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Foreword

Modern hospitals in the developed countries have changed remarkably in character over the last quarter-century, no
longer serving as a hospice for the chronically sick. Instead, their focus is now primarily on surgical patients requiring
perioperative care, patients requiring a procedural intervention, and patients with critical illnesses requiring care in the
intensive care unit because of the complexity of their disorders. In the same manner as many other medical disciplines,
neurology has become for the most part an outpatient specialty. Patients requiring surgery or with complex neurologic
disorders necessitating a multidisciplinary approach and constant monitoring now make up a large component of the
patients admitted to hospital and seen by neurologists. It was with this in mind that we felt the need to include critical
care neurology within the embrace of the Handbook of Clinical Neurology series. To this end, we approached two
leaders in the field to develop the subject, and are delighted that they agreed to do so and with what they have achieved.

Eelco Wijdicks is professor of neurology and chair of the division of critical care neurology at the Mayo Clinic
College of Medicine, Rochester, Minnesota, and is a well-known author and the founding editor of the journal
Neurocritical Care. Andreas H. Kramer is a clinical associate professor in the departments of critical care medicine
and clinical neurosciences at the Hotchkiss Brain Institute of the University of Calgary, in Alberta, Canada. Both
are leaders in the field of neurointensive care, with wide experience in patient management and an international record
in developing evidence-based guidelines for optimizing patient care. Together they have developed two volumes of the
Handbook to cover the pathophysiology and treatment of patients with acute neurologic or neurosurgical disorders
requiring care in the intensive care unit (Volume 140), or with neurologic complications that have arisen in the setting
of a medical or surgical critical illness (Volume 141).

Forty-one chapters deal with all aspects of these disorders, including ethical and prognostic considerations. Many of
the management issues that are discussed in these pages are among the most difficult ones faced by contemporary
clinicians, and the availability of these authoritative reviews – buttressed by the latest advances in medical
science – will increase physician confidence by providing the most up-to-date guidelines for improving patient care.
We are grateful to ProfessorsWijdicks andKramer, and to the various contributors whom they enlisted as coauthors, for
crafting two such comprehensive volumes that will be of major utility both as reference works for all practitioners and
as practical guides for those in the front line.

As series editors, we reviewed all of the chapters in these volumes, making suggestions for improvement as needed.
We believe that all who are involved in the care of critically ill patients in the hospital setting will find them a valuable
resource. The availability of the volume electronically on Elsevier’s Science Direct site should increase their acces-
sibility and facilitate searches for specific information.

As always, we extend our appreciation to Elsevier, our publishers, for their continued support of the Handbook
series, and warmly acknowledge our personal indebtedness to Michael Parkinson in Scotland and to Mara Conner
and Kristi Anderson in California for their assistance in seeing these volumes to fruition.

Michael J. Aminoff
François Boller
Dick F. Swaab



Preface

New subspecialties in neurology continue to germinate, and critical care neurology (also known as neurocritical care) is
one of the more recent ones. The field has matured significantly over the last two decades, and a neurointensivist is a
recognizable and legitimate specialist. The field involves primarily the care of patients with an acute neurologic or
neurosurgical disorder. These disorders are life-threatening because the main injury may damage critical structures
and often affects respiration and even the circulation. A neurologic complication may also appear de novo in the setting
of a medical or surgical critical illness. These two clinical situations form the pillars of this field and therefore justify
two separate volumes. In these two books we include traditional sections focused on epidemiology and pathophysi-
ology, but others are more tailored towards management of the patient, sections we think are informative to the general
neurologist. Therapeutic interventions and acute decisions are part of a daily commitment of a neurointensivist. We
assumed that a focus on management (and less on diagnostics) will be most useful for the reader of this handbook
series. The immediacy of management focuses on prevention of further intracranial complications (brain edema
and brain tissue shift, increased intracranial pressure, and seizures) and systemic (cardiopulmonary) insults.

We have written extensively on many of these topics but in these two volumes we let other practitioners write about
their practice, experiences, and research. They have all made a name for themselves and we are pleased they were able
to contribute to this work. Although the major topics are reviewed, we realize some may have been truncated or not
covered because we tried to avoid a substantial overlap with other volumes in the series.

