has not been employed to monitory critically ill TBI patients, some 
aspects of this system deserve mentioning. The device is designed for the simultaneous 
bilateral insonation of the MCAs. The setup of the headband and probe constructs are 
similar to that described above, with the exception that the Atys system utilizes 
“glasses” with headband construct, instead of the pure headband system employed 
with the Delica. However, one good additional aspect is the TCD- Holter part of the 
Atys TCD-X system. This aspect allows for continuous recording of bilateral MCA 
CBFV on a Holter-like box attached to the TCD headframe, further increasing portabil-
ity of the unit and eliminating the need for attachment to an external monitor.

65.2.2  Technique

Initially the headband has the robotic TCD probe constructs attached to each side. 
The Velcro headband is undone and slipped around the patient’s head with minimal 
need to move or manipulate the head/neck position. Caution needs to be taken in 
those patients with unknown or existing cervical spine pathology. The straps are 
then tightened, with final adjustment via the frontal ratchet system. The TCD moni-
toring program on the device is then turned on with both probes activated. Ultrasound 
gel is applied to the probe faces, and the probes are than manipulated grossly by 
hand until there is initial capture of the MCA CBFV waveform. The wing-nut 
adjusters are then tightened, securing the robotic probe construct in place.

Using the touch-screen interface on the TCD monitor, the insonation depth, gain, 
and amplitude can be set (Fig.  65.2a). The screen displays mean flow velocity 
(MFV), peak systolic velocity (PSV), pulsatility index (PI), and heart rate for each 
side insonated. A look-ahead view of the probe can be seen on the left-hand side of 
the screen for each probe, providing CBFV waveforms at 40, 50, 60, 70, and 80 mm 
depth (Fig. 65.2b).
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a b

c d

Fig. 65.2 Example of Delica EMS 9D rTCD Monitor display during insonation and robotic 
adjustment. rTCD robotic transcranial Doppler. Panel (a) – cerebral blood flow velocity (CBFV) 
waveform for right middle cerebral artery, with peak, mean, pulsatility index, depth, gain and 
amplitude displayed on adjustable touch screen. Panel (b) – “look-ahead” view of CBFV. Panel 
(c) – Search robotic adjustment algorithm, insonating in spinal pattern about current probe center. 
Color coding indicates insonation CBFV intensity with black indicating no flow detected and yel-
low/red indicating moderate/good signal intensity. Panel (d) – Directional scan robotic adjustment 
algorithm. Insonates about current probe axis, changing insonation angle to optimize signal inten-
sity. Again, red indicates good CBFV signal intensity. (Figure reproduced in color with author 
permission from Zeiler and Smielewski [12])
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To improve/optimize signal quality, the robotic control function is accessed. This 
allows access to the proprietary automatic robotic control system. All functions are 
designed to optimize the detected CBFV envelope. Within the Delica system, three 
main function exist. First, “Scan” produces a square grid about the current position, 
insonating at each spot, returning a color-coded signal strength indicated with red 
indicated strong signal and black indicated no signal. The algorithm then chooses 
the optimal position based on signal quality. Second, the “Search” function runs a 
spiral insonation pattern about the current position, producing a similar color pat-
tern for signal quality (Fig.  65.2c), automatically choosing the optimal position. 
Finally, the “Directional Scan” function alters the probe face insonation angle to 
improve signal intensity (Fig. 65.2d), with color coding of each insonation position. 
In practice, the author has found it useful to manually find the initial position of the 
MCA, as described, followed by running the Scan, Search, and Directional Search 
functions in this sequence for optimal probe position. Occasionally, one is fortunate 
enough to manually manipulate the probe into a good position prior to robotic 
adjustments. In this case, the author finds it useful to only employ the Search and 
Directional Scan functions to optimize the signal intensity.

The final step prior to long-term bilateral insonation involves activating the auto-
mated tracking algorithm, which will correct for minor shifting in probe position. 
The algorithm involved is proprietary. After one obtains optimal position of the 
probe with satisfactory CBFV waveform, the “Track” function in the robotic control 
system window can be activated for each probe. In the author’s experience, this 
function has enabled smooth continuous CBFV recording during bedside care, turn-
ing, portable chest X-rays, and chest tube placement. Figure  65.3 displays an 

Fig. 65.3 Example of 
rTCD set-up with 
multi-modal monitoring. 
rTCD robotic transcranial 
Doppler. Figure 
demonstrates bilateral 
middle cerebral artery 
insonation via Delica EMS 
9D rTCD system in the 
presence of left front triple 
bolt (intra-cranial pressure, 
microdialysis, and brain 
tissue oxygen monitoring) 
and bifrontal near infrared 
spectroscopy. (Figure 
reproduced with author 
permission from Zeiler and 
Smielewski [12])
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example of patient setup for rTCD in the presence of numerous other invasive and 
noninvasive cranial multimodal monitoring devices (reproduced from Zeiler and 
Smielewski [12], with permission by authors).

65.3  rTCD: Applications

Though the current experience with rTCD systems in critically ill TBI populations 
is limited, there are some clear initial applications and some potential future 
applications.

65.3.1  Immediate Applications

65.3.1.1  Continuous CBFV and PI Monitoring

Current experience suggests the ability to obtain at least 4 hours of continuous unin-
terrupted signal recording, with the ability to push beyond this. Thus, with these 
rTCD systems, we now have the ability to continuously monitor bilateral CBFV and 
PI in TBI [7, 14–16] with reduced user input. Therefore, continuous monitoring of 
CBFV and PI symmetry, and assessment for posttraumatic cerebral vasospasm [17, 
18], is possible, doing away with the previous intermittent/interrupted recordings 
from standard TCD devices. Figure  65.4a displays the continuous uninterrupted 
CBFV recordings obtained over a 4-hour period.

65.3.1.2  Continuous Invasive/Noninvasive Cerebrovascular Reactivity

The Delica EMS 9D system is currently integrated with the third-party ICM+ soft-
ware (Cambridge Enterprise Ltd., Cambridge, UK, http://icmplus.neurosurg.cam.
ac.uk), allowing for recording/archiving of digital CBFV signals from the TCD 
device and other NCCU monitors (cranial and systemic). With this software, all 
signals can be linked in time-series and processed in real time, or offline, for the 
assessment of other aspects of cerebral physiology [19]. Thus, aside from standard 
CBFV monitoring, one can now more continuously assess cerebrovascular reactiv-
ity via TCD in TBI patients. Such cerebrovascular reactivity indices have been eval-
uated in TBI in the past, with strong associations demonstrated between global 
patient outcome[10, 11, 20] and other more invasive autoregulation measurement 
techniques [11, 13, 20–22].

The premise behind these indices is that the moving correlation between vaso-
genic slow-wave fluctuations in CBFV and a driving pressure (such as mean arterial 
pressure (MAP) or cerebral perfusion pressure (CPP)) is representative of cerebro-
vascular reactivity [10, 20, 23]. TCD-based cerebrovascular reactivity indices that 
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have been applied in TBI include mean flow index (Mx—moving correlation 
between mean CBFV and CPP) and systolic flow index (Sx—moving correlation 
between systolic CBFV and CPP). To date, critical thresholds associated with global 
patient outcome in TBI have been defined for both Mx and Sx [10, 11]. The advent 
of rTCD allows for continuous measurement in the NCCU.

Further to this, if one were to use MAP instead of CPP in the derivation of Mx or 
Sx, we then produce Mx_a (correlation between mean CBFV and MAP) and Sx_a 
(correlation between systolic CBFV and MAP). MAP can be derived from either 
invasive arterial lines or noninvasive continuous arterial blood pressure (ABP) mon-
itoring. The Delica EMS rTCD systems offer an optional noninvasive continuous 
finger-cuff module (Finapres Nanocore, Finapres Medical Systems, Netherlands, 
http://www.finapres.com) for continuous ABP assessment during the TCD 
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Fig. 65.4 Example of 4 hours of continuous rTCD recording and derived physiologic indices. a.u. 
arbitrary units, cm/s centimeters per second, FV flow velocity, Mx_a mean flow index (correlation 
between slow waves of mean flow velocity (MFV) and mean arterial pressure (MAP)), Sx_a sys-
tolic flow index (correlation between flow waves in Peak systolic flow velocity (PSV) and MAP). 
Panel (a) – example of 4 hours of continuous uninterrupted rTCD recording from Delica EMS 
9D. Panel (b) – top and bottom plots show 4 hours of continuous cerebrovascular reactivity moni-
toring using non-invasive rTCD measures. (All signals captured from rTCD and arterial blood 
pressure line, with post acquisition processing via ICM+ software (Cambridge Enterprise Ltd., 
Cambridge, UK, http://icmplus.neurosurg.cam.ac.uk))
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recordings. With such noninvasive ABP systems and rTCD CBFV recordings, we 
can obtain continuous noninvasive cerebrovascular reactivity monitoring. This 
allows for subacute and outpatient assessments of cerebrovascular reactivity in TBI 
patients. To date, both Mx_a and Sx_a have been demonstrated to be closely related 
to the invasive “gold standard” continuous autoregulation pressure reactivity index 
(PRx—correlation between intracranial pressure (ICP) and MAP) [11, 13, 20–22, 
24]. Figure 65.4b displays the continuous Mx_a and Sx_a derived over a 4-hour 
period of recording using rTCD.

65.4  rTCD: Potential Future Applications

Various other potential applications in TBI exist for uninterrupted CBFV signal 
obtained through rTCD devices. Such applications include noninvasive ICP and 
CPP assessments [25–30]. Various attempts/methods have been applied for the deri-
vation of these measures, with moderate correlations obtained to invasively derived 
ICP and CPP measurements. The details of these methods are beyond the scope of 
this chapter, and, if interested, the reader should refer to the cited references [25–
30]. However, with the long-duration CBFV signals from rTCD, the feasibility of 
noninvasive TCD-based ICP and CPP measurements is increased, potentially allow-
ing us to get one step closer to more noninvasive monitoring in TBI care without the 
loss of physiologic information obtained through more invasive means.

65.5  rTCD: Advantages and Disadvantages

65.5.1  Main Advantages

Various advantages of rTCD systems exist over existing TCD systems for monitor-
ing TBI patients in the NCCU. First, with rTCD one is able to obtain extended dura-
tion, uninterrupted CBFV recordings in critically ill TBI patients. While the current 
experience is limited in this population, the initial results are promising with record-
ings of 4 hours or longer obtained. This now allows for continuous assessment of 
CBFV, PI, and other aspects of cerebrovascular physiology via noninvasive 
TCD.  Second, the setup time, in the author’s experience, for bilateral MCA 
insonation is reduced with the robotic Scan, Search, and Directional Scan algo-
rithms once some comfort is gained with the software and robotic control system. 
Third, the automated Track algorithm allows for hands-free correction for probe 
shift during insonation. This is a major step forward in TCD technology, reducing 
the need for constant user input and presence during recording. This is not only a 
time saver but reduces the need to have patient contact during TCD recording in a 
complex care environment. Finally, the system is easily cleaned, having Neoprene 
and plastic external components.

65 Traumatic Brain Injury in Neuro-ICU: Usefulness and Experience of Robotic…
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65.5.2  Main Disadvantages

Despite the initial results proving promising, there are some important disadvan-
tages for existing systems. First, the current algorithms for optimization of CBFV 
signal intensity are good, but not perfect. Thus, during the setup phase, the user 
needs to pay attention to the algorithm selection of the optimal insonation position, 
as occasionally it selects a suboptimal position. This is easily corrected by selecting 
the proper position on the touch-screen interface. With newer renditions of the soft-
ware, this algorithmic limitation has improved and will likely continue to improve 
further. Second, the Track autocorrection function works well for small shifts in 
probe position. It cannot correct for large gross shifts in the headframe. Thus, the 
user still needs to periodically check on the system during recording to ensure that 
bedside care or patient movement hasn’t dislodged the headband and probes. Third, 
despite being able to disassemble the headframe with the Delica systems, there still 
is some degree of head manipulation to successfully place the headframe in the 
critically ill TBI patients. Thus, this may preclude its use in those with unstable 
cervical spines. Finally, in the author’s personal experience, excessive soft-tissue 
injury on the scalp can trigger pain with the headband application if not properly 
sedated. This has led to an anecdotal increase in ICP in one patient recorded. Further 
application of these devices will show whether this is a recurring issue.

65.6  Conclusion

With the advent of rTCD technology, it is now possible to obtain extended duration, 
relatively uninterrupted, CBFV recordings in critically ill TBI patients with reduced 
operator input. This allows for continuous noninvasive recording of various aspects 
of cerebral physiology in the NCCU. The current experience with the technology in 
critically ill TBI is limited. As technology continues to advance, it is expected that 
this semiautomated technology will improve and become more readily accessible in 
NCCU’s worldwide.
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Chapter 66
Prehospital Transcranial Color-Coded 
Duplex Sonography (TCCS): Usefulness 
for the Diagnosis and Early Stroke 
Treatment

Felix Schlachetzki, Mustafa Kilic, Markus Webert, Michael Ertl, 
Dobri Baldaranov, and Sandra Boy

Key Points
 1. Stroke scales are imperfect differentiating ischemic from hemorrhagic stroke, 

including selecting patients for endovascular embolectomy.
 2. Prehospital ultrasound consists of transcranial color-coded sonography ideally 

with the aid of echo-enhancing agents for faster diagnosis, diagnostic confi-
dence, and to overcome insufficient acoustic bone windows.

 3. Prehospital TCCS is highly suitable to identify patients with middle cerebral 
artery occlusion with a consistent neurological finding and may justify bypass to 
the next comprehensive stroke center for endovascular embolectomy.

66.1  Introduction

Ischemic stroke is a time-critical vascular disease that affects neural function and is 
the leading cause of permanent disability in people in industrialized nations [1, 2]. 
Acute therapies include IV thrombolysis with a time window up to 4.5 h and inter-
ventional embolectomy with an extended time window up to 24  h [3, 4]. In 
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hemorrhagic stroke, this time window is less defined, and acute therapies in general 
aim to prevent hematoma enlargement and life-threatening secondary complica-
tions [5].

Rapid identification and etiopathological classification of stroke patients in the 
prehospital phase is critical for successful stroke therapy. Especially in rural areas 
secondary transports from regional stroke units to comprehensive stroke centers 
with interventional neuroradiology and neurosurgery resulted in unwanted thera-
peutic delays [6]. Specifically, prehospital stroke scales such as CPSS, FAST, 
MASS, LAPSS, PASS, FAST-ED, and RACE have not been consistently validated 
in the field by paramedics or first-aid doctors but, that is, after arrival in a stroke 
unit, after exclusion of brain hemorrhage, ischemic stroke database analysis, and by 
NIHSS-trained doctors and neurologists thus presenting a severe selection bias.

The current discussion in the field of acute stroke care addresses the question 
how to select patients for direct transfer to a comprehensive stroke center (“mother-
ship”) bypassing smaller stroke units thus potentially prolonging symptom-to- 
needle time for thrombolysis for faster time-to-groin time for endovascular 
embolectomy [6, 7]. To date, no scale predicted large vessel occlusion (LVO) with 
both high sensitivity and specificity to justify bypassing of primary stroke units, and 
more prospective studies are needed to assess the accuracy of LVO prediction 
instruments in the prehospital setting in all patients with suspected stroke, including 
patients with hemorrhagic stroke and stroke mimics [8].

Point-of-care diagnostics can significantly enhance stroke diagnosis and differ-
entiation. Blood serum analysis has drawn significant interest in prehospital stroke 
care, and to date, only glial fibrillary acid protein level detection may separate hem-
orrhagic stroke from ischemic stroke and stroke mimics if this diagnostic is avail-
able in the field [9, 10]. Mobile stroke units (with computed tomography, clinical 
chemistry, and telemedical support) allow for prehospital thrombolysis with signifi-
cant shorter symptom-to-needle times but are limited in range and require dedicated 
paramedics, X-ray technicians, and doctors [11, 12].

While the aforementioned strategies are either not available (GFAP) or limited in 
distance and costs (mobile stroke units), point-of-care ultrasound (POCUS) equip-
ment has significantly gained attention over the years, has reached technical matu-
rity, and is currently used for assessment for trauma patients, cardiac arrest, 
hemodynamic instability, respiratory failure, suspected abdominal aortic aneurysm, 
fetal monitoring, and vascular access [13]. A previous study using transcranial 
color-coded duplex sonography (TCCS) has demonstrated a sensitivity of 90% and 
specificity of 98% for the identification of middle cerebral artery (MCA) occlusion. 
We were able to demonstrate, in the hands of trained neurologists, improved identi-
fication of stroke patients with MCA occlusion [14]. In addition, other significant 
findings also included reversal of flow in the anterior cerebral artery but also high 
rates of patent cerebral arteries, probably excluding patients from interventional 
embolectomy [15].
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66.2  Prehospital Ultrasound: Practical Guideline

Any prehospital diagnostic should not prolong transport to the target clinic—there-
fore ultrasound investigations should be performed during transport. However, 
experienced sonographers with a basic pathological concept (i.e., left-sided hemipa-
resis with gaze to the right ≥ suggestive of right hemispheric pathology) may be 
able to perform such an investigation under 5 min. This implies that only transcra-
nial color-coded sonography (TCCS) can be performed as carotid, vertebral, or 
transnuchal sonography require more stable testing conditions (Fig. 66.1). Any por-
table color duplex ultrasound machine may be used for prehospital TCCS, yet the 
equipment should be easy to use and robust and the screen should be big enough not 
to miss subtle flow signals. Telemedical transfer of TCCS images to experienced 
neurologists may support the sonographer if not experienced and without emer-
gency stroke knowledge.

Prehospital TCCS does not differ from TCCS in the clinic, and the use of ultra-
sound echo enhancers (UEE) such as Sonovue® (Bracco, Italy) significantly 
increases not only signal-to-noise ratio, helps in patients with insufficient temporal 
acoustic bone window, and therefore diagnostic confidence but significantly short-
ens scanning time [16–18]. Figure 66.2 depicts the normal intracranial arteries—
investigations should be made from both sides starting with the presumed 
pathological hemisphere. However, the effort is not limited to detection of middle 
cerebral artery occlusion but can detect a variety of brain pathologies. The follow-
ing findings can be made by the experienced sonographer (Table 66.1):

Fig. 66.1 Prehospital 
transcranial color-coded 
sonography through the 
left temporal bone window 
during ambulance transport 
to the stroke unit
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Fig. 66.2 Normal TCCS finding (left) with correlating CT-angio (right). For better correlation 
rotate left image 90° clockwise to match CT-angio. 1 – left MCA, 2 – left ACA, 3- right ACA, 4 – 
right MCA, 5 – left PCA, 6 – right PCA, for more pathological findings see open access article [14]

Table 66.1 TCCS Findings

Diagnosis TCCS finding Confirmation Tips & limitation

MCA main stem 
occlusion

Absence of 
ipsilateral MCA 
color-coded in red

Visualization of the 
ipsi- and contralateral 
ACA (blue and red)

Perform flow measurements 
in order not to miss MCA 
low flow

Carotid-T- 
occlusion

Absence of 
ipsilateral MCA 
color-coded (red) 
and ACA (blue)

Visualization of the 
contralateral ACA 
(red) and ipsilateral 
PCA

Basilar artery 
occlusion

Absence of both 
PCAs in the 
P1-segments (=top 
of the basilar)

Visualization of the 
anterior circulation 
(MCA, ACA)

Visualization of both 
P2-Segments in a non- 
commatose Patient may be 
due to fetal type origin of 
the PCA

ICA occlusion or 
high grade stenosis

Reversal of flow in 
the ipsilateral ACA

“Musical murmurs” in 
the anterior 
communicating artery

Space occupying 
lesions, i.e. ICH, 
subdural 
hematoma or brain 
tumor

Midline 
displacement of the 
third ventricle

Increase of pulsatility 
index in the MCAs

Finding may be non-specific 
and should correlate with 
patients neurological status.

ICH Hyperechoic mass 
lesion

Location in the basal 
ganglia and thalamus 
have highest sensitivity

Detection of ICH is 
difficult, as hyperacute ICH, 
cortical, cerebellar, frontal 
and occipital ICH can be 
missed

MCA Middle cerebral artery, ACA Anterior cerebral artery, PCA Posterior cerebral artery, ICA 
Extracranial internal carotid artery, ICH Intracerebral hemorrhage
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66.3  Prehospital TCCS: Suitable for Selection 
for Embolectomy?

The strength of pre-hospital TCCS is the detection of MCA occlusion with a sensi-
tivity of 90% and specificity of 98% in the hands of trained neurologists. Therefore, 
this ultrasound technique improves the identification of patients with stroke (high 
sensitivity and specificity) and middle cerebral artery (MCA) occlusion [14]. 
Figure 66.3 depicts the stroke detection algorithm that can be altered implementing 
prehospital TCCS especially in rural areas and limited capabilities for endovascular 
embolectomy.

66.4  Conclusion

High-end stroke diagnostics include cerebral computed tomography and magnetic 
resonance imaging with angiography or even perfusion imaging. The main advan-
tage is that large vessel occlusion, early brain parenchyma ischemia, penumbra, and 

Fig. 66.3 Pre-hospital TCCS and stroke. ICH Intracerebral hemorrhage, LVO Larger vessel 
occlusion, TIA Transient ischemic attack
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brain hemorrhage can be easily depicted even with only rudimental neurological 
information. Yet these diagnostics will not be widely available in the prehospital 
field and over long distances. Prehospital transcranial ultrasound such as TCCS in 
acute stroke patients is a highly promising tool identifying and excluding stroke 
patients with LVO. The application of prehospital TCCS was first described in a 
patient with middle cerebral artery territory ischemic stroke in high altitude leading 
the physicians to apply aspirin with diagnostic confidence and who monitored the 
cerebrovascular status until arrival in a hospital [19]. Since then only data from our 
group with neurologists in the field have been published, yet the main limitation of 
this approach next to the supporting application of echo-enhancing agents and train-
ing of the TCCS technique is the requirement of a fundamental pathophysiological 
concept in each stroke patient [14, 15, 20]. For example in a patient with pure motor 
stroke one does not expect MCA occlusion as this is the classical lacunar stroke 
syndrome with microangiopathic lesion in the internal capsule or pons. As most 
prehospital stroke scales cannot even differentiate between left and right hemi-
spheric symptoms, the diagnostic confidence in any prehospital ultrasound finding 
will be low. However, telemedicine in the field can overcome this limitation, and 
thus the combination of live stream ultrasound images, video, and two-way audio 
streams to hospital-based specialists, which is currently studied in Scotland, has 
attracted widespread attention [21]. Thus far only healthy volunteers have been 
investigated using their sophisticated diagnostic setup [22].

Overall, prehospital ultrasound is still in a very early stage, yet the potential tri-
aging stroke patients and thus improving outcome is as high as it is in trauma 
patients [23, 24]. Novel nonimaging ultrasound technique and machine-learning 
algorithms may help to implement the widespread use in prehospital stroke diag-
nostics for large vessel occlusion [25]. Still, well-trained physicians and first- aid 
personnel supplemented with telemedical support from neurovascular ultrasound 
specialists may elevate this diagnostic approach to more widespread brain diagnos-
tics, that is, also in brain trauma and raised intracranial pressure.

F. Schlachetzki et al.



1063

 Algorithm

Clinical Status of the Patient

SUSPICION OF ACUTE STROKE

F.A.S.T
NIHSS

Patient with Hemispheric Syndrome Patient in coma
FAST (+) (GCS < 8)

NIHSS > 8

Transtemporal acoustic window A. STABILIZE Transtemporal acoustic window
At the contralateral side B. TRANSFER Measure in both sides: B-mode

MCA - CBFV Hospital or Suspicion of Space-occupying lesion
Stroke Center 1- Midline Shift (MLS)

2- Intracranial Hemorrhage
CBFV Patent Occluded

Transtemporal acoustic window
TRANSFER TRANSFER Suspicion of High ICP:
Stroke Unit MCA - CBFV

1- Pulsatility Index (PI)

FINDING
Flow reversal in ipsilateral ACA or

MCA stenosis make brain 
Hemorrhage unlikely

PREHOSPITAL

CHECK

ABCD
Level of consciousness(GCS)?
Bilateral Pupillary reactivity?
Hemodynamic stability?
Oxygenation?

Transcranial color-coded duplex Sonography
(TCCS)

Wether of your neurovascular and brain
Parenchymal findings are consistent with

Neurological status.

Endovascular
endarterectomy

Transcranial color-coded duplex Sonography
(TCCS)

 

ABCD Airway-breathing-circulation-disability, FAST Face-arm-speech-time, NIHSS National 
institute of health stroke scale, MCA Middle cerebral artery, ACA Anterior cerebral artery, CBFV 
Cerebral blood flow velocity, ICP Intracranial pressure, GCS Glasgow coma scale
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Chapter 67
Transcranial Doppler (TCD/TCCD) 
and Ultrasonography: A Useful Tool 
in the Aeromedical Transport. What 
Should We Consider?

Anselmo Caricato and Eleonora Stival

Key Points
 1. During air medical transport, the physical examination often is impeded by heli-

copter noise and vibration, distracting injuries, and altered consciousness. These 
limitations force clinicians to rely on other diagnostic tools for early diagnosis 
and management of patients, such as ultrasounds.

 2. Many air critical care transport service incorporated prehospital ultrasounds in 
standard practice since it can be easily taught to flight clinicians and can improve 
identification and monitoring of injury during transport.

 3. The improvement of image quality, together with the decreasing size and weight 
of portable devices, results in extended indications in air medical transport. 
Wireless probes can show high-quality images on tablet or mobile phone. Images 
can be quickly transferred to the hospital by telesonography system, and may 
have invaluable importance in life-threatening conditions.

 4. Availability of transcranial Doppler “on the scene” and during flight transport in 
stroke patients has the potential of a better use of resources and increasing rate 
of candidates to treatment.

 5. Transcranial Doppler and B-mode brain sonography may be useful to rule out 
intracranial hypertension during flight.

A. Caricato (*) · E. Stival 
Department of Anesthesia and Intensive Care, NeuroIntensive Care, IRCCS Policlinico 
Universitario “A. Gemelli”, Rome, Italy
e-mail: anselmo.caricato@unicatt.it

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81419-9_67&domain=pdf
https://doi.org/10.1007/978-3-030-81419-9_67#DOI
mailto:anselmo.caricato@unicatt.it


1066

67.1  Introduction

Bedside point-of-care ultrasound in the emergency department has been routinely 
introduced more than two decades ago, particularly for trauma patients. This tech-
nique is now part of the initial diagnostic evaluation of in-hospital patients, and 
many guidelines consider ultrasound as a standard of care [1–4].

Advancements in technology offered the possibility to increase ultrasound appli-
cations in out-of-hospital settings by using a portable ultrasound machine. 
Prehospital ultrasound (PHUS) allows a faster and accurate management and treat-
ment of life-threatening conditions, helping medical decision in prioritizing initial 
treatment and choosing the most appropriate destination. Many air critical care 
transport service incorporated PHUS in standard practice since it can be easily 
taught to flight clinicians and can improve identification and monitoring of injury 
during transport [5–7]. Price et al. were the first to illustrate the feasibility of PHUS 
during a helicopter transport, showing that ultrasound examination can be quickly 
conducted without interfering with helicopter avionics [8].

Although the application of PHUS is increasing, especially in aeromedical trans-
port, there are moderate evidences in medical literature to assess the effect of PHUS 
on patient outcomes [7]. On the other side, the decreasing costs of the instruments 
and the improvement in image quality, together with the decreasing size and weight 
of portable devices, result in extended indications for PHUS also in austere settings. 
Based on recent data, the diagnostic accuracy of PHUS-focused assessment sonog-
raphy in trauma (FAST) in aeromedical transport reaches a sensitivity from 50% to 
78.6% compared with clinical examination or CT scan, and could be performed in 
about 3 min or less by a nonradiology clinician [3].

67.2  Flight Transport: Medical Consideration

Flight transport requires in-depth knowledge of several problems:

 1. If a patient have to be transferred by helicopters, he should be prepared for the 
boarding. A strict attention should be paid to clothes that have to be restrained; 
any object placed on the patient may be sucked into the rotor blades and/or 
engines, and could be a potential serious danger.

 2. If the patient is boarded, and the helicopter encounters spinning rotors, ground 
personnel must be trained to avoid the patient and the treating team being struck 
by the main or tail rotor. The danger is real; particularly if the landing zone is in 
the field (uneven terrain), where the rotor blades may be close to the ground.

 3. Weight also has to be carefully calculated, in particular for helicopter transport, 
since the engines are only able to produce a finite amount of power. An aircraft 
that is overweight can end in disaster.

 4. Physiologic changes due to altitude should be well known, in particular if fixed 
wing aircraft is used for the transport. In fact, when an aircraft ascends, any gas 
on board will increase in volume; thus, if a pneumothorax is present, it may have 
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an increase in the size if a chest drainage is not properly functioning. Furthermore, 
gas-filled cuffs, such as endotracheal tubes, should be considered. If the volume 
inside the cuff is allowed to expand, it could cause damage to the trachea includ-
ing pressure necrosis. So, changing air with liquid is recommended, especially 
when a long flight at high altitude is expected.

During air medical transport, the physical examination often is impeded by heli-
copter noise and vibration, distracting injuries, altered consciousness, and intuba-
tion. These limitations force clinicians to rely on other diagnostic tools for early 
diagnosis and management of patients, such as ultrasound technique.

Since 2000, the availability of small portable ultrasound machine with high- 
quality images led to investigate the feasibility of ultrasound examination during 
helicopter transport. Price et al., using a 2.5 kg Sonosite 180, found that, in 21 cases, 
FAST was easy to perform during helicopter flight, and mean duration of exam was 
3 min [8]. The most important limitation to the examination was patient positioning 
and sunlight on the screen. Recently, Yates, using a Sonosite M-Turbo device during 
helicopter flight on 190 trauma patients, obtained a positive predictive value of 
100% and a negative predictive value of 98.3% for the identification of pneumotho-
rax, hemothorax, and free abdominal fluid, if compared with CT imaging [9].

Technology has now further improved, and wireless probes of a few centimeters 
in length and a few grams in weight can show high-quality images on tablet or 
mobile phone. Images can be quickly transferred to the hospital by telesonography 
system, and may have invaluable importance in life-threatening conditions [10].

A remarkable limitation peculiar to helicopter flight is still the patient position-
ing, which depends on the vehicle model. In some setting, one of the patient sides is 
positioned against the wall, impeding not only clinical examination but also some 
ultrasound views. Knowing in advance these problems, we can properly position the 
patient, according to the side of the cabin where the patient was loaded, so to con-
sent ultrasound examination. According to some authors, it may be very practical 
learning to scan with either hand [11]. A strict communication with pilot is manda-
tory to avoid problems with unanticipated turbulence.

Motion artifacts during flight were not considered an important limitation to the 
exam. Lyon et al., in 2012, collected a total of 104 images of sliding lung sign on 
M-mode obtained during 3 distinct phases of transport: without rotor rotation, with 
rotor rotation while on the ground, and at level flight [12]. Motion artifacts were 
noted in images taken during rotor rotation but these were not felt to affect the diag-
nostic utility of the M-mode ultrasound tracing.

67.3  Ultrasound During Flight: Diagnostic Indication

67.3.1  Airways

One of the most dangerous complications of prehospital intubation and transport of 
intubated patients is unrecognized endotracheal tube dislodgement. It is of paramount 
importance to acknowledge esophageal intubation as soon as possible, and the use of 
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ultrasounds aimed to visualize tracheal and cricothyroid could be a determinant in 
detecting the correct endotracheal tube position when capnography is not available 
[13]. In particular, during aeromedical transport, auscultation is not always feasible, 
and ultrasounds might be a considerable tool to assess the airways, able to discriminate 
between endotracheal and endobronchial position. According to some studies, sensi-
tivity and specificity for identifying endotracheal intubation with ultrasound compared 
to esophageal intubation were nearly 100% in cadavers [14] and in live patients [15].

67.3.2  Cardiopulmonary Diseases

In case of respiratory failure or nontraumatic shock, clinicians must differentiate 
between a cardiac or pulmonary cause. Using structured protocols, ultrasounds have 
been proposed as a means to augment advanced cardiac life support algorithms [16, 
17]. Lung ultrasound associated with echocardiography and assessment of inferior 
vena cava collapsibility give an invaluable help in rapid identification of acute 
hearth failure, massive pulmonary embolism, respiratory distress syndrome, cardiac 
tamponade, tension pneumothorax, and hypovolemia. In the flight setting, cardio-
vascular monitoring may be very poor, and even measurement of blood pressure can 
be challenging. Ultrasound can give us important information about hemodynam-
ics, orienting to a life-threating condition’s treatment decision.

67.3.3  Chest Traumatic Injury

Early detection of potentially lethal injuries has an important impact on mortality 
rates. In flight, pneumothorax and hemothorax diagnosis is quickly feasible, has a 
rapid learning curve, and permits to decide if performing a tube thoracostomy or 
activate massive transfusion protocol. In flight medicine, both helicopter and fixed 
wing aircraft, ultrasound was found to be safe and with a high accuracy similar to 
the emergency department radiology [18]. In a feasibility study, the agreement 
between providers and expert physicians in thoracic echography was very high 
when lung ultrasound was performed during flight [19]. With the in-flight limita-
tions of auscultation, echography is extremely useful to identify life- threatening 
conditions, avoiding iatrogenic injury.

67.3.4  Abdomen Traumatic Injury

In traumatic shock, the extended FAST protocol has been validated in emergency 
department and in prehospital settings as the gold standard in detecting abdominal 
bleeding [1–4]. The sensitivity and specificity of PHUS-extended FAST are similar 
to in-hospital exams, and no significant difference in performing time had been 
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recorded. Some studies assessed the feasibility and quality of FAST images col-
lected during air transport, demonstrating that FAST was possible and did not affect 
transport times [3].

67.4  Neurologic Emergencies: Ultrasound During Flight

67.4.1  Ischemic Stroke

Intravenous thrombolysis and endovascular thrombectomy are highly effective thera-
pies for acute ischemic stroke, but only a minority of hospitals treating these patients 
may offer both these treatments [20]. Since the effect of these therapies diminishes 
over time, stroke systems of care need to rapidly identify patients with cerebral artery 
occlusion and transport them to proper hospitals as quickly as possible [21].

Flight transport had an increasing importance in last years, significantly reducing 
prehospital time, and increasing rate of patients who can benefit from stroke treat-
ment. Recent data from 21,712 ischemic stroke patients registered in Austrian 
Stroke Unit Registry reported that thrombolysis rates were highest in 905 patients 
transported by helicopter (24%), when compared with remaining patients trans-
ported by ground ambulance with emergency physicians (18%) [22].

Actually, it is not only a problem of time. To increase the efficiency of stroke 
system, the identification of suspected stroke is of paramount importance, so to 
address resources where they really need. A recent systematic review observed that 
scale with scoring system had low sensitivity and low specificity to predict ischemic 
stroke [23]. Ultrasonography may play an important role in this setting.

Transcranial Doppler (TCD/TCCS) ultrasound is a reliable diagnostic tool for 
assessing the presence and severity of cerebral arteries occlusion [24], and has the 
additional advantages of being noninvasive, inexpensive, and portable. For these 
features, TCD may be very useful for prehospital diagnosis and assessment in 
stroke. Indeed, bedside TCD examinations to detect stenosed and/or occluded intra-
cranial vessels are routinely conducted as standard of care at many comprehensive 
stroke centers [25]. Numerous studies have been published comparing TCD diagno-
sis of cerebral arterial occlusion with angio-CT imaging, reporting sensitivity and 
specificity ranging between 79 and 98% depending on occlusion location [26–29]. 
A limiting factor of these studies is the TCD operator’s ability to locate and interpret 
the cerebral blood flow velocity waveform. Such challenges have contributed to 
TCD being critically underutilized for stroke assessment [30].

No study was specifically directed to a systematic investigation of reliability of 
TCD during flight. Nevertheless, an interesting pilot experience was conducted in 
Germany with a joint program for prehospital stroke diagnosis and treatment 
between the University of San Diego, California, and the University of Regensburg 
in Germany [31].

Herzberg et al. hypothesized that a neurologist equipped with a portable ultra-
sound device was able to achieve a similar diagnostic accuracy “in the field” as 
compared with in-hospital advanced neuroimaging, such as angio-CT or angio-MRI 
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[31]. Thus, a stroke team was sent together to the ground ambulance team when a 
stroke code was received from dispatch center. They observed that, with a combined 
neurological and neurosonological examinations, more than half of the patients 
seen after a stroke emergency call were identified as not suffering a stroke; actually, 
an occlusion in the territory of middle cerebral artery was identified with a sensitiv-
ity of 90% and a specificity of 98%. These results show that ultrasounds may help 
in a correct diagnosis of stroke directly in prehospital setting.