This is a contributed book with all its inherent quirks, stylistic mismatches, and inconsistencies, but we hope we
have edited a text that is more than the sum of its parts. We appreciate the fact that the series editors of theHandbook of
Clinical Neurology recognized this field of neurology. Herein, we are making the argument that delivery of care by a
neurointensivist is an absolute requirement and its value for the patient is undisputed. Still, the best way to achieve this
is through integrated care, and neurointensivists can only function in a multidisciplinary cooperative practice. The new
slate of neurointensivists in the USA can be certified in neurology, neurosurgery, internal medicine, anesthesiology, or
other critical care specialties and time will tell if this all-inclusiveness will dilute or strengthen the specialty. One fact is
clear: our backgrounds are different and this significantly helped in shaping this volume.

We thank the editors of the series –Michael Aminoff, Francois Boller, and Dick Swaab – for inviting us three years
ago to prepare these volumes. We must particularly thank Michael Parkinson and Sujatha Thirugnana Sambandam,
who steered the books to fruition.

I—EelcoWijdicks—know the series very well andwhen I didmy neurology residency in Holland in the early 1980s
it was known as “Vinken and Bruyn,” and residents and staff would always look there first to find a solution for a
difficult patient, to read up on an usual disorder or to understand a mechanism. I admired the beautiful covers and
authoritative reviews and I remember it had a special place in our library. I was thrilled to see the complete series
in the Mayo Neurology library when I arrived in the USA.

We are both honored to have contributed to this renowned series of clinical neurology books.
Eelco F.M. Wijdicks
Andreas H. Kramer
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Chapter 24

The scope of neurology of critical illness

E.F.M. WIJDICKS*
Division of Critical Care Neurology, Mayo Clinic and Neurosciences Intensive Care Unit, Mayo Clinic Campus,

Saint Marys Hospital, Rochester, MN, USA

Abstract

Critical illness increases the probability of a neurologic complication. There are many reasons to consult
a neurologist in a critically ill patient and most often it is altered alertness with no intuitive plausible expla-
nation. Other common clinical neurologic problems facing the intensive care specialist and consulting neu-
rologist in everyday decisions are coma following prolonged cardiovascular surgery, newly perceived
motor asymmetry, seizures or other abnormal movements, and generalized muscle weakness. Assessment
of long-term neurologic prognosis is another frequent reason for consultation and often to seek additional
information about the patient’s critical condition by the attending intensivist. Generally speaking, consul-
tations in medical or surgical ICU’s may have a varying catalog of complexity and may involve close
management of major acute brain injury.

This chapter introduces the main principles and scope of this field. Being able to do these con-
sults effectively–often urgent and at any hour of the day–requires a good knowledge of general
intensive care and surgical procedures. An argument can be made to involve neurointensivists or
neurohospitalists in these complicated consults.

The subspecialty of critical care neurology has twomajor
pillars – the care of patients with critical neurologic ill-
ness and the care of critically ill patients who during
the most treacherous phase of their clinical course, or
soon thereafter, develop a neurologic complication. This
second part of the volume Critical Care Neurology is
about the second category of patients, namely those
admitted to medical and surgical intensive care units
(ICUs) presenting with a de novo neurologic problem.
These patients are seen in consultation by neurologists
for diagnosis and management – often expediently –

but remain under the care of intensivists and surgeons.
The complications observed may be quite specific and
neurologists immediately appreciate that a neurologic
complication in a critically ill patient often occurs in a
complex, rapidly changing clinical situation. Moreover,
most intensivists feel uncomfortable in handling this new
neurologic condition themselves, and request not only
assistance with identification of the neurologic disorder,
but also in management. Many general neurologists who

work on the hospital consultation service – often not
more than a fewweeks a year – feel uncomfortable seeing
these medically unstable patients, who every so often
cannot even leave the ICU for neuroimaging. It is there-
fore common that neurologists or neurohospitalists
request formal assistance by a neurointensivist, if these
individuals are among the staff. Furthermore, once the
patient is assessed, continuous attention may be needed,
whichmay involve prolonged bedside care and later calls
at night by nursing staff or attending intensivists to help
direct management.