Availability of TCD “on the scene” and during flight transport has the potential 
for a better use of resources and increasing rate of stroke patients candidate to 
treatment.

67.4.2  Intracranial Hypertension

Brain ultrasound was suggested as a point-of-care method to rule out intracranial 
hypertension, to measure midline shift, as confirmatory test for cerebral circulatory 
arrest, and to assess cerebral ventricular enlargement [32]. In prehospital setting, 
some authors suggested to include brain ultrasound in whole body evaluation, 
extending established protocol as FAST for trauma patients. This approach is still 
not validated, and brain ultrasound is not included in critical care ultrasound com-
petency statement. Nevertheless, several papers were published in the last years on 
this topic, and a lot of evidence suggest that this technique may be useful in emer-
gency conditions [32–36].

In particular, many authors showed that transcranial Doppler could reliably 
exclude a condition of intracranial hypertension. Ract observed that intracranial 
hypertension on hospital admission was associated with abnormal TCD pattern, and 
that early brain-oriented therapy could restore normal TCD values [33]. Tazarourte 
confirmed these data in prehospital phase, showing that high pulsatility index and 
low diastolic velocity were both associated with intracranial hypertension and poor 
outcome [34]. A large multicentric study is ongoing on this topic, and is aimed to 
validate a mathematic formula based on TCD parameters to exclude intracranial 
hypertension [35].

Practical problems for a detailed execution of transcranial Doppler may arise in 
prehospital phase and during ground or air transport to the hospital. B-mode brain 
ultrasound can be easier in this setting, and optic nerve sheath diameter may be an 
important technique to give similar information about intracranial hypertension, 
even if Doppler is not available [37].

67.5  Conclusion

Several studies show that ultrasounds have an increasing importance in diagnosis 
and in addressing treatment in the prehospital phase. In this review, we report the 
features of flight transport, and highlight the usefulness of ultrasound in this setting. 
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We focused on neurological emergencies, and reviewed experiences where transcra-
nial Doppler and B-mode ultrasounds were used for rapid and correct diagnosis and 
for a better use of resources.

 Algorithm

Clinical Status of the Patient / Casualty

Abdominal Trauma Stroke (ischemic / ICH)
Chest Trauma Trauma Brain Injury (TBI)
Hypovolemic Shock Burns Injury

CRITICALLY ILL PATIENT
NEED  CRITICAL CARE AIR TRANSPORT (CCAT)?

AIRCRAFT ?
HELICOPTER ?

PRE-FLY SPECIAL CONSIDERATIONS
AIRCRAFT HELICOPTER

Vibrations Vibrations
Noisy Context Noisy Context
Take Off / Landing (Blood>lower extremities or head) Take Off / Landing (Blood>lower extremities or head)
Intercomunication TEAM Staff Intercomunication TEAM Staff
Weight (Careful Calculation) Weight (Careful Calculation)
Altitude (Feets?) Clothes (Special Atention>> Only what is necessary)
Patient Position Patient Position (Consider where the cabin is)

PRE-FLY MEDICAL CONSIDERATIONS
Intubated Patient (Fixator for endotracheal tube) Supplementary Oxygen (Independent system)
Saline for Filling cuff (Endotracheal/TQT tube) Pneumothorax (Ensure all drainage tubes)
Surgical Wound Head position (Avoid raise of ICP)
Respiratory Status (Hypoxia) Complete Equipment and Drugs
Limited physical Exam Hemoglobin Levels (> 7 mg/dl)

PRE-HOSPITAL
Transcranial Color-Coded Duplex Sonography (TCCS)

B-MODE DOPPLER
ONSD CONSIDER PSV / EDV / MFV
US-PLR a. Vibrations TTW / TFW / ToW / SW
Intracerebral Collections b. Patient Position (Head) MONITOR
Middle Line Shift (MLS) c. Operator Position (Skillful Hand) Spectral Doppler Waveform
Hydrocephalus Anterior & Posterior Circulation

ABCD
Level of Consciousness (GCS)?
Hemodynamic Stability?
Oxygenation?
Current medical Scenario?
Severity Scoring?

PREHOSPITAL
Clinical Situation

 

ABCD Airway-breathing-circulation-disability, ICP Intracranial pressure, ONSD Optic nerve 
sheath diameter, US-PLR Ultrasound pupillary light reflex, PSV Peak systolic velocity, EDV End-
distolic velocity, MFV Mean flow velocity, TTW Transtemporal window, TFW Transforaminal 
window, ToW Transorbital window, SW SUbmandibular window
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Chapter 68
Cerebral Hemodynamic Monitoring 
and Renal Replacement Therapy (RRT) 
in ICU: Usefulness of the Transcranial 
Doppler (TCD/TCCS)

Camilo N. Rodríguez and Jorge Cerdá

Key Points
 1. The central nervous system (CNS) and kidneys are tightly interconnected in an 

organ cross talk, “Brain-Kidney” connection.
 2. The incidence of AKI in the intensive care unit (ICU) involves up to 50% of ICU 

admissions. Many of those patients require some type of renal replacement ther-
apy (RRT).

 3. Critical patients with acute brain injury (ABI) are part of a population of critical 
patients where the prescription of RRT must consider the risk of secondary brain 
injury and address main CNS physiological variables (CBF, CPP, and ICP).

 4. During RRT, spectral Doppler waveform evaluation (PSV, EDV, and MFV) and 
the pulsatility index (PI) that is derived from it are very useful to estimate “in 
real time” possible modifications in regional cerebral blood flow.

 5. The dialysis disequilibrium syndrome (DDS) can occur in any patient under 
RRT, but it is observed more frequently when patients are exposed to their first 
RRT session, when control of the rate of urea removal is crucial.

68.1  Introduction

Acute kidney injury (AKI) is a common and multifactorial syndrome characterized 
by rapid progressive loss of kidney excretory function, typically manifested by the 

C. N. Rodríguez (*) 
Intensive Care Medicine, Hospital Nacional Prof. Dr. A. Posadas, University of Buenos Aires 
(UBA), Neurointensive Care Section - ESICM, Neurointensive Care Section - AMCI, 
Neurointensive Care Committee - FEPIMCTI, Member of ESNCH, Buenos Aires, Argentina
e-mail: camilo.rodriguez@nesccco.com 

J. Cerdá 
Nephrology Division, Department of Medicine, Albany Medical College, Albany, NY, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81419-9_68&domain=pdf
https://doi.org/10.1007/978-3-030-81419-9_68#DOI
mailto:camilo.rodriguez@nesccco.com


1076

accumulation of waste products of nitrogen metabolism (urea and creatinine), 
decreased production of urine, or both.

The onset of AKI imposes a heavy burden of disease (morbidity and mortality) 
and high health system costs (Fig. 68.1). In the intensive care unit, the incidence of 
AKI is as high as 30–65% of the admissions (15–60% mortality) and 50–70% of 
patients require some type of RRT during the ICU stay. Among patients hospitalized 
outside of the ICU, AKI incidence reaches 5–20% [1–6].

The central nervous system (CNS) and the kidneys have a strong interconnection 
as a “Brain-Kidney binominal”. The CNS regulates renal blood flow, glomerular 
filtration rate (GFR), and affects renal water and sodium handling. Vasopressin hor-
mone is secreted from the hypothalamo-pituitary axis and acts on the distal nephron 
to regulate water balance and serum osmolality [7, 8] (Tables 68.1 and 68.2; 

Normal Renal Function

Complications

↑Risk of
AKI

↓GFRAKI Renal Failure
(RRT)

Death
C.N.Rodriguez 2019

Fig. 68.1 Clinical evolution of AKI. GFR Glomerular filtration rate, AKI Acute kidney injury, 
RRT Renal replacement therapy

Table 68.1 How acute brain injury affects the kidney

Mechanism Pathway Clinical consequence

Neuroinflammation Increase of cytokines Cascade of Inflammatory events (Multiorgan 
failure, BBB damage, etc.)

Sympathetic activity Increase of 
catecholamines

Systolic hypertension, haemolysis, red cell 
thrombi in the glomeruli

Hypothalamo-pituitary 
axis
(HPA)

Decrease of 
vasopressin

Electrolyte and fluid disturbances:
 (Water balance and serum osmolality)
   Central neurogenic diabetes insipidus
   Inappropriate secretion of antidiuretic
   Cerebral salt-wasting syndrome

BBB Blood-brain-barrier, ICP Intracranial pressure, AKI Acute kidney injury

Table 68.2 How acute kidney injury (AKI) has its effect on Brain

Mechanism Pathway Clinical consequence

Inflammation 
(AKI)

Increase of cytokines Cascade of inflammatory events (Multiorgan 
failure, BBB damage, endothelial injury)

Sympathetic 
activity

Increase of 
catecholamines

Systolic hypertension, encephalopathy, edema, 
ischemia, coma.

Acid-Base 
Disturbance

Uremia acidosis 
hyperosmolar status

Cerebral Edema (increase of ICP)
Impairment of cerebral function
Delirium, stupor, coma

BBB Blood-brain-barrier, ICP Intracranial pressure, AKI Acute kidney injury
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Figs. 68.2 and 68.3). The incidence of acute renal dysfunction and renal failure after 
acute brain injury is reported to range between 8–23% and 0.5–0.8%, respec-
tively [7].

Among AKI patients requiring RRT, current evidence has not demonstrated 
superiority of any modality of renal replacement therapy.

A large meta-analysis [9] comparing intermittent renal replacement therapy 
(IRRT) with continuous renal replacement therapy (CRRT) showed no significant 
differences between the two techniques on length of hospital stay, recovery of renal 
function, and mortality [1]. The choice of one modality over another should be 
based on the individual characteristics of each patient, their comorbidities, and local 
hospital expertise.

Within the intensive care unit (ICU), the patient with acute brain injury (ABI) 
(including ischemic stroke, intracerebral hemorrhage, subarachnoid hemorrhage, 
and traumatic brain injury) belongs to a population of critical patients in whom the 
management of AKI and the possible establishment of some type of RRT must con-
sider the possibility of secondary brain injury and its pathophysiological variables: 

Neuroinflammation
Increase Sympathetic

Nervous system
activity

HPA Axis
(Vasopresin)

C.N.Rodriguez 2019

BRAIN INJURY

KIDNEY

Fig. 68.2 Brain injury: Mechanisms of damage to the kidney. HPA Hypothalamic-pituitary- 
adrenal axis

KIDNEY

BRAIN

Systemic
Inflammation

Cytokin
Uremia

Acidemia

Hyperosmolar state

C.N.Rodriguez 2109

Increase
Cathecolamines

Fig. 68.3 Kidney dysfunction: Mechanism that affect the brain
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cerebral blood flow (CBF), cerebral perfusion pressure (CPP), and intracranial pres-
sure (ICP). These treatment end points can be seriously affected by RRT. Therefore, 
an adequate selection of RRT modality will contribute to avoid or worsen secondary 
brain injury, and therefore, severely impact clinical outcome [10].

In this chapter, we will highlight the changes in cerebral hemodynamic varia-
tions in direct relation with the application of RRT in the ICU, and the clinical and 
technical circumstances to be considered at the time of prescription and 
surveillance.

68.2  Acute Kidney Injury and Renal Replacement Therapy

The most frequent causes of AKI in the neuro-ICU are shown in Table 68.3.
After the diagnosis of AKI, the ICU multidisciplinary team should define the 

most appropriate therapeutic plan considering the clinical situation of the patient 
and its potential benefits and complications (Table 68.4) [14].

68.3  Renal Replacement Therapy and Changes 
in the Cerebral Blood Flow

One objective of dialysis treatment is to normalize the blood plasma electrolytes 
and remove waste products such as urea and creatinine from blood. RRT, in any of 
its modalities, will present an electrolyte modification that in time will directly 
affect cerebral hemodynamics, promoting clinically significant modifications for 
the patient with acute neurological injury.

Serum urea concentration declines rapidly in comparison to reduction in urea 
concentration in the brain (as time is required for urea to move across cell mem-
branes through urea transporters). This osmolality gradient between serum and 
brain results in the movement of water down the concentration gradient, leading to 
cerebral edema.

Table 68.3 Most common causes for AKI in the Neuro-ICU (NICU) [11–13]

Causes of AKI

Sepsis Trauma Brain Injury (TBI)
Rhabdomyolysis Other Acute brain Injury (SAH,ICH)
Propofol Infusion Syndrome (PRIS) Hyperosmolar Therapy (Sodium)
Status Epilepticus Hyperosmolar Therapy (Mannitol)
Pharmacology (Nephrotoxicity) Hypotension (decrease MAP)

MAP Mean arterial pressure, SAH Subarachnoid hemorrhage, ICH Intracerebral hemorrhage, AKI 
Acute kidney Injury

C. N. Rodríguez and J. Cerdá
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68.3.1  Worsening Cerebral Edema: Mechanism

Disequilibrium dialysis syndrome (DDS) can be an explanation of the cerebrovas-
cular events and acute neurological deterioration resulting from the RRT [15]. 
Especially when the RRT efficiency is greater (elevated solutes and fluids removal 
rate). Although DDS-related mortality is not frequent, this syndrome can be a deter-
mining factor in the final outcome of the patient in certain clinical circumstances 
[16–18]:

 1. First session of RRT with sessions < 2 hours
(High urea removal rate: great changes in the [Urea]p*)

 2. RRT with high efficiency
Large area filters and aggressive removal of [Urea]p: High urea reduction 

ratio (URR) [Urea]p > 40% in 2 hours [18–21] (Eq. 68.1)

Table 68.4 ICU multidisciplinary team checklist for RRT indication

Pathology Neuro-critical patient
Non neuro-critical patient
Hemodynamic stability

Timing (classical criteria) Hyperkalemia (>6.5 mmol/L or a rapid increase)
Refractory fluid overload
Metabolic acidosis
Clinical signs of uremia
Other causes (Intoxication)

Vascular access RIJV (Elective)
LIJV
Subclavian
Femoral

RRT modality Intermittent
Continuous
Hybrid

Membrane Patient’s body surface and RRT Dose
Dialysate [Na++]/[NaHCO3

−]
RRT dose ml/kg/hour
Laboratory [Urea]p [Urea]p Pre-RRT
Anticoagulation Systemic (UFH-LMWH)

Regional (Citrate)
Without anticoagulation

Fluid Balance With ultrafiltration/without ultrafiltration
Weaning of the RRT Recovery of diuretic rhythm (>400 ml/day)

Improvement of creatinine clearance (>20 ml/min)

RRT Renal replacement therapy, UFH Unfractioned heparin, LMWH Low molecular weight hepa-
rin, [Urea]p Urea plasmatic concentration, RIJV Right internal jugular vein, LIJV Left internal 
jugular vein

68 Cerebral Hemodynamic Monitoring and Renal Replacement Therapy (RRT…
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 3. Patient with chronic kidney disease (CKD)
 4. Previous neurological impairment
 5. [Urea]p > 175 mg/dl

*[Urea]p: plasmatic urea concentration

Urea Reduction Ratio (URR):
 Pre - dialysis Urea p Post - dialysis Urea p Pre - dia[ ] [ ]( )∗∗– / llysis Urea p[ ] ×100

(68.1)
Recommended value: < 0.4 (40%)
**Measured 5 minutes after the end of dialysis [22].
Due to a shift in plasma osmolarity, a rapid or excessive change in the electro-

lytes can lead to complications like cardiovascular instability, disequilibrium dialy-
sis syndrome, cardiac arrhythmias, cerebral edema, etc., especially for critically ill 
patients in the ICU. Since the exchange velocity of the electrolytes mainly depends 
on the concentration gradients across the dialysis membrane between blood and 
dialysate, it can be controlled by an individualized composition of dialysate concen-
trations. In order to obtain a precise concentration gradient with the individualized 
dialysate, it is necessary to continuously monitor the plasma concentrations, which 
becomes more important when we are treating a neurocritical patient [22].

The most frequent clinical manifestations of DDS, in a conscious patient, are 
usually mostly neurological as a surrogate of intracranial hypertension: (a) nausea, 
(b) vomiting, (c) anorexia, (d) headache, (e) encephalopathy, (f) seizures, and (g) 
coma (herniation).

In the ICU, with the patient under sedation and analgesia, clinical interpretation 
is more difficult. However, the “real time” approach by TCCS neuroimaging next to 
the patient’s bed is a valuable option.

In the DDS and its apparent pathophysiology (since there are no certainty mech-
anisms), we can define three dynamic situations that convert it into a multifactorial 
metabolic complication with clear cerebrovascular impact [15]:

 A. Effects by the correction of the [Urea]p
(It is important to know the plasmatic urea kinetics, which depends on the 

blood flow rate and the time of initiation of RRT) [21] (Fig. 68.4; Eq. 68.1)
 B. Presence of ideogenous osmoles

(In the neuron)
 C. Intracerebral acidosis

RRT is associated with increased ICP in neurocritically ill patients. The magni-
tude of the increase in ICP may be related to higher initial plasma urea levels 
[23, 24].

C. N. Rodríguez and J. Cerdá
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68.3.2  Pathophysiological Mechanism of Disequilibrium 
Dialysis Syndrome

Although the mechanisms involved in the DDS are uncertain [25, 15], the patho-
physiological events (hemodynamic and metabolic) are dynamically interrelated to 
contribute to the indirect changes in CBF and CPP, by means of direct changes in 
ICP in the patient with acute brain injury and AKI.

 2.1 Changes in the Osmotic Gradient and Modification of the CBF
The efficiency of the RRT promotes a decrease in [Urea]p and an increase in 

[HCO3−]p with the consequent decrease in pH in the cerebrospinal fluid 
(increase (↑) H2O and increase (↑) CO2), promoting cerebral edema (decrease 
intracellular pH with increase in H+ and increase in ideogenous osmoles), then 
decrease in CPP, then increase in ICP with a fall of the CBF, then Ischemia, and 
greater cerebral edema [10, 21] (Fig. 68.5a, b).

The dialysate bicarbonate concentration also plays a potential role in cere-
bral edema and acute brain injury. During hemodialysis, as the serum bicarbon-
ate level and arterial blood pH rise, there is paradoxical intracellular acidosis 
(Fig. 68.5a). The intracellular acidosis leads to neuron swelling and cerebral 
edema [26].
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Fig. 68.4 Blood urea nitrogen (BUN) kinetic. SLED Sustained low efficiency dialysis (Green 
line), IHD Intermittent hemodialysis (Red line), CVVH Continuous veno-venous hemodialysis 
(Gray line)
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 2.2 Cerebral Edema: Pathophysiology
Osmolar shift in dialysis. Secondary to the acute modification of plasma  

osmolarity by hemodialysis. Thus, this osmolar change causes an acute  
increase in brain water and a reduction in the distensibility of  
the brain parenchyma [27].

68.3.3  Differential Diagnosis

The symptoms of DDS that may present during the course of RRT are not specific 
to this syndrome, so alternative differential diagnoses should be considered:

 (a) Subdural hematoma
Monitoring by TCCS: B-mode (brain parenchyma)

 (b) Uremia
 (c) Hyperosmolar nonketotic coma
 (d) Ischemic stroke/intracerebral hemorrhage

Monitoring by TCCS: B-mode (brain parenchyma)

• Size of hematoma
• Location of hematoma
• Mass effect (midline shift)

Monitoring by TCCS: Color Doppler and spectral Doppler waveform
 (e) Hypoglycemia
 (f) Hypertensive emergency

start of
dialysis

capillarya bcerebrospinal fluid brain capillary cerebrospinal fluid brain

HCO3
– HCO3

–

HCO3
–HCO3

–

↑HCO3
–

↑pH ↓pH ↓pH
↑H+

↑Idiogenic osmoles

↓pH
↑H+

↑Idiogenic osmoles

H2O
+

CO2

H2O
CO2

H2O H2O

during
dialysis

end of
dialysis

start of
dialysis

Urea

Urea Urea

Urea Urea

Urea

↓ ↓ Urea ↓Urea ↓ Urea
↑ Idiogenic osmoles

↑Osmolality↓Osmolality ↑Osmolality

during
dialysis

end of
dialysis

Fig. 68.5 Metabolic changes and Neurological impact during RRT: (a) During hemodialysis, 
plasma bicarbonate (HCO3

−) level rapidly increases, but bicarbonate cannot readily pass across the 
BBB, whereas carbon dioxide (CO2) diffuses rapidly. The initial increased passage of carbon diox-
ide into the CSF and brain leads to a reduction in pH (Henderson-Hasselbach equation), and intra-
cellular acidosis results in the breakdown of intracellular proteins to create idiogenic osmoles that 
create an osmotic gradient for water movement into the brain. (b) Pathogenesis of dialysis disequi-
librium syndrome caused by increased removal of plasma urea, with slower removal from CSF and 
brain tissue, thus setting up an osmotic gradient with passage of water from the relatively hypo-
tonic plasma to the relatively hypertonic brain, causing brain edema. (Courtesy: Davenport [10]). 
BBB Brain blood barrier, CSF Cerebro-spinal fluid, RRT Renal replacement therapy
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 (g) Hyponatremia
 (h) Hypophosphatemia

In the clinical context of a critical patient, it is recommended to rule out any 
complications of primary neurological pathology or a secondary neurological com-
plication before considering DDS as the primary cause of patient deterioration.

68.4  Pathophysiological Mechanism of RRT

68.4.1  Systemic Hemodynamics Changes: Impact on the CBF

 1.1 Hemofiltration (many times without adequate fluid replenishment) during RRT 
promotes episodes of MAP drop with increase in rheological changes and 
plasma viscosity (η) with evidence of decrease in CPP with a consequent drop 
of regional CBF (CBFR), then ischemia, and greater cerebral edema [28] 
(Fig. 68.5).

 1.2 After MAP decreases (due to ultrafiltration) in a patient with impaired CA, CPP 
decrease is evidenced with a consequent drop of CBFR, then ischemia, and 
greater cerebral edema occurs (Fig. 68.6).
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Fig. 68.6 Relationship of the mean arterial pressure (MAP) and the ICP during the session of 
intermittent RRT after hemofiltration. The arrow (orange) shows the MAP drop, which shows an 
increase in the ICP (red arrow). (Courtesy: Modified of AJKD, Davenport [10])
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68.4.2  Clinical Results

The sum of the hemodynamic and metabolic events, secondary to the implementa-
tion of RRT in the patient with acute brain injury (ABI) and AKI, has as a clinical 
result the development and perpetuation (if treatment does not occur) of cerebral 
edema and its consequences at the cerebrovascular level (Fig. 68.7).

In the clinical context of a patient with acute brain injury, we must carefully 
analyze and evaluate the RRT modality selection and serum urea concentration.

Perform a real-time neurological monitoring by TCCS of cerebral hemodynam-
ics pre-RRT, during RRT, and post-RRT.

 2.1 Maintenance of Cerebral Perfusion
The cerebral perfusion pressure (CPP) is dependent on a stable mean arterial 

pressure and ICP changes (cerebral edema). RRT reduced CBF even in stable 
patients undergoing routine maintenance hemodialysis treatment (manifesting 
itself in cerebral blood flow velocities through TCD/TCCS). Maintenance of 
hemodynamic stability (avoidance of intradialytic hypotension) prevents fur-
ther worsening of ABI. Thus, the ultrafiltration rate and total fluid volume need 
to be prescribed cautiously.

It has been postulated that the CT brain scan showed increased brain water 
content after IRRT (cerebral edema), whereas no such changes were observed 
after continuous renal replacement therapy (CRRT) [29].

 2.2 Cerebral Microembolism in Critically Ill Patient
It is postulated that during intermittent renal replacement therapy (IRRT) 

and continuous renal replacement therapy (CCRT) used in intensive care units 
to support an AKI, there may be a greater predisposition to cerebral microem-
bolism with a higher incidence of cerebrovascular injury (ischemic brain injury) 
and/or neurodegenerative disease.

There are two hypotheses (interrelated) about the physiopathology of cere-
bral microembolism during RRT:

Systemic hemodynamic changes

Brain
Parenchima?

RRT

TCCS
(B-Mode)

TCCS
(Spectral Doppler)

Plasmatic Osmotic Changes
↓ MAP

CEREBRAL EDEMA

↓ CBF ↓ CPP

↑ ICP ↑ PI

↑ PSV ↓ EDV ↓ MFV

C.N.Rodriguez 2109

Fig. 68.7 Clinical repercussion of the Renal Replacement Therapy (RRT). CBF Cerebral blood 
flow, CPP Cerebral perfusion pressure, ICP Intracranial pressure, TCCS Transcranial color-coded 
duplex sonography, PI Pulsatility index, MAP Mean arterial pressure, EDV End diastolic flow 
velocity, MFV Mean flow velocity, PSV Peak systolic flow velocity, ↑ increase, ↓ decrease
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 2.2.1 Microbubbles Generation: (Gaseous)
The generation of microbubbles in the hemodialysis circuit is related 

to the blood flow rate and associated arterial and venous pressure changes 
(cavitation). Therefore, caution must be taken with the high blood flow 
rates and high dynamic pressure gradient.

 2.2.2 Clot Generation: (Solid Particles [Fibrin])
Direct effect of microbubble in the microcirculation. High pressure on 

the endothelial cells results in activation of coagulation cascade and clot 
formation. These effects may contribute to, in some clinical situations, 
insufficient anticoagulation and/or altered biocompatibility.

These assumptions will be ratified or rectified with the forthcoming publication 
of the results of the COMET-AKI study [30].

• TCD/TCCS(1)

 – Detection of microembolic signals (MES) in the cerebral circulation

Acoustic window: transtemporal
Approach

• Continuous (TCD head frame)
• Intermittent (bilateral TCD/TCCS)

Measurement: MCA

(1)For more details, see Chap. 37.

68.5  Neurocritical Patient and Renal Replacement 
Therapy (RRT)

ICU team and nephrologists should be familiar with prescription modifications that 
are important to safely provide dialysis care for such patients with acute brain 
injury, which is associated with risk of worsening cerebral edema. Prescription 
modifications could minimize changes in serum urea limiting water movement and 
brain edema.

The modalities of RRT most used today include intermittent (IRRT), continuous 
(CRRT), hybrid (HRRT), and peritoneal dialysis (PD).

The choice of one RRT modality over another requires analyzing some charac-
teristics (Table 68.5):

 1. Technique

 1.1 RRT modality
 1.2 Filter efficiency
 1.3 RRT dose
 1.4 RRT Intensity

68 Cerebral Hemodynamic Monitoring and Renal Replacement Therapy (RRT…
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Table 68.5 Considerations of the ICU multidisciplinary Team: Renal replacement therapy (RRT) 
in the neuro-critical patient

Considerations of 
AKI
(RRT)

Variables
(RRT) Therapeutic considerations in the Neuro-critical patient

Modality/
Duration of RRT
(Hours)

1.  Intermittent 
(3–5 hours/
day)

2.  Continuous 
(18–24 hours/
day)

3.  Hybrid 
(8–12 hours/
day)

4. Peritoneal

Consider: The impact of the solute removal rate (solutes/
time) on plasma osmolarity. The CRRT is the most 
recommended in the critical patient with hemodynamic 
instability and in the Neuro-critical patient. The Hybrid 
modality can be a good alternative option in these 
patients population. Attention in the peritoneal dialysis 
(PD) where intra-abdominal instillation of large fluid 
volumes (>2 L) can compromise lung function (basal 
atelectasis) with decreased oxygenation (increase 
PaCO2) and there are reports that increased intra- 
abdominal pressure may contribute to ICP increase [31].

Timing
(When?)

1.  Fluids overload 
(Resistant to 
Diuretics)

2.  Hyperkalemia 
(>6.5 mmol/L)

3.  Metabolic 
acidosis

4. Uremia
5.  Oliguria/

Anuria
6. Sepsis
7. Intoxication
8.  Electrolytes 

disturbance
9. Others

The classic indications to iniciate RRT should always be 
considered at the same time as the clinical status of the 
patient, his/her hemodynamic stability and his/her 
critical pathology to determine the most appropriate time 
of its onset and duration.

Permeability of 
membrane
(Filter/flow)

1. High flow
2. Low flow
3. Surface area

Consider: Starting the RRT session with low flow and 
gradually increasing flow is a recommendation that 
allows monitoring in ¨real time¨ the patient’s tolerance to 
the chosen therapy modality. Try to avoid large areas of 
filter surface initially.

Anticoagulation 1.  Systemic 
(UFH-LMWH)

2.  Regional 
(Citrate)

3.  Without 
anticoagulation

Caution with systemic anticoagulation in patients with 
high probability of bleeding (SAH, ICH, TBI, ischemic 
stroke, etc.). Evaluate the most convenient type of 
coagulation (systemic vs. regional) or consider a 
modality that does not require anticoagulation. Systemic 
anticoagulation with heparin or similar agents should be 
avoided due to the high risk of bleeding and 
complications.

Dialysate 
solutions
(Sodium and 
sodium 
bicarbonate)

[Na++]/
[NaHCO3

−]
An adequate [Na++] in the dialysate is very useful for 
intradialytic arterial hypotension management and thus 
obtain the least possible impact in the fall of the CBF 
and the CPP. Dialysate [NaHCO3

−] is a great osmotic 
determinant of intracerebral pH. A dialysate rich in 
NaHCO3

−, increases the chances of developing cerebral 
edema and increased ICP.
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 2. Administrative and management issues

 2.1 Availability in the health center
 2.2 Experiences of medical staff

 3. Clinical status of the critical patient in ICU

 3.1 Hemodynamic stability
 3.2 Comorbidities of the patient
 3.3 Type of critical pathology

Within the critical pathology of the patient, acute brain injury (subarachnoid 
hemorrhage, intracerebral hemorrhage, TBI, etc.) is a special clinical scenario. 
In this scenario, we must consider the secondary neurological injury when 
selecting the most appropriate RRT modality for the patient’s clinical 
moment [32].
Fluid movement and osmotic changes usually occur through the blood-brain bar-

rier (BBB) and the intravascular compartment during RRT, so patients with acute 
brain injury have a greater risk or susceptibility to changes in ICP.

The kinetics of urea and its plasmatic concentration changes during RRT lead the 
gradients that will determine the directions of the intravascular fluid movement to 
the cerebral parenchyma or vice versa.

Table 68.5 (continued)

Considerations of 
AKI
(RRT)

Variables
(RRT) Therapeutic considerations in the Neuro-critical patient

Vascular access 1.  Internal Jugular 
vein (R)

2.  Internal Jugular 
vein (L)

3. Subclavian
4. Femoral

Evaluate the potential hemodynamic impact on drainage 
of the cerebral venous system through the internal 
jugular veins in the Neuro-critical patient. Jugular 
accesses can hinder cerebral venous drainage and 
promote an increase ICP, CBF compromise and decrease 
the CPP. Consider catheter placement under ultrasound 
guidance.

Ultrafiltration
(ml/hour)

1. Yes
2. No

A high rate (ml/min) of ultrafiltration can predispose the 
patient to hemodynamic instability situation with drop in 
Cardiac Output (CO) and hypotension. Context that 
predisposes to CBF and CPP fall.

Filter 
performance

1. Efficiency
2. Intensity
3. Effectiveness

Carefully assess the Urea removal rate. A removal >40% 
of the basal [Urea]p in the first session can precipitate an 
increase the Cerebral volume (Cerebral Edema). ICP 
increase, CBF and CPP decrease.

RRT Renal replacement therapy, SAH Subaracnoid hemorrhage, ICH Intracerebral hemorrhage, 
TBI Trauma brain injury, ICP Intracranial pressure, CPP Cerebral perfusion pressure, CBF 
Cerebral blood flow, [Urea]p Plasmatic urea concentration, UFH Unfractioned heparin, LMWH 
Low-molecular Weight heparin, CRRT Continuous renal replacement therapy
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68.5.1  Intermittent Renal Replacement Therapy (IRRT)

The IRRT is the most commonly used modality both in patients with CKD in hemo-
dialysis and in patients with the AKI syndrome, inside or outside of the ICU.

The IRRT modality in its three most used modalities – hemodialysis, hemofiltra-
tion, and hemodiafiltration – is often the technique selected and considered at the 
beginning that adjusts to the experience and resources of the center.

IRRT utilizes the transport of solutes by simple diffusion, where the dialysate 
solution creates a concentration gradient across the semipermeable membrane of 
the filter. This technique is highly effective and rapid, resulting in sudden changes 
in the osmotic gradients and the plasma solutes concentration [33].

In most patients with AKI syndrome, inside or outside the ICU, IRRT is often the 
first choice of modality. However, we know that there are no significant differences 
in days of hospital stay, renal function recovery, and mortality with respect to CRRT 
[33]. But if the patient has a sustained severe acute brain injury, this choice becomes 
more complex, and special considerations have to be taken into account [10] 
(Table 68.6).

In this population of patients, the choice of the appropriate RRT and the objec-
tive of the treatment focus on the prevention and/or avoidance of precipitation of 
secondary brain injury, the adequate maintenance of cerebral hemodynamic param-
eters such as CBF and CPP, with an adequate control of the ICP. These treatment 
and monitoring objectives are affected by RRT. Patients with acute brain injury are 
very sensitive to abrupt changes in plasma osmolarity, which is why IRRT would be 
an inadequate treatment modality (cerebral edema, herniation, etc.) [34, 35].

In the neurocritical patient, the loss of the cerebral autoregulation is frequently 
impaired to a passive variation of CBF and CPP in the direction of MAP changes. 
In this context, episodes of arterial hypotension occurring during IRRT (due to 
either excessive ultrafiltration and/or inadequate dialysate solute concentration) 
produce a marked fall in CPP and a fall in velocities in the middle cerebral artery 
with an increase in ICP [28, 36].

Table 68.6 Strategy for IRRT

Strategy for IRRT

1. Smaller dialyzer surface area
2. Reduce blood and dialysate flow rates
3. Shorter session
4. Cooler dialysate temperature for better hemodynamic stability
5. Avoid high ultrafiltration to prevent hemodynamic instability (reduce CPP)
6. Regional Citrate (if anticoagulation is needed)
7. Consider frequent IRRT to maintain serum Urea at lower range and minimize rapidly changes
8. Lower dialysate bicarbonate to avoid the rapid rise in arterial pH
9.  Higher dialysate sodium, calcium, and potassium for better hemodynamic and serum 

osmolality support.

CPP Cerebral perfusion pressure, IRRT Intermittent renal replacement therapy
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However, the selection of one modality over the other should be based on the 
individual characteristics of each patient, their clinical status, and the experience of 
the center. The focus is on minimizing changes in serum osmolality and maintaining 
cardiovascular stability.

68.5.2  Continuous Renal Replacement Therapy (CRRT)

During admission and stay in the ICU, acute tubular necrosis (ATN) behaves as the 
most common cause of AKI in the hospital setting, with a multifactorial cause, 
whose pathophysiology results from ischemia and/or tubular nephrotoxicity. In the 
course of ATN (in its extension and/or maintenance phase), a percentage of patients 
at some point in its evolution will need RRT for the management of metabolic 
complications.

In most cases, the nephrologist, as a member of the ICU multidisciplinary team, 
will manage AKI with intermittent modality renal replacement therapy. One of the 
most prominent disadvantages is the risk of hypotension that occurs between 20% 
and 30% of the patients. However, there is a 10% of patients with AKI who do not 
tolerate the intermittent RRT modality (hemodynamic instability), so that continu-
ous RRT becomes an option [37].

CRRT is a modality support that is indicated for the patient population in which 
intermittent therapy is not well tolerated.

Patients with AKI and acute neurologic injury (ischemic stroke, SAH, intracere-
bral hemorrhage, TBI, etc.), as well as those with hemodynamic instability, repre-
sent a critical patient population in which the planning of the RRT requires special 
considerations [1].

Treatment and support should be focused on preventing secondary brain injury, 
maintenance of an adequate CBF, and optimizing CPP as well as maintaining an 
adequate ICP, understanding that the RRT (whichever is chosen) can have a signifi-
cant impact on these cerebrovascular variables.

Neurocritical patients are patients whose vascular-brain physiology is frequently 
altered, from proinflammatory processes in favor of cerebral edema and changes in 
the ICP (hence, the great sensitivity to plasma osmotic changes) to the loss of cere-
bral autoregulation and passive CBF changes following ABP changes, leading to 
ischemia or hyperemia.

We propose that CRRT should be the preferred RRT modality to support AKI in 
patients with acute neurological injury based on its neurological impact. The advan-
tages and disadvantages of the modality are shown in Tables 68.7 and 68.8.

The selection of the RRT modality in the critically ill patient with acute neuro-
logical pathology should consider the prevention of secondary brain injury. The 
KDIGO guidelines recommend the use of CRRT for patients with ABI [38].
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68.5.3  Hybrid Renal Replacement Therapy (HRRT)

Hybrid renal replacement therapy (HRRT) is a combination of characteristics 
between IRRT and CRRT, becoming a very good alternative to the intolerance and/
or inaccessibility to these techniques:

• Use of standard machines and supplies commonly used in the sessions pro-
grammed for the CKD patients.

• It is a “discontinuous” therapy, given that its duration generally ranges from 6 to 
18 hours. (Will depend on dialysate flow and/or patient tolerance.)

Table 68.7 AKI/ABI: Neurological impact of the CRRT

Continuous renal replacement therapy (CRRT)
CRRT performance Monitoring variable

Greater Hemodynamic Stability with less impact on 
Cardiac Output.
(More time per session: Less fluid removal rate)

MAP
(Greater control of hypotension)
CBF
(Less impact in cerebral hemodynamics)

Greater control of abrupt changes in plasma 
osmotic gradients.
(Control of [Urea]p, [Na++]p, [NaHCO3

−]p: Less 
water diffusion to the brain)

CPP
(Less impact in cerebral perfusion)
ICP
(Greater control of ICP increases: 
Decrease Cerebral Edema)

Greater control over secondary brain injury

MAP Mean Arterial Pressure, CBF Cerebral Blood Flow, CPP Cerebral Perfusion Pressure, ICP 
Intracranial Pressure, [NaHCO3

−]p Sodium bicarbonate plasmatic concentration, [Na++]p Sodium 
plasmatic concentration

Table 68.8 CRRT: Advantages and disadvantages

Advantages Disadvantages

Lower solute transport rate. The patient persists immobilized.
(Prevents the early mobilization of the 
critical patient in the ICU)

24 hours duration
(Remove more solutes than the IRRT)

Need systemic anticoagulation
(UFH – LMWH)

Fluid removal is slower
(Greater hemodynamic control (lower episodes of 
hypotension) and better control of fluid balance)

Higher health costs
(Average of U$s 474/day)

Ability to adjust the patient’s treatment when 
required.
(Ultrafiltration, TTM, etc.)

Medical/nursing ICU staff trained in the 
CRRT technique.
(Attention: It is a continuous 
extracorporeal circulation technique.)

CRRT Continuous renal replacement therapy, IRRT Intermittent renal replacement therapy, TTM 
Target temperature management, UFH Unfractioned heparin, LMWH Low-molecular 
weight Heparin
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• The therapy time is longer than in the IRRT. Removal of solutes and fluids slower 
than intermittent RRT and faster than continuous RRT. (It will be variable accord-
ing to the “clinical moment” of the patient and their needs.)

• Less health costs.

 3.1 Type of HRRT most commonly used
SLED (sustained low-efficiency dialysis)

 3.2 Characteristics of the HRRT [39]

 (a) Adequate electrolyte and acid-base control

 (a.1) [Urea]p
 (a.2) [NaHCO3

−]p

 (b) Accuracy in ultrafiltration objectives without arterial hypotension

 (b.1) Great hemodynamic control
 (b.2) Net ultrafiltration rate is determined by patient’s need and hemody-

namics stability

 (c) Good acceptance by the nursing staff

 (c.1) Nursing availability: patient in ICU can be 2:1
(Different with respect to continuous RRT that requires a 1:1 ratio.)

 (d) Less health costs

 (d.1) Less logistics

 (e) Possibility of night programming

 (e.1) Allows the possibility of working with the patient in ICU dur-
ing the day

Hybrid RRT is a proven alternative for patients with acute brain injury where 
sudden changes in plasma osmolarity and urea concentration can deepen neurologi-
cal damage [36].

Critical patients with hemodynamic instability also benefit from this type of 
renal replacement therapy over classic intermittent therapy.

68.5.4  Peritoneal Dialysis (PD)

Peritoneal dialysis is a technique of controversial utility in critically ill patients with 
acute brain injury and AKI. Although it is a technique with slower solute clearance 
than hemodialysis in all its versions, we must consider certain characteristics of the 
patient and/or the technique before its indication [40–42] (Table 68.9).

We cannot recommend the routine use of this RRT technique in the neurocritical 
patient. It could become a strong alternative if the ICU multidisciplinary does not 
have other RRT techniques. However, the ICU team must strictly control the tech-
nique implemented (time, replacement, volumes, etc.) and the patient’s response.
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Remember the potential cerebral hemodynamic changes through repeated 
intraabdominal pressure changes.

The strategy of selecting RRT for the patient with acute brain injury must be 
individualized for each patient and each clinical circumstances, accessibility, and 
experience of the center. The RRT modality that gives the patient the greatest ben-
efits without precipitating the secondary brain injury should be considered.

68.6  Renal Replacement Therapy and Neurocritical Patient: 
Usefulness of TCD/TCCS

Transcranial color-coded duplex ultrasonography (TCCS) allows the visualization 
of intracerebral arteries and veins through the skull by color coding of blood flow 
velocity and the most important brain parenchyma structures by B-mode ultrasound. 

Table 68.9 Peritoneal dialysis and some considerations

Considerations

Pathology of the 
patient

In the patient with acute brain injury, neurological damage can be deepened 
by changes in abdominal, intrathoracic and cerebral pressures.
We suggest that the ICU interdisciplinary team consider the costs and benefits 
of this technique in the patient with acute brain injury.

Dialysate 
solution

Important to consider:
   1. [NaHCO3

−]d
   2. [Glusose]d
   3. [Na++]d
The concentrations of these three solutes should be closely monitored. High 
levels of sodium bicarbonate, low levels of sodium and episodes of 
hyperglycemia (due to daily exposure) can promote secondary brain injury. 
Glucose can be changed by a more compatible option such as Icodextrin, 
which provides a lower glucose load.

Refill volumes Consider the daily replacement volumes, where replacements with a volume 
>2 liters can have important hemodynamic repercussions due to the 
generation of an intraabdominal hypertension (IAH):
   1. Reduction of intracerebral venous drainage.
   2. Increment of the ICP and decrease of the CPP.
   3.  Reduction of venous return to the right atrium with the consequent fall in 

cardiac output and decrease in MAP; Decrease CPP.
   4. Ventilation/Perfusion alterations with increase PaCO2; Increase ICP.
   If the technique is used, replacement volumes <2 liters are recommended.

Replacement 
frequency

The frequency of refilling determines the time of exposure of the patient to 
the solutes of dialysate and their concentrations (hyperglycemia, 
hyponatremia, etc.) as well as repeated changes in intra-abdominal pressure. 
These changes of the internal environment and of the pressures (mechanical) 
can deepen the neurological lesion.

CPP Cerebral perfusion pressure, ICP Intracranial pressure, MAP Mean arterial pressure, IAH 
Intraabdominal hypertension, PaCO2 Arterial carbon dioxide, [NaHCO3

−]d Sodium bicarbonate 
dialysate concentration, [Na++]d Sodium dialysate concentrate, [Glucose]d Glucose dialysate con-
centration
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On the other hand, the “blind” TCD technique is also used, where the scanning of 
the blood flow of the basal cerebral arteries is not performed under visible anatomi-
cal landmarks. We will focus on the TCCS technique as an important and very use-
ful neuroimaging method.

For the development of this technique, the attending physician must follow a 
protocol (see Chap. 14 of the TCCS protocol for more details) to obtain a complete 
study directed to what is sought.

The patient with acute brain injury and AKI should not follow a different proto-
col at the time of conducting the study by TCCS, but we must consider specific situ-
ations in these critical patients. Summary, we expect that the ICU TCCS operator 
will continue with the following steps [43] (Table 68.10):

Table 68.10 TCD/TCCS examination technique (Steps to follow) [45–49]

A. TCD/TCCS steps

1. Select the probe Sector transducer Low frequency (2–3.5 MHz)
2.  Select the 1st acoustic window Transtemporal Axial planes
3. Depth Transtemporal 140–160 mm
B. TCCS steps (B-mode)

1.  Scanning planes 
(Transtemporal window)

Landmarks

1.1 Mesencephalic Mesencephalon (Hypoechogenic “Butterfly”) Basal cisterns 
(Hyperechogenic: Surrounded)
Space-occuping lesions

1.2 Diencephalic Thalamus (Hypoechogenic)
Third ventricle (Hyperechogenic)

1.3 Ventricular Frontal horns of the lateral ventricles (Hypoechogenic)
2.  Scanning (Transorbital 

window)
Landmarks

2.1 ONSD Optic nerve
2.2 PLR Pupil
C. TCD/TCCS steps (Doppler/color-coded/spectral)

1.  Transtemporal acoustic 
window

Circle of Willis/carotid system
(MCA(M1-M2)/ACA(A1)/PCA(P1-P2)/ICA-Siphon)

2.  Transforaminal acoustic 
window

BA/VA

D. TCD/TCCS (Pulse Doppler/color Doppler/B-mode) – Fast track insonation protocol (1)

1.  Transtemporal acoustic 
window

MCA/ACA/PCA

2.  Transforaminal acoustic 
window

BA/VA

3.  Submandibular acoustic 
window

CCC/ICA/ECA

MCA Middle cerebral artery, M1 Segment of MCA, M2 Segment of MCA, ACA Anterior cerebral 
artery, A1 Segment of ACA, PCA Posterior cerebral artery, P1 Segment of PCA, P2 Segment of 
PCA, ICA Internal carotid artery, BA Basilar artery, VA Vertebral artery, PLR Pupillary light reflex, 
ONSD Optic nerve sheath diameter, CCA Common carotid artery, ECA External carotid artery
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(1) Fast-track insonation protocol in acute ischemic stroke. Has been developed 
for rapid TCD/TCCS and carotid ultrasound in parallel with neurological examina-
tion in the emergency setting of acute ischemic stroke (AIS) [50].

68.6.1  TCD/TCCS: What We Should Monitor?

We must be careful and consider some important details in the patient with acute 
brain injury and AKI under RRT; nothing should be left to chance (Table 68.11).

Monitoring, in real time, the cerebral hemodynamic variables and brain paren-
chyma by TCCS during the RRT in the acute brain injury patient will help the ICU 
multidisciplinary team to take an individual clinical decision for each patient, diag-
nosing the complications bedside.

Patient with ABI represents a population which deserves special consideration 
when planning RRT. Treatment should be focused on preventing secondary brain 
injury by maintaining appropriate CBF, CPP, and controlling intracranial pressure, 
essential parameter when treating ABI [10].

Table 68.11 TCD/TCCS variable monitoring in the patient with acute neurologic injury and AKI 
[44, 45–49]

TCD/TCCS variable Monitoring

1. Cerebral blood flow velocities (CBFV) Flow pattern

1.1 Peak systolic velocity (PSV) Low or high resistance?
1.2 Mean flow velocity (MFV)
1.3 End diastolic velocity (EDV)
2. Spectral Doppler waveform analysis Changes and trends
MCA – ACA – PCA – BA – VA – ICA
3. Hemodynamic indexes/ratios

3.1 Pulsatility index (PI) Non-invasive ICP estimation
3.2 Lindegaard ratio (LR) Vasospasm/hyperemia
3.3 Mx (mean flow index) >0.3: Increase ICP/vasospasm
4. Brain parenchyma

4.1 Midline Midline shift: Mass effect
4.2 Intra-extraaxial space-occupying lesions Diagnosis/measurement/monitoring
4.3 Lateral ventricles/3rd ventricle Hydrocephalus: Mass effect
4.4 ONSD ICP estimation/therapeutic response
4.5 PRL ICP estimation: Reactivity
5. Cerebral autoregulation (CA) Preserved/impaired
5.1 Mx (mean flow index) >0.3 (impaired)
6. Cerebral perfusión pressure (CPP) Non-invasive estimation/optimize

ICP Intracranial pressure, ONSD Ocular nerve sheath diameter, PRL Pupillary light reflex
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68.6.2  Neuroworsening: Clinical Situations

68.6.2.1  Cerebral Edema

Elevated ICP may be the final common pathway of acute brain injury. The Monro- 
Kellie Doctrine defines the relationship between the volumes of intracranial compo-
nents. In this case, the increase in brain volume would be the cause. The osmolality 
gradient between serum and brain (uremia) results in the movement of water down 
the concentration gradient, leading to an increased risk for cerebral edema (increase 
in brain water).

• TCD/TCCS

 – Noninvasive ICP estimation

Acoustic window: transtemporal

• Measurements: MCA (bilateral)

 – PW Doppler/color Doppler

Cerebral blood flow velocity (CBFV)

• MFV
• EDV
• PSV

Hemodynamic index

• Pulsatility index (PI)**

**Trends in pulsatility indices (right and left brain hemispheres) during 
hemodialysis may be a useful noninvasive bedside method to monitor for 
dialysis disequilibrium syndrome [27].

• Flow pattern: hypoperfusion (high resistance pattern) (Fig. 68.8) [27]

 – PI >1.4
 – EDV < 20 cm/s
 – MFV < 30 cm/s

Acoustic window: transorbital

• Measurements: ONSD/papilledema

Consider, for the clinical interpretation of cerebral hemodynamics changes it is 
important to monitor the trends (real-time changes in the CBFV) and the analysis of 
spectral Doppler wave morphology.
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68.6.2.2  Noninvasive CPP Estimation

Cerebral perfusion pressure (CPP) is the driving pressure gradient for blood flow to 
the brain, which depends on the changes in the values of the ICP and the MAP.

 CPP MAP ICP= –  

MAP: Mean arterial pressure

Both the decrease in MAP (ultrafiltration) and the increase in ICP (brain edema) 
can be influenced by the RRT technique chosen by the treating team. Therefore, 
much attention should be paid to the variability of CPP in the patient with ABI.

Focusing on noninvasive CPP monitoring via TCD/TCCS, there is a good cor-
relation (r = 0.73) between CPP and CPPe (noninvasive) estimated from the 
MCA insonation (Eq. 68.2) [51].

 
eCPP MAP EDV MFV= ×( ) +/ 14

 
(68.2)

• eCPP: Estimated CPP
• EDV: End-diastolic velocity
• MFV: Mean flow velocity

a

b

c

d

Fig. 68.8 Left and right MCA TCD waveforms during dialysis, shown on the left and right, 
respectively. (a) Baseline immediately prior to dialysis, (b) dialysis hour 1, (c) dialysis hour 2, and 
(d) dialysis hour 3. MFV is reported as the rst value on the left upper corner, PI is reported as the 
third value in the left upper corner. Through dialysis, velocities and waveforms on the left MCA 
stay relatively unchanged, with a slight increase in pulsatility index. On the right MCA, velocities 
are progressively reduced through dialysis, with markedly increased pulsatility index (marked by 
red rectangle) indicating increased distal resistance to flow. (Courtesy: Ghoshal et al. [27])
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68.6.2.3  Cerebral Ischemia

Acute Ischemic Stroke (AIS)

In the context of the critical patient with ABI in RRT, the cause of acute ischemic 
stroke can be multifactorial. Sudden changes in CBF (possibly in the context of 
impaired CA) and/or the risk of cerebral microembolism must be considered.

• TCD/TCCS

 – Fast-track insonation protocol [50](2)

 – Detection of microembolic signals (MES) in the cerebral circulation

(2)For more details, see Chap. 51

Vasospasm: Delayed Cerebral Ischemia (DCI)

TCD/TCCS hemodynamic manifestation of vasospasm in the context of SAH: High 
MFV (cm/s) and high Lindegaard ratio (LR). Therefore, arterial vasospasm is con-
sidered the most common cause of ischemia and clinical deterioration; especially 
delayed cerebral ischemia (DCI). Alterations in CBF and potential electrolyte dis-
turbance during RRT may predispose to this complication in patients with ABI, 
especially if it is an SAH and/or TBI.

• TCD/TCCS:

 – Vasospasm

B-mode: color-coded duplex and PW Doppler
Acoustic window: transtemporal, submandibular, and transforaminal
Arterial CBFV: vasospasm [52]

• MCA
• ICA
• Measurements (anterior circulation)

 – MFVMCA

Mild: 120–159 cm/s
Moderate: 160–199 cm/s
Severe: ≥ 200 cm/s

 – Lindegaard ratio (LR)

LR: <3 (suggestive of hyperemia)
LR: 3–6 (mild-to-moderate vasospasm)
LR: > 6 (severe vasospasm)
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68.6.2.4  Space-Occupying Lesion

Intracerebral Hemorrhage (ICH)

• TCD/TCCS

 – Space-occupying lesion (mass effect)

Hemodynamic manifestations

• Acoustic window: transtemporal (first step) and transforaminal
• Modes

 – TCD: PW Doppler flow and power-motion mode Doppler (PMD)
 – TCCS: color Doppler flow imaging and PW Doppler

• Depth of insonation

 – TCCS: 14–16 cm

 – (To recognize the hyperechoic contralateral skull)
 – TCD: according to the insonated vessel

• Spectral Doppler morphology analysis

 – Middle cerebral artery (MCA)

Bilateral insonation
Consider trends of measurements

• Qualitative waveform changes

 – Shape of wave (blood flow velocity pattern)
 – Differences in pulsatility amplitudes between PSV and EDV (char-

acterized by a high diastolic component)

• Quantitative waveform changes

 – EDV measurement
 – MFV measurement
 – Hemodynamic index

Pulsatility index

 – Hemodynamic patterns
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Parenchymal manifestations: mass effect and midline shift

• Acoustic window: transtemporal

 – Axial planes (supratentorial)
 – Axial plane (infratentorial): upper pons**
 – Coronal plane: (90° turn from mesencephalic plane with probe mark 

toward cephalic)

**Useful in cerebellar hematoma.
Using the same CT equation for estimation of intracranial hematoma vol-
ume, the formula (Eq. 68.3) [48]:

 
HV = × ×( )A B C / 2

 
(68.3)

HV: Hematoma volume

• Brain midline shift (MLS): > 0.35–0.50 cm [53]

 – Transtemporal acoustic window through diencephalic plane to mea-
sure third ventricle

• ONSD

 – Transorbital acoustic window

68.7  Conclusion

In the critical patient with acute brain injury and AKI, the selection of the appropri-
ate RRT strategy should be individualized for each patient’s unique circumstances, 
focusing on how to best optimize all components of the dialysis prescription inde-
pendently of the RRT technique chosen. The ICU multidisciplinary team must con-
sider the “clinical moment” of the patient (e.g., plasmatic electrolytes status, serum 
urea concentration, urea kinetics, etc.) and acute brain injury evolution when pre-
scribing the most appropriate RRT modality. The ICU team should consider TCCS 
neuroimaging as a very useful tool to monitor cerebral hemodynamic changes.
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 Algorithm

INTENSIVE CARE UNIT (ICU)

Clinical Status of the Patient

DIAGNOSIS

CRITICALLY ILLA PATIENT:  ACUTE BRAIN INJURY

MES? CLINICAL EVOLUTION CAUSES
CRRT IRRT HRRT Sepsis? / TBI? / Low MAP?

CHECK SE? / Rhabdomiolysis? / PRIS?
Anticogulation Protocol ACUTE KIDNEY INJURY (AKI) Hyperosmolar therapy?
Blood Flow Rate
Hemodialysis Circuit

EVALUATION OF AKI

1. Complete Basal blood laboratory 
2. Volume status ? / Hemodynamic Stability?
3. Abdominal Perfusion (AP)? [( AP= MAP – IAP) 60 mmHg?]
4. Echocardiogram (RV/LV Function?)/Pulmonary Ultrasound (overload)
5. Fluid Responsiveness? (US, Passive leg rising,etc.)

Renal Replacement Therapy (RRT) Monitor
Dialysate Composition?
RRT Dose andTiming?
[Urea]p Removal (<40%)?
Fluid Removal?
Intra-abdominal Pressure?

Transcranial Color Coded duplex Sonography (TCCS)
Transcranial Doppler (TCD)

Cerebral Hemodynamic Monitoring / Brain Parenchima Monitoring ( Clinical Trends)
CRRT IRRT HRRT Peritoneal Dialysis (PD)

Transtemporal Window Transtemporal Window Transtemporal Window Transtemporal Window
Spectral Doppler Waveform

Analysis and trends
(PSV- MFV- EDV)

Spectral Doppler Waveform
analysis and trends
(PSV – MFV – EDV)

Spectral Doppler Waveform
analysis and trends
(PSV – MFV – EDV)

Spectral Doppler Waveform
analysis and trends
(PSV – MFV – EDV)

Pulsatility Index (PI) Pulsatility Index (PI) Pulsatility Index (PI) Pulsatility Index (PI)
MLS? MLS? MLS? MLS?

Space-occupying lesion? Space-occupying lesion? Space-occupying lesion? Space-occupying lesion?
CA? CA? CA? CA?

MES? MES? MES? Intra-abdominal Pressure ?
Transorbital Window Transorbital Window Transorbital Window Transorbital Window

ONSD? / PRL? ONSD? / PRL? ONSD? / PRL? ONSD? / PRL?

ABCD
Level of Consciousness(GCS)
Bilateral Pupillary reactivity
Hemodynamic stability?
Oxygenation?

Continuous Renal Replacement Therapy (CRRT)?
Intermitent Renal Replacement Therapy (IRRT)?
Hybrid Renal Replacement Therapy (HRRT)?
Peritoneal Dialysis (PD)?

 

ABCD Airway-breathing-circulation-disability, TBI Traumatic brain injury, MAP Mean arterial 
pressure, [Urea]p plasmatic urea, PSV Peak systolic velocity, MFV Mean velocity, EDV End-
diastolic velocity, ONSD Optic nerve sheath diameter, PRIS Propofol infusion syndrome, SE 
Status epilepticus, GCS Glasgow coma scale, MES Microembolic signals, US Ultrasound, RV 
Right ventricle, LV Left ventricle, MLS Midline shift, CA Cerebral autoregulation
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Chapter 69
Central Nervous System Infection in ICU: 
Usefulness of Transcranial Doppler (TCD/
TCCS) to Cerebral Hemodynamics 
Monitoring

Martin Müller, Mareike Österreich, Lehel Lakatos, and Manuel Bolognese

Key Points
 1. Cerebrovascular complications are frequent in infectious meningitis.
 2. Narrowing of the basal cerebral arteries is a marker of an increased stroke risk 

and a worse clinical outcome.
 3. There is a distinct spectrum of causative pathogens which cause arterial 

narrowing.
 4. The main purpose of TCD/TCCS monitoring is to alert physicians of potential 

complications.
 5. The stage 1, from admission to day 3. In this period, raised intracranial pressure 

due to hydrocephalus, brain edema, and inflammatory mass effects is at the cen-
ter to determine the cerebral hemodynamics.

 6. The stage 2, from day 3 to day 8, and beyond. At this stage, a clear causative 
pathogen dependency of CBFV development exists.

 7. The first sign of a disturbed cerebral blood flow is the disappearance of the sys-
tolic window as a result of the increasing number of low frequencies.

69.1  Introduction

Acute infectious meningitis involves not only the leptomeninges. A consequence of 
infected leptomeninges is a disturbed flow of the cerebrospinal fluid (CSF), which 
could be caused by a reduced rate of CSF adsorption. That can result in hydrocepha-
lus, brain edema, and raised intracranial pressure. If the brain itself is infected, a 
diffuse encephalitis is present with brain edema and severe mass effect, again 
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leading to raised intracranial pressure (ICP). If the encephalitis (or cerebritis) is 
encapsulated, a brain abscess has developed. Depending on the causative pathogen, 
arterial narrowing, or occlusion with consecutive strokes, sinus/venous thrombosis 
can occur [1]. Cerebral autoregulatory disturbances are frequent. When cerebral 
blood flow velocity (CBFV) is examined in these diseases, some systemic factors 
such as PaCO2, pH, and hemoglobin concentration need to be considered in the 
analysis and interpretation of the data.

Most of the literature investigating CBFV dynamics in viral and bacterial menin-
goencephalitis arose from studies in the 1990s and early 2000s and demonstrated a 
cerebrovascular involvement in 20–50% of the patients [2–5]. These data were gen-
erated in the time period before corticosteroid therapy was established as a clinical 
relevant adjuvant therapy [6]. At least in the high-income countries, adjuvant steroid 
therapy reduces hearing loss and short-term neurological sequeale considering all 
bacterial pathogens [7] and mortality in meningitis due to Streptococcus pneu-
moniae [8]. It is, however, not proven that the corticosteroid therapy reduces the risk 
of vascular narrowing. In fact, in one recent study, patients with adjuvant steroid 
therapy had had a higher frequency of elevated CBFVs and strokes than the patients 
without steroid therapy [5]. Thus, increased CBFVs are still indicative for the risk 
of stroke occurring during the disease course which might deteriorate the clinical 
outcome.

69.2  TCD/TCCS: Monitoring and Interpretation

The main purpose of TCD/TCCS monitoring is to alert physicians of potential com-
plications. Be always aware that the actual velocity and waveform depend on sev-
eral factors. Use in each individual patient always the same ultrasound device (either 
TCD or TCCS, do not switch between them). According to our experience, monitor-
ing should be performed until day 8 after admission because the most vascular com-
plications with prognostic relevance occur within this time period [9].

69.3  Impact on Flow Velocities and Pulsatility Index

Three studies [2, 4, 5] demonstrated a relatively uniform CBFV pattern over time. 
Of note, the pathological CBFV findings are usually present across the whole arte-
rial segment (e.g., the M1-segment; (Fig. 69.1)) and correspond more closely to the 
Doppler findings in subarachnoid hemorrhage (vasospasm) than to those in focal 
arteriosclerotic stenosis. We propose two stages of CBFV development:

M. Müller et al.
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69.3.1  Stage 1

From admission to day 3. In this period, raised ICP due to hydrocephalus, brain 
edema, and inflammatory mass effects are at the center to determine the cerebral 
hemodynamics. At this stage, there is a high correlation between patient’s clinical 
state [according to Glasgow Coma Scale (GCS)] with PI and mean CBFV 
(Table  69.1) [10]: At GCS 14–15, mean CBFV and Pulsatility index (PI) are 
increased; with decreasing GCS, mean CBFV decreases and PI increases. We con-
sider the findings as hyperemic CBF when GCS is 14–15. Thereafter, ICP increases 
with the result that PI increases and mean CBFV decreases.

Fig. 69.1 A characteristic cerebral blood flow velocity finding across the whole M1-segment 
(MCA) in a patients with bacterial meningitis (von li indicates left side)

69 Central Nervous System Infection in ICU: Usefulness of Transcranial Doppler…
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69.3.2  Stage 2

From day 3 to day 8, and beyond. At this stage, a clear causative pathogen depen-
dency of CBFV development exists. Causative pathogens which are frequently 
accompanied by vascular narrowing or strokes are Streptococcus pneumoniae, 
Neisseria meningitidis, Mycobacterium tuberculosis, Cryptococcus, Treponema 
pallidum and Borrelia burgdorferi, Varicella zoster virus, Herpes simplex virus and 
HIV, and Cysticercosis due to Taenia solium [2–5, 11, 12]. The formal pathogenesis 
of arterial narrowing is not clear yet because the causative pathogens are not regu-
larly present in the vessel wall. In the group of pathogens causing arterial narrow-
ing, a steep CBFV increases as correlate of vascular narrowing develops over time 
and is most frequently observed between days 3 and 8 with its maximum on days 5 
or 6, thus demonstrating some similarities to the development of vasospasm due to 
subarachnoid hemorrhage (Fig.  69.2). Because raised ICP contradicts CBFV 
increase, the absolute CBFV might not reach the definition of a stenosis defined on 
CBFV solely. In our research, we defined a MCA stenosis as either a mean CBFV 
≥120  cm/s (comparably to the diagnosis of vasospasm in subarachnoid hemor-
rhage) or by an MCA/ICA ratio of >3 (Lindegaard index >3) which is of help to 
correct for raised ICP [4]. Klein et al. [5] used a cutoff velocity of 150 cm/s peak 
systolic velocity. With CBFV increase, PI normalizes. Clinically, however, with the 
presence of arterial narrowing, patient’s condition becomes worse or remains poor 
as indicated by either GCS or a stroke scale [13], and the frequency of strokes is 

Table 69.1 MFV and pulsatility index (PI) in the middle cerebral artery in patients with bacterial 
and viral meningitis at different levels of Glasgow coma scale (GCS) at the early stage of the 
diseases

Controls GCS 14–15 GCS 10–13 GCS 3–9

MFV (cm/s) 57 ± 13 71 ± 18 55 ± 21 41 ± 41
PI 0.83 ± 0.15 0.93 ± 0.22 1.40 ± 0.58 2.81 ± 2.06

PI = (PSV – EDV)/MFV; PSV Peak-systolic velocity, EDV End-diastolic velocity
Courtesy: Adapted from Müller et al. [10]

0
day 1 day 3 day 5 day 8 day 14 day 21

with stenosis
without stenosis

20
40
60
80

cm
/s

100
120
140
160

Fig. 69.2 Time course of mean middle cerebral artery blood flow velocity (MFVMCA) (± SD) in 
patients with bacterial meningitis dichotomized in arteries with and without a stenosis during the 
first 8 days. (Courtesy: Adapted table 1 from Müller et al. [9])
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significantly increased [5]. Beyond day 8, most patients recover but those with ste-
nosis remain more handicapped than those without [5, 13].

In all other causative pathogens, a CBFV increase of approximately 30% com-
pared to the one on day 1 can be present which most likely reflects hyperemia [3, 4].

Beyond day 21 a persisting stenosis is rare in infections with Streptococcus 
pneumoniae, Neisseria meningitides but more frequently present in infections with 
tuberculosis, Cryptococcus, and Cysticercosis [11, 12]. An example is given in 
Fig. 69.3.

69.3.3  Pulsatility Index

The actual PI in the intracranial arteries is the product of mainly the following fac-
tors: cardiac stroke volume and intracranial vascular resistance, which by itself is 
determined by blood PaCO2 concentration and ICP as long as no additional other 
vascular pathologies are present. In meningitis (mostly viral) which affects the 
meninges only and is not followed by CSF flow dynamic disturbances, the inflam-
matory process can cause a hyperemia and a reduced PI. With rising intracranial 

Fig. 69.3 The time course of an intracranial tuberculous ICA-stenosis from its initial diagnosis to 
its chronic phase. On the left, the Doppler findings in April 2011 and August 2012: at both time 
points the cerebral blood flow velocity elevations were nearly identical in the right (re) anterior 
cerebral artery (ACA) and the left (li) middle cerebral artery (MCA). On the right, the correspond-
ing magnetic resonance imaging angiography after 1 year of adequate therapy

69 Central Nervous System Infection in ICU: Usefulness of Transcranial Doppler…
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pressure, the PI increases. If arterial narrowing of the basal cerebral arteries occurs, 
an intact cerebral autoregulation will lead to arteriolar vasodilation with PI becom-
ing reduced again in the effort to compensate arterial narrowing. If cerebral auto-
regulation is exhausted, the PI is determined by intracerebral pressure again.

69.3.4  Changes in the Spectral Doppler Waveform

The spectral Doppler wave form changes to be observed in meningoencephalitis are 
quite similar to those observed in vasospasm of subarachnoid hemorrhage. The first 
sign of a disturbed flow is the disappearance of the systolic window as a result of the 
increasing number of low frequencies. The most frequent Doppler spectrum is the 
one shown in our figures with the presence of a frequency distribution over the 
whole frequency range. At very tight vessel narrowing, the bruits and aliasing phe-
nomena are to hear/to observe.

69.3.5  Cerebral Autoregulation

Cerebral autoregulation in bacterial or viral meningitis has been rarely investigated 
by means of Doppler sonography in humans; in one study, 8 out of 9 patients dem-
onstrated autoregulatory impairment [14]. There exist two lager studies which have 
used Single Photon Emission Computed Tomography (SPECT) to assess cerebral 
blood flow globally and regionally. In both studies, regional autoregulatory distur-
bances were frequent, and in one study, the findings corresponded to the actual 
disease severity [15, 16]. We did not find a study in humans on cerebral autoregula-
tion in bacterial or viral meningitis in which the approach of dynamic cerebral auto-
regulation was used. This approach is noninvasive and more convenient than the 
approaches with manipulating blood pressure or PaCO2 concentration, or with 
methods measuring directly cerebral blood flow.

69.4  Conclusion

The information derived from Doppler-Sonography in patients with bacterial, fun-
gal, and viral meningoencephalitis correlates with the patient’s actual clinical state 
and is relevant for patient’s prognosis. Therefore, this information should be used to 
modify therapeutic strategies, for example, by lowering of ICP additionally to the 
therapy with antibiotics and corticosteroids. If the causative pathogen is not to iden-
tify, the knowledge of which pathogens cause arterial narrowing can help to guide 
the antibiotic chemotherapy.

M. Müller et al.
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 Algorithm

Clinical Status of the Patient

DIAGNOSIS

MENINGOENCEPHALITIS

TREATMENT
IV Antibiotics (Empirical)

IV Corticosteroid
BCTS⇒ Lumbar Puncture ⇒ CSF Analysis

TCD / TCCS
Monitoring Day 1 to Day 8 (And Beyond)

CEREBRAL BLOOD FLOW VELOCITY PULSATILITY INDEX
CBFV ↑ PI↓

• Inflammation
• Anemia
• Arterial narrowing

• Inflammation
• Anemia
• Arterial narrowing

CBFV ⇔ PI

CBFV ↓ PI↑
• Stroke volumen(CO)↓
• PCO2↓↑
• ICP↑

• Stroke Volume (CO)↓
• PCO2↓↑
• ICP↑

KEEP IN MIND

KEEP IN MIND KEEP IN MIND
Cerebral Autoregulation Cerebral Autoregulation

ICP

CSF flow dynamic variations

• Hydrocephalus ↑
• Brain Edema ↑
• Cerebral mass effect /

Abscess
• Venous Outflow /

Thrombosis

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

FOLLOW-UP
GCS / RASS Level

Response to Treatment
Complications

ABCD
Level of Consciousness (GCS)?
Bilateral Pupillary Reactivity?
Hemodynamic stability?
Oxygenation?

Spectral Doppler Waveform
(Tends)

 

ABCD Airway-breathing-circulation-disability, PI Pulsatility index, GCS Glasgow coma scale, 
RASS Richmond agitation and sedation scale, ICP Intracranial pressure, CO Cardiac output, IV 
Intravenous, BCTS Brain computed tomography scan, CSF Cerebral spinal fluid, ABC Airway-
breathing-circulation, CBFV Cerebral blood flow velocity
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Chapter 70
Pneumoperitoneum and Trendelenburg 
Position During Abdominal Surgery: 
Usefulness of Transcranial Doppler  
(TCD/TCCS) to Non-invasive Intracranial 
Pressure Monitoring

Karthikka Chandrapatham, Chiara Robba, and Danilo Cardim

Key Points
 1. Comprehension of pathophysiological effects laparoscopy-induced pneumoperi-

toneum and the variations in brain homeostasis linked to Trendelenburg position.
 2. Knowledge of the non-invasive techniques that can monitor changes in ICP in 

the perioperative setting.
 3. Description of the measurements that can be used.
 4. Proposal of an algorithm easily applicable in the operating room.
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70.1  Introduction

Laparoscopic surgery is becoming a common technique for different types of sur-
gery, such as urologic, gynecologic, and general surgery, and this evolution implies 
that different categories of patients may be involved, including high risk and elderly 
patients potentially with many comorbidities. In addition to the growth in the num-
ber of surgery procedures, the progress in anesthetic management also has made the 
performance of prolonged laparoscopic interventions possible, carrying further 
risks for neurological complications.

Pneumoperitoneum consists in the insufflation of carbon dioxide gas (CO2) 
inducing an iatrogenic increase of intra-abdominal pressure (IAP) that can lead to 
reduction of venous return and cardiac output, while there could be increased vas-
cular resistances and both increase or decrease of heart rate. Elevated concentra-
tions of CO2 lead to hypercarbia and acidosis inducing cerebrovascular vasodilatation 
that could potentially lead to increases in intracranial pressure.

Several studies have reported the positive correlation between raised abdominal 
pressure and raised intracranial pressure with severe neurological complications 
during laparoscopic surgery. In this context, ancillary non-invasive techniques, like 
the TCD non-invasive assessment of intracranial pressure and the measurement of 
ONSD, could help clinicians to assess any changes of intracranial pressure due to 
variations of intra-abdominal pressure, especially in patients with history of cere-
bral disease.

70.2  Pneumoperitoneum and Trendelenburg: Inducing 
Cerebral Pathophysiological Changes

As described by Rosenthal et al. [1], the ICP increase in the framework of laparo-
scopic surgery is mediated by an early mechanical mechanism and a late chemical 
mechanism. In the early mechanical stage, IAP compresses the large abdomen ves-
sels like the inferior vena cava, leading to a rise in central venous pressure (CVP) 
which impairs venous drainage from the intracranial cavity and the lumbar plexus 
[1]. The sudden impairment of venous return, according to Monroe-Kellie doctrine, 
cannot be buffered by the arterial and the parenchymal compartments, causing an 
elevation of intracranial pressure.

Pneumoperitoneum is induced by the insufflation of CO2 in the abdominal cav-
ity, which is hardly removed by ventilation considering the restrictive syndrome 
induced both by IAP and Trendelenburg position. The absorption of CO2 results in 
an increase in arterial content of CO2 and respiratory acidosis, which influences 
cerebrovascular autoregulation, causing vasodilatation, and an increase in cerebral 
blood flow potentially leading to ICP increase. The effect of CO2 mediates the late 
chemical stage [1].
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Moreover, the steep head-down position which is required for adequate surgical 
exposure increases central venous pressure. In supine patients, the cerebral perfu-
sion pressure (CPP) is defined as the difference between mean arterial pressure 
(MAP) and the greater parameter between CVP and ICP, while in steep Trendelenburg 
position CPP is determined as the difference between MAP and the CVP, which is 
higher than ICP [2].

During head-down position, an increase in ABP and CVP can be observed. The 
latter impairs venous outflow from the brain, causing an increase in brain vessel’s 
hydrostatic pressure which could lead to brain edema, impaired oxygen diffusion to 
the parenchyma, and increased cerebral resistances that can reduce cerebral blood 
flow (CBF). The increase of brain edema could change the critical closing pressure 
(or zero flow pressure) which is the arterial pressure at which blood flow ceases in 
the cerebral circulation and may represent the effective downstream pressure of the 
system [3]. Critical closing pressure is determined by two Starling resistors in 
series, one at the pre-capillary arteriolar level which is influenced by arteriolar 
smooth muscle tone and the other at the level of collapsible cerebral bridging veins 
influenced by ICP and CVP [4]. A Starling resistor is any collapsible tube sur-
rounded in its middle section by an external pressure that is greater than the outflow 
pressure [5]. The pre-capillary Starling resistor ensures the effective downstream 
pressure as long as the ICP or CVP does not exceed the critical closing pressure of 
the arteriolar system and the collapsible veins in the context of prolonged steep 
Trendelenburg position [4].

Kalmar et al. observed that the cerebral microcirculation and cerebral autoregu-
lation were preserved during prolonged steep Trendelenburg positioning in a study 
assessing zero flow pressure. They concluded that CBF increased with the increase 
of end-tidal CO2, which guarantees cerebral perfusion in the context of steep 
Trendelenburg position and pneumoperitoneum [2].

70.3  TCD/TCCS: Perioperative Neurological Monitoring

All the variations in brain homeostasis described ahead suggest the need of monitor-
ing cerebral blood flow and the incidence of increased intracranial pressure. During 
anesthesia, we should guarantee an adequate cerebral perfusion pressure and pre-
vent ICP rises, especially in patients with higher risk of cerebrovascular conditions.

Invasive ICP monitoring using intraventricular catheters and microtransducer 
devices is the gold standard, but may lead to possible complications like infections, 
hemorrhages, and mispositioning. For routine surgeries, the risks of these invasive 
devices outweigh their clinical benefits, and the literature does not suggest any indi-
cations for invasive ICP monitoring in the context of abdominal surgery. In this 
context, non-invasive ICP monitoring could be useful in the perioperative setting. 
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As suggested by Robba et  al., transcranial Doppler-derived formulas and optic 
nerve sheath ultrasound may be useful to detect variations in intracranial pres-
sure [6].

TCD/TCCS should be performed using a 2 MHz probe in order to insonate mid-
dle cerebral artery via the trans-temporal window and the middle cerebral artery 
flow (MCA) velocities should be recorded: Peak systolic flow velocity (PSV), end- 
diastolic flow velocity (EDV), and mean flow velocity (MFV). For instance, a TCD- 
based non-invasive measurement of ICP (nICP) may be calculated according to 
Czosnyka’s formula based on diastolic flow velocity [7, 8].

Firstly, non-invasive cerebral perfusion pressure (nCPP) should be calculated 
(Eq. 70.1):

 
nCPP MAP EDV MFV mmHg= × + ( )/ 14

 
(70.1)

Then, nICP is calculated as the difference between MAP and nCPP (Eq. 70.2):

 
nICP MAP nCPP mmHg= − ( )  

(70.2)

Optic nerve sheath ultrasound should be performed using a linear probe on the 
closed upper eyelid. It should be measured 3 mm behind the globe using an elec-
tronic caliper. The sheath around the nerve is an extension of the dura mater and is 
filled with cerebrospinal fluid (CSF), so increases of intracranial pressure are detect-
able as rises of ONSD in the anterior, retrobulbar compartment, approximately 
3 mm behind the globe.

This is the reason why ONSD has been shown to be an indirect marker of ICP 
[9]. The cut-off values of 5.7–5.8 mm are predictable of elevated ICP (≥20 mmHg) 
[10, 11] (Eq. 70.3).

 
ICP derived from ONSD ONSD mmHg( ) = × − ( ) [ ]4 5 11 3 1. .

 
(70.3)

In order to detect any variations due to pneumoperitoneum and head-down posi-
tions, multiple measurements may be performed at different time points: for exam-
ple, at baseline after induction of anesthesia; after pneumoperitoneum insufflation; 
nearly 10 minutes after Trendelenburg positioning with pneumoperitoneum insuf-
flation; at the end of surgery, after pneumoperitoneum and in neutral position, still 
under general anesthesia [6].

Non-invasive methods to assess ICP, especially TCD-derived formulas, are very 
useful to point out relative variations of ICP, but they are less accurate in the abso-
lute quantification of ICP values. Therefore, they are more helpful to distinguish the 
changes of nICP in the same individual at different time points, rather than assess-
ing ICP as a single value [6].
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70.4  Cerebral Blood Flow Velocities Changes

The insufflation of CO2 into the abdominal cavity induces significant hemodynamic 
changes such as increased mean arterial pressure, central venous pressure, and sys-
temic vascular resistance [12]. Pneumoperitoneum has the potential to increase 
cerebral blood flow (CBF), in addition to the rise of intracranial pressure and intra-
ocular pressure, due to the elevated arterial CO2 partial pressure (PaCO2) that is 
caused by absorption of CO2 from the peritoneal cavity.

Cerebral blood flow–carbon dioxide (CBF–CO2) reactivity is one marker of the 
ability of the cerebral vasculature to react to cerebral metabolic demands. During 
pneumoperitoneum and Trendelenburg position CBF–CO2 reactivity may change. 
Choi et al. demonstrated that there is no change in CBF–CO2 reactivity between the 
supine position and the Trendelenburg position under pneumoperitoneum during 
sevoflurane anesthesia. They used Jugular venous oxygen saturation (SjvO2) as 
marker of cerebrovascular reactivity. SjvO2 is an indicator of global CBF, as long as 
the cerebral metabolic demand is constant [13]. They found that they needed higher 
respiratory rates to maintain the target PaCO2 under Trendelenburg position and 
pneumoperitoneum. When PaCO2 increased, SjvO2 and CVP increased and arterial 
pH decreased significantly [14].

Another method for measuring the cerebrovascular reactivity may be transcra-
nial Doppler ultrasonography or near-infrared spectroscopy [15]. One limitation is 
that they may not represent the changes of total CBF, but they are both non-invasive, 
safe, and repeatable techniques.

Huettemann et al. [16] showed in a TCD study on MCA CBFV data that the 
induction of pneumoperitoneum led to an increase in absolute CBF velocity but not 
in CBF–CO2 reactivity in young children undergoing laparoscopic surgery. 
Cerebrovascular blood flow velocity increased, and PI decreased significantly com-
pared with baseline values independent from PetCO2. Although CBF cannot be 
absolutely quantified with this method, a comparison with PET measurements 
revealed a close correlation between changes in CBF and changes in cerebral blood 
flow velocities [17].

An increased cerebrovascular blood flow velocity during pneumoperitoneum 
indicates either an increase in CBF or a constriction of the insonated vessel. CBF 
remains constant if cerebral perfusion pressure is varied between 60 and 130 mmHg 
of MAP [18]. However, the increase in MAP occurring during pneumoperitoneum 
may be mediated by catecholamines and vasopressin [19, 20].

Differently from Huettemann et al. [16], Fujii et al. [21] reported that CBF veloc-
ity and CBF–CO2 reactivity both increased with CO2 insufflation during pneumo-
peritoneum in adult patients undergoing laparoscopic cholecystectomy. They kept 
ventilation constant and saw the increase of arterial CO2 concentration (PaCO2) 
from 36 to 39 mm Hg. However, this increase in PaCO2 did not fully explain the 
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observed increase of cerebrovascular blood flow velocity. Despite a linear relation-
ship between PaCO2 and cerebrovascular blood flow velocity has been demonstrated 
[21–23], nearly 60–70% of the increase in CBFV was directly related to the pneu-
moperitoneum and not to hypercapnia [16].

70.5  ICP Changes

The effects of laparoscopy on intracranial pressure are well recorded [24, 25]. The 
precise mechanism by which intra-abdominal pressure influences ICP has not been 
clarified, but it seems to be multifactorial.

The ICP increase appears to be independent of arterial pH (and therefore carbon 
dioxide effects), oxygenation, or mean arterial pressure [24], and it is recorded even 
at low (8 mmHg) abdominal pressures, so it appears to be particularly significant 
when baseline ICP is increased for pre-existing neurological illnesses [26, 27].

Trendelenburg position worsens the increase in ICP during insufflation, but 
reverse Trendelenburg does not eliminate the observed increase. In a study of 
patients who underwent laparoscopy in Trendelenburg position, both the head-down 
and reverse Trendelenburg groups showed a statistically significant increase of 
ONSD, which did not return to baseline until 5 minutes after exsufflation [28].

As described by the Monroe–Kellie doctrine, the cranial cavity contains the 
parenchymal tissue, arterial and venous blood, and cerebrospinal fluid (CSF) in a 
dynamic equilibrium. When a rapid change in the volume of any of these compo-
nents occurs, ICP rises. It has been proposed that increased intra-abdominal and 
intrathoracic pressure as well as impaired CSF absorption during insufflation hin-
ders drainage of the lumbar venous plexus and leads to an increase in the vascular 
compartment of the sacral space provoking the rise in ICP [25].

Moreover, cerebral vasodilation induced by hypercapnia worsens the elevation 
of ICP. In most patients without pre-existing intracranial disease, the increase in ICP 
occurs often without clinical consequence, but adverse effects of raised ICP may 
arise in different ways. As demonstrated by Cooke et al., headache and nausea were 
significantly higher after laparoscopic abdominal surgery [29].
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According to Robba et al. [27], all the nICP methods (measurement of ONSD, 
TCD Pulsatility Index (ICPPI) and non-invasive measurement of ICP based on the 
diastolic component of TCD cerebral blood flow velocity (ICPEDV) seem to have a 
good match in the detection of ICP variations during laparoscopic surgery. All of 
them highlighted a significant increase of estimated ICP after the institution of 
pneumoperitoneum and the Trendelenburg position. Only ICPEDV increased signifi-
cantly after pneumoperitoneum alone, maybe due to the increase of PetCO2 promot-
ing passive vasodilation and a subsequent increase of cerebral blood volume. The 
analysis of the ROC curve showed that ICPEDV performed best to differentiate 
between different time points, compared with ICPPI and ONSD. It seems that the 
concomitance of pneumoperitoneum and the head-down position causes an increase 
of ICP that can be detected with non-invasive methods.

Carbon dioxide increases due to gas insufflation in the abdomen, and the conse-
quent cerebral vasodilation may act as the main mechanism involved in the observed 
ICP increase [27], but the threshold for risk of deranged cerebrovascular re-activity 
in patients during sevoflurane anesthesia is 6 kPa [30], so in patients at risk of devel-
oping intracranial hypertension (such as those with cerebral masses or any pre- 
existing neurological diseases) undergoing laparoscopic procedures, a non-invasive 
assessment of ICP would be useful to detect and eventually treat pathological 
increases of ICP (with the use of osmotic agents, hyperventilation, converting to an 
open procedure, or even abandoning the procedure) [27].

70.6  Conclusion

The main aim of medicine and the work of the anesthesiologist in the perioperative 
period is “primum non nocere.” In order to avoid unexpected increases of intracra-
nial pressure that could carry neurological scars or transitory illnesses, non-invasive 
monitoring such as transcranial Doppler and optic nerve sheath diameter could help 
the clinician to detect promptly variations to brain homeostasis in the developing 
setting of laparoscopy.
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient
ABCD
Level of Consciousness (GCS)
Bilateral Pupillary reactivity?
Hemodynamic Stability?
Oxigenation?

DIAGNOSIS

LAPAROSCOPIC
ABDOMINAL SURGERY

[ Pneumoperitoneum ]

Transcranial Doppler (TCD)
Transcranial Color-Coded duplex Sonography (TCCS)

NON-INVASIVE ICP ESTIMATED BY ULTRASOUND
(ICP < 22 mmHg)

(A) Baseline: Before Anesthesia Induction
( Baseline values for determining Trends during Cx )

(B) After Anesthesia Induction
CONSIDER ( Values during pharmacological effects)

1. STOP Surgery

2. REDUCE CO2 (C) After Pneumoperitoneum Insuflation
( CO2 Insuflation - Increase IAP )

3. INCREASE CPP

4. OSMOTIC Therapy (D) Immediately After Trendelemburg Position
( Head-Down Position )

(E) Pneumoperitoneum and Trendelemburg Positioning
( Every 15 minutes)

Switch to Open
Laparotomic Approach

(F) At the END of the Surgery  

ABCD Airway-breathing-circulation-disability, GCS Glasgow coma scale, CX Surgery, IAP Intra-
abdominal pressure, CO2 Carbon dioxide, ICP Intracranial pressure, CPP Cerebral perfusión 
pressure
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Chapter 71
Transcranial Doppler (TCD): Role 
for Patients After Concussion

Alexander Razumovsky

Key Points
 1. Reproducibility and non-invasive testing capabilities of TCD support studies for 

its use as a diagnostic tool for mild TBI and marker for recovery.
 2. TCD criteria for cerebral blood flow velocity and pulsatility index might allow 

for the differentiation of patients who may undergo secondary neurologic dete-
rioration after acute mTBI and allow physicians better define management 
strategies.

 3. Current results support the use of TCD measured cerebrovascular reactivity as a 
non-expensive and easy implemented research tool for identifying altered neuro-
physiology and monitoring recovery in long-term effects of mTBI.

 4. In patients after mTBI TCD testing of cerebral hemodynamics may reveal earlier 
signs of intracranial stenosis that could lead to treatment of post-concussive 
symptoms.

 5. TCD as a non-invasive and simple procedure must be engaged in the manage-
ment of mTBI patients and must be utilized as a quantitative screening test to 
detect cerebrovascular disease presence.

71.1  Introduction

Traumatic brain injury (TBI) is a serious public health and medicine problem in the 
United States and around world because of its magnitude, cost, and consequences 
(e.g., death and disability), and because it is often avoidable. Each year, in the USA 
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TBI contribute to a substantial number of deaths and cases of permanent disability. 
In 2014, there were approximately 2.87 million TBI-related emergency department 
(ED) visits, hospitalizations, and deaths in the USA [1]. An estimated 812,000 chil-
dren (age 17 or younger) after mTBI were treated in the USA for concussion, alone 
or in combination with other injuries [1]. Of them, as many as 75 percent sustain a 
mild traumatic brain injury (mTBI) [2]. Concussions are classified as mTBI and 
according to USA Center for Disease Control (CDC) are the most common type of 
TBIs [3]. A concussion can happen when the head or body is moved back and forth 
quickly with an “impulsive” force transmitted to the brain, such as during a motor 
vehicle accident or sports injury. Concussions are often called “mild TBI” because 
they are usually not life-threatening. However, they still can cause serious compli-
cations, and studies suggest that recurrent concussions can be particularly danger-
ous [4, 5]. Worldwide, concussions are estimated to affect more than 3.5 per 1000 
people a year [6]. The rate per 100,000 population of mTBI ED visits in the United 
States increased significantly from 569.4 (in 2006) to 807.9 (in 2012) [7]. According 
to CDC, there are up to 3.8 million sport-related concussions every year and up to 
50% playing collision sports have concussion symptoms but only 10% report them 
[8]. mTBI also represents a serious concern for concussions taking place in military 
personnel. Information from US Department of Defense between 2000 and 2018 Q1 
revealed that there were worldwide 383,947 all severities of TBI (penetrating, 
severe, moderate, mild, and not classifiable) and among them there were 315,897 
mTBI or 82.3% [9]. At the same time, all these numbers in civilian or military 
health systems might not reflect the true incidence of mTBI because they do not 
include people who are treated in physicians’ offices or outpatient facilities or those 
who are not seeking medical care at all. The actual number of people who sustain an 
mTBI is unknown; however, it is likely much higher than these estimates; individu-
als having less evident symptoms may not seek medical attention for their injuries 
or be diagnosed with mTBI at the hospital [10].

However, mTBI may cause long-term or permanent impairments and disabili-
ties. Many people with mTBI have difficulty returning to routine, daily activities 
and may be unable to return to work for many weeks or months. The impact of 
mTBI is still mostly unknown, plus it is a well-known fact of underreporting inju-
ries in sport and military concussions. Current methods and approaches can only 
describe or detect the visible brain injury and there is no correlation between imag-
ing and physical or permanent cognitive deficits in mTBI patients [11]. 
Neuropsychology can detect functional impairment but may not be repeatable at 
frequency to monitor recovery and could be susceptible due to its subjectivity. 
Therefore, we still lack detailed understanding the pathophysiology following 
mTBI and its relation to symptoms and recovery in acute and late effects of 
mTBI. Further, there is lack of data on cerebral blood flow investigation in mTBI 
patients and the extent of neurovascular compromise in mTBI, particularly of late 
hemodynamic response is still largely unknown.
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71.2  mTBI: Pathophysiology

The brain’s response to the long-term effect of mTBI is only partially understood. 
Advances in brain imaging offer important tools of structural, functional, and meta-
bolic information concerning the brain. However, significant challenges exist in 
terms of summarizing existing findings and translating data to improve clinical 
practice. Studies often involve diverse cohorts (e.g., mTBI, moderate and severe 
TBI, combat veterans) and employ different paradigms (symptom provocation, cog-
nitive activation) and modalities (e.g., diffusion tensor imaging [DTI], functional 
magnetic resonance imaging [fMRI], single photon emission computed tomogra-
phy [SPECT]) [12–14]. Current mTBI pathophysiology theory starts with rotational 
and/or acceleration/deceleration forces differentially affect brain tissues, that is, 
shearing, following by complex cascade of neurochemical/metabolic events, dis-
ruption of neuronal cell membranes and axonal stretching with indiscriminate ion 
flux, changes in cerebral blood flow (CBF) causing neuronal dysfunction with post- 
concussive metabolic vulnerability without significant acute cell death. All men-
tioned factors could lead to so-called neurovascular deficiency or neurovascular 
coupling deregulation [15–18]. In acute to sub-acute period (3 hours to 10 days) 
after mTBI, the increased CBF combined with increased venous oxygenation sug-
gests an increase in CBF that exceeds the oxygen demand of the tissue, in contrast 
to the regional hypoxia seen in more severe TBI [19]. Though, other group of 
researchers also with MRI utilization showed contrary results that concussed ath-
letes demonstrated a significant decrease in CBF at 8 days relative to within 24 hours 
[20] up to 1 month after concussion [21]. Reduced CBF during the acute and sub- 
acute phases of mTBI has been detected using imaging methods such as SPECT 
[22, 23] and perfusion computed tomography [24] which have several disadvan-
tages, including financial cost, ionizing radiation, limited repetition of testing, and 
availability. Tagge et  al. suggest that TBI, concussion, and chronic traumatic 
encephalopathy (CTE) represent separate nosological entities induced by different 
pathological mechanisms and these authors’ neuropathological and ultrastructural 
findings are consistent with impact-induced microvascular dysfunction [25]. Tagge 
and co-authors also speculate that their results indicate that closed-head impact TBI 
represents a potent insult with potential to prompt lasting neurophysiological dys-
function and persistent (and possibly progressive) sequelae, including CTE [25]. 
Based on existing but still spare data, it is possible to conclude that mTBI has sig-
nificant impact on the control and regulation of CBF [20–24], cerebrovascular reac-
tivity [26], cerebral oxygenation [27], neuroinflammation [28], cardiovascular 
regulation [29], all of which may be compromised with mTBI [30].
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71.3  mTBI: Cerebral Vasomotor Reactivity

Traditionally, research on the impact of concussions or mTBI has focused on its 
detrimental effect on neuropsychological function. In the sports arena, the majority 
of decisions regarding an athlete’s recovery from such an episode and subsequent 
return to play and thus exposure to additional impact forces centered around perfor-
mance on neuropsychological tests. However, it is well known that administration 
and evaluation of these tests is subjective and may not be very accurate. There is still 
no quantitative “biomarker” to evaluate patients with mTBI.  It has been demon-
strated that concussions/mTBI and sub-“event” impact forces could affect cerebral 
blood flow autoregulation and cerebral vasomotor reactivity (VMR). TBI has been 
inducing cerebral vascular dysfunction that will be reflected in altered responses to 
various vasodilators. VMR is a key factor in regulating CBF and represents a marker 
for the status of autonomic nervous system. If the brain’s autoregulation is not 
working or impaired, testing of VMR is one method of assessing the brain’s control-
ling capabilities or CBF autoregulation. Transcranial Doppler (TCD) methodology 
is a very convenient and non-expensive tool to measure VMR [31, 32]. In this 
method, carbon dioxide in the blood is transiently increased (i.e., as with the hold-
ing of breath), and the breath-holding index (BHI) that reflects status of VMR can 
be easily calculated [33, 34]. The breath-holding maneuver is a useful and well- 
tolerated screening method for VMR evaluation and was validated in numerous per 
reviewed publications [35–37].

Although assessment of cerebrovascular responses to changes in carbon dioxide 
pressure (i.e., VMR) after TBI, including mTBI, is not a new concept, this concept 
has been underexplored in long-term consequence of mTBI. While numerous stud-
ies have focused on the acute and sub-acute brain parenchymal, behavioral, and 
vascular changes associated with acute mTBI [35–40], few have followed these 
changes over a more prolonged, chronic course of injury or have attempted to cor-
relate these changes with any enduring morbidity, like post-concussion symptoms 
(PCS). These PCS include headache, dizziness, fatigue, concentration problems, 
sadness, and irritability. Previous reports have focused primarily on the short-term 
vascular alterations; nobody yet attempted to correlate these alterations with any 
persisting behavioral changes or potential therapeutic modulation. On the vascular 
front, there were significant contributions to the understanding of the brain’s micro-
vascular response to injury, illustrating that in the early hours post-injury the cere-
bral microcirculation shows impaired vascular reactivity to known vasodilator 
challenges [41]. Further, research suggested that this impaired VMR may persist for 
at least 1 week post-injury [36, 38–40, 42]; however, beyond this period nobody till 
recently followed the persistence of these VMR abnormalities. Lately it was shown 
with MRI that there is a correlation between lower grey matter (GM) VMR indexes 
and lower performance on Sport Concussion Assessment Tool 2  in patients with 
mTBI, which seems to be associated with more symptoms. This correlation seems 
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to persist well beyond 120 days. mTBI may lead to a decrease in GM volume in 
these patients [43]. Another study also with MRI showed that individual sport- 
related concussion patients demonstrated both quantitative and qualitative patient- 
specific alterations in VMR (p < 0.005) that correlated strongly with clinical findings 
and that persisted beyond clinical recovery up to 376 days [44]. Other authors dem-
onstrated that a panel of plasma biomarkers (Ang-1/Ang-2, SAA, VEGF, P-selectin, 
and vWF) and assessment of VMR might be useful combination as predictive bio-
markers for therapies designed to improve cerebrovascular function in patients after 
TBI with persistent PCS [45].

In spite of the fact that there is a limited information available on the VMR 
impairment in mTBI patients with chronic symptoms, recent theories postulate that 
generalized autonomic dysfunction, includes abnormal VMR.  Impaired axonal 
function/diffuse axonal injury, neuronal metabolism, perfusion, and inflammation, 
suggesting involvement of the neurovascular unit in the presence of persistent PCS 
in mTBI patients [46]. First longitudinal study to focus on PCS defined specifically 
as a minimum of 3 months of symptoms, negative CT and/or MRI, negative TOMM 
test, and no litigation. This study established that PCS may be permanent if recovery 
has not occurred by 3 years [47]. Another clinical longitudinal study revealed that 
most neuropsychological and functional differences abate by 1 year, reporting three 
or more post-traumatic symptoms remain for about half of individuals [48]. To 
address potential autonomic disturbance, some researches integrated mind-body 
techniques, known to affect parasympathetic tone and autonomic balance, into a 
four-week intensive interdisciplinary outpatient treatment program for service 
members with combat-related TBI and post-traumatic stress (PTS) [49]. TCD BHI 
testing performed in patients with chronic mTBI revealed a high prevalence of cere-
bral autonomic disturbance. A retrospective review of TCD studies and subjective 
questionnaires (Neurobehavioral Symptom Index, NSI; PTSD Symptom Checklist- 
Military Version, PCL-M; and Patient Health Questionnaire-9, PHQ-9) was per-
formed on active duty service members with post-concussive headaches and 
mTBI. Forty-four percent had abnormal BHI’s indicating impaired VMR. Abnormal 
BHI group had significantly higher scores on the PCL-M than the normal BHI 
group suggesting higher levels of PTSD in those with abnormal BHIs. The authors 
concluded that these autonomic disturbances may be associated with post-traumatic 
stress or may be an independent entity of PCS that overlaps with PTSD [49]. 
Exposure to mind-body training was associated with improved cerebral autoregula-
tion as measured by changes in BHI, suggesting that this TCD BHI test might have 
utility as a quantitative biomarker of treatment response in patients with mTBI and 
PTS [49]. However, we need better understanding the sensitivity and prognostic 
value of CVR in chronic mTBI. It is also clear that it is a myth that all mTBI typi-
cally associated with short-term difficulties that resolve in 3 months to 1 year fol-
lowing injury. Larger cross-sectional, prospective, and longitudinal studies needed 
to examine the utility of TCD BHI testing as a clinical tool to help guide the evalu-
ation, classification, and longitudinal management of mTBI patients.
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71.4  mTBI: Cerebral Hemodynamics

Research in cerebral hemodynamics with utilization of neuroimaging modalities 
primarily focused on mTBI because it is the most common, the most difficult to 
diagnose, and the least associated with radiologic diagnosis. Currently, there are no 
routine imaging protocols used to evaluate concussion besides traditional clinical 
MR imaging (T1-weighted), or CT scans, neither of which can detect subtle struc-
tural changes, and thus are inadequate for use in the assessment and management of 
mTBI. Pilot study by Cubon VA et al. provided evidence of structural changes in the 
white matter of the brain, creating a link between concussive injury with persistent 
symptoms and changes on diffusion-tension imaging [50]. However, there are con-
flicting data on the significance of intracranial lesions on conventional brain MRI 
scans for mTBI, where some analyses have shown no correlation with neurocogni-
tive symptoms or outcomes [51–53], while a multicenter study has demonstrated 
strong correlation and prognostic value in predicting Extended Glasgow Outcome 
Scale at 3-month follow-up [54]. PET represent a powerful tool for clinical research 
in TBI. PET measurements of CBF, oxygen metabolism, and glucose metabolism 
have been used to study the pathophysiology and effect of treatment in acute TBI 
and the relationship between clinical deficits and brain abnormalities in chronic TBI 
[55]. However, the clinical utility of PET in the management of individual patients 
with TBI, however, has not yet been demonstrated. SPECT is another promising 
capability to evaluate mTBI. It has an advantage over anatomic imaging in assessing 
brain parenchymal activity and physiologic changes. The quality of evidence for 
mTBI patients is strong for determining a positive prognosis in patients with normal 
SPECT perfusion imaging. SPECT can identify perfusion/blood deficits in mTBI 
that anatomic imaging inaccurately identifies or misses altogether. SPECT study 
showed high accuracy for negative predictive value: a negative examination usually 
indicates a good prognosis for mTBI and recovery from post- concussive symptoms 
[56]. However, detecting patients at risk for secondary neurological deterioration 
(SND) after mTBI in acute phase is still challenging. One of the most important 
challenges for the treating physician in the ED is deciding whether neuroimaging 
needed in patients presenting with mTBI. A non-contrast CT scan is usually the test 
of choice, but fewer than 10% of patients with mTBI have abnormalities detected on 
an acute CT scan [55] and most of those abnormalities are of little neurosurgical 
consequence. The need for neurosurgical intervention is extremely uncommon in 
patients presenting to the ED with mTBI, and CT scanning is not without disadvan-
tages. Studies by Bouzat et al. showed that in patients with no severe brain lesions 
on CT after mild to moderate TBI, TCD on admission, in complement with brain 
CT scan, could accurately screen patients at risk for SND [57]. They showed that in 
patients with SND after mild to moderate TBI and no evidence of severe injury on 
initial CT scan presented to the ED with abnormally altered cerebral blood flow 
velocities (CBFVs) and Pulsatility Index (PI) measured by TCD. PI >1.25 and/or 
diastolic CBFV <25  cm/s on admission were significantly associated with the 
occurrence of SND [57, 58]. Study by Vavilala et al. demonstrated that in 1 week 
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after sports-related mTBI impaired cerebral autoregulation (CA) measured by TCD 
was common and impaired CA occurs even when GCS is 15 [59]. Recent longitu-
dinal study in pediatric population using TCD and measurement of VMR with BHI 
between day 2 and 8 after concussion revealed multiple hemodynamic changes that 
could ultimately lead to a better understanding of the underlying pathophysiol-
ogy [60].

It is well known and described that mTBI has been inducing cerebral vascular 
dysfunction that is reflected in altered responses to various vasodilators [41]. 
Extensive cerebral microvascular injury in humans and experimental animals is 
seen in acute and chronic TBI and in CTE [41]. While numerous studies have 
focused on the acute brain behavioral and vascular changes associated with mTBI, 
few have followed these changes over a more prolonged, chronic course of injury, 
or have attempted to correlate these changes with any enduring morbidity, like 
PCS. On the vascular front, there were significant contributions to the understand-
ing of the brain’s microvascular response to acute injury, illustrating that in the early 
hours or days post-concussion the cerebral microcirculation shows impaired VMR 
to known vasodilator challenges or other provocative maneuvers [25, 26, 30, 35–40, 
60]. It is also becoming increasingly evident that changes in CBF and metabolism 
play a significant role in the evolution of injury, as well as in the process of post-
traumatic brain repair. However, beyond acute or sub-acute period not much known. 
While previous reports have focused primarily on the short-term vascular changes 
and cerebral hemodynamics [61, 62], during last decade more and more publica-
tions linking single mTBI and repetitive mTBI with persisting behavioral changes 
or potential therapeutic modulation in subjects with PCS [62–64]. Recently pub-
lished study showed persistent MRI changes 1 year after concussion, specifically 
grey matter CBF and mean diffusivity exhibited persistent long-term effects [65]. 
Another new study with MRI also showed that regional CBF analyses suggested 
that youth with a history of concussion had hypoperfusion in posterior and inferior 
regions and hyperperfusion in anterior/frontal/temporal regions [66]. Chronic mTBI 
patients have a brain regions with abnormal perfusion compared to controls [67]. 
Relationships between peripheral blood biomarkers and MRI measures were dem-
onstrated in both recently concussed athletes and healthy athletes with a history of 
concussion and authors concluded that concussion is associated with inflammation, 
oxidative stress, and cellular damage and that physiological perturbations may 
extend chronically beyond recovery [68].

Advanced imaging methods detected a spectrum of injury including impaired 
axonal function, neuronal metabolism, and perfusion, suggesting involvement of 
the neurovascular unit in the presence of persistent symptoms in pediatric sport- 
related concussion patients 3–12 months after injury [69, 70]. mTBI has been pro-
posed as a risk factor for the development of Alzheimer’s disease, Parkinson’s 
disease, depression, and other illnesses. Meta-analysis, 27 studies, mTBI is a risk 
factor for heterogeneous pathological processes or may contribute to common path-
ological processes [71]. More and more publications in the last decade forming and 
supporting opinion that cerebrovascular pathology could represent a mechanistic 
link between Aβ/tau deposition after TBI and the development of PCS, dementia, 
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and CTE [72, 73]. Vascular amyloid deposits render blood vessels rigid and reduce 
the dynamic range of affected vessel segments: potential mechanism that could 
account in part for the reduction in CBF in patients with Alzheimer’s disease [74]. 
Military personnel with PCS also showed findings suggested that chronic post- 
concussive symptoms following an mTBI relate to altered exosomal activity and 
that greater tau pathology may underlie chronic post-concussive symptoms that 
develop following TBIs [75, 76].

Today it is documented that athletes playing contact sports and military person-
nel, who may suffer from repeated exposure to mild TBI, will have CBF abnormali-
ties. This effect presents in the acute phase of mTBI [57–60] and now we have data 
showing that it also happens in subjects with PCS months and years after last con-
cussion [66–68]. However, the development of vascular wall abnormalities, which 
can lead to luminal narrowing and consequently abnormally elevated CBFV, has not 
been studied in the long-term effects of mTBI. Preliminary pilot studies in active 
duty service members (SM) in many years (range between 1 and 27 years), after last 
mTBI, indicate that concussions leads to the vascular injury that is reflected in 
abnormally elevated CBFVs measured by TCD due to the enduring stenotic process 
and potentially most likely represent early signs of atherosclerosis [77]. TCD 
recordings of mean CBFV were recorded from 431 SMs (mean age 39.2 ± 6.4 years 
and average time since last TBI was 4.9 ± 3.8 years). TCD data analyzed to deter-
mine whether SMs exhibited abnormal CBFVs in the middle cerebral artery (MCA), 
internal carotid artery, and/or basilar artery. Abnormally elevated CBFV values in 
218 (34%) of SMs, 63 (10%), and 155 (24%) demonstrated uncharacteristically (for 
patient age) high CBFV in one or more vessels. This data reveals that a large propor-
tion of SMs have elevated CBFVs following mTBI exposure in many years after last 
mTBI. The authors suggested that head injuries due to combat and training blast and 
blunt force trauma exposure cause early atherosclerotic or fibrotic changes in the 
large vessel walls of the circle of Willis, which results in vascular lumen narrowing 
and increased CBFVs.

71.5  Conclusion

Associated long-term personal and societal costs are high, and therefore, improved 
diagnosis and treatment of mTBI are needed for patients after mTBI and society. 
TCD evaluation of VMR and cerebral hemodynamics seems like an important 
adjunct or primary diagnostic tool capable of quantifying and following mTBI 
patients, as well as providing useful prognostic information to better direct the care 
and management of these individuals. Considering the available information, it is 
possible that mTBI leads to the impairment of NVU function that is reflected in 
abnormally elevated CBFVs due to the enduring stenotic process. It seems that it is 
possible to suggest some pathway for pathological processes that are followed after 
single or multiple mTBIs (Fig. 71.1).
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Post-mTBI disruption of ANS and CBF autoregulation continue to adversely 
affect a significant proportion of the mTBI population and remain a challenge for all 
clinicians. At the present time, no proven treatment regimen aimed specifically at 
decreasing the potential detrimental effects of long-term effects of mTBI exists. 
Therefore, by our opinion, vigilant diagnostic surveillance, including serial TCD 
studies and the prevention or treatment of potential CVD, is crucial. TCD illumi-
nates status of cerebral hemodynamics and could be offered as a good screening test 
to detect abnormal changes in patients after mTBI but the quest for “fine-tuning” of 
TCD application for mTBI continues.

Based on available data, we can conclude that there is a potential for much 
broader utilization of TCD for patients after mTBI. TCD makes good clinical and 
economic sense as it is a reliable, quantitative, and non-expensive “biomarker” to 
the acute clinical manifestations of mTBI and long-term effects of concussion or 
mTBI. TCD clinical utilization holds promise for better detection, characterization, 
and monitoring of objective cerebral hemodynamics changes in symptomatic 
patients with mTBI not readily apparent by standard CT or conventional MRI tech-
niques. TCD utilization will improve the sensitivity of neuroimaging to subtle brain 
perturbations and combining these objective measures with careful clinical charac-
terization of patients may facilitate better understanding of the neural bases and 
treatment of the signs and symptoms of mTBI. A paradigm shift in the importance 
of the vascular response to injury opens new avenues of drug-treatment strategies 
for mTBI.

TCD makes good clinical and economic sense, as it is a reliable, quantitative, and 
non-expensive “biomarker” to the acute clinical manifestations and long-term 
effects of mTBI. TCD utilization will improve the sensitivity of neuroimaging to 
subtle brain perturbations, and combining these objective measures with careful 
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Fig. 71.1 Hypothesis for post-concussive pathways of pathological processes
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clinical characterization of patients may facilitate better understanding of the neural 
bases and treatment of the signs and symptoms of mTBI. TCD is a fast and reliable 
efficient ultrasound technology and has greater value to improve the management of 
patients with acute and long-term mTBI.
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