More than in any place in the hospital, consulting in
the ICU involves questions about de-escalating care.
The attending team and family may consider withdraw-
ing life-sustaining interventions, or at least a do-not-
resuscitate status, and therefore need a neurologist’s
input. Such involvement is partly a reflection of the high
prevalence of neurologic catastrophes in patients with a
critical illness. Frequently the clinical situation is clear,
such as, for example, in persistently comatose survivors

*Correspondence to: Eelco F.M.Wijdicks, Department ofNeurology,MayoClinic, 200 First Street SW,RochesterMN55905, USA.
E-mail: wijde@mayo.edu

Handbook of Clinical Neurology, Vol. 141 (3rd series)
Critical Care Neurology, Part II
E.F.M. Wijdicks and A.H. Kramer, Editors
http://dx.doi.org/10.1016/B978-0-444-63599-0.00024-7
© 2017 Elsevier B.V. All rights reserved
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following prolonged cardiopulmonary arrest and in
patients with polytrauma and severe traumatic brain
injury–in other situations the degree of brain injury
may be far more difficult to ascertain.

Neurologists are asked to participate in family con-
ferences and they can be helpful in clarifying the bigger
picture. Sometimes the neurologic complication is a
defining moment and little can be done to help the
patient. In such situations, neurologists could be con-
clusive if there is an undeniable poor outcome and
thereby keep the managing team from treating a patient
in a futile situation. However, although it is important to
decisively prognosticate when certain, another funda-
mental rule of ICU consultation is to hold back when
information is incomplete or the clinical situation is
not fully understood. Some neurologic manifestations
(e.g., coma in progressive multiorgan failure) are a
direct manifestation of a relentless downward spiral.
At the other end of this spectrum of severity are tran-
sient manifestations (e.g., briefly altered consciousness
or twitching). Many of these passing manifestation have
no impact on outcome and may remain unexplained or
attributed to a probable drug effect.

Critical illness increases the probability of a neuro-
logic complication, and current best estimates are that
approximately 10% of patients will develop some
sort of neurologic manifestation (Bleck et al., 1993;
Howard, 2007;Wijdicks, 2012). Neurology of critical ill-
ness is an important field, which requires renewed atten-
tion and research. The rationale for this expertise is
summarized in Table 24.1 and shows common clinical
neurologic problems facing the intensive care specialist
and consulting neurologist in everyday decisions.

Most ICU consults are relatively urgent or emergent
consults. The urgency is often determined by the inability
to understand the full clinical picture and when the situ-
ation is particularly concerning at face value. Examples

are consults in the ICU for acutely impaired conscious-
ness that require a rapid but comprehensive assessment
of the cause of coma and whether it can be immediately
reversed (Wijdicks, 2016b). In this ICU practice we can
expect three clinical scenarios: acute loss of conscious-
ness, failure of patients to fully awaken after recuperation
from amajor surgical procedure, and, occasionally, coma
in a developing but as yet undiagnosed critical illness.
These latter situations are the most challenging both
for the neurologists coming to the bedside and the inten-
sivist trying to grasp the situation.

Another common issue is the patient with “altered
mental status.” This category of neurologic deficits –

patients who are agitated and less responsive – may in
comparison appear less concerning. Patients are con-
fused and may not respond quickly, rarely fixate on
objects, and cannot follow simple commands. Some
are able to speak, others are unable to respond. We
assume that, in most situations, patients will have acute
brain dysfunction from sepsis-associated encephalopa-
thy, the effects of medications, or from new-onset acute
renal or liver failure, or both.

Unfortunately, for many years, neurologists had the
tendency to call any patient with an encephalopathy
“multifactorial metabolic encephalopathy,” followed
by listing the abnormalities that make up the patient’s
critical illness. None of this would advance understand-
ing of these complicated patients. More experience in
examining and following such patients has resulted in
a better effort to try to understand the true nature of acute
brain dysfunction. One principle is to set apart the major
driver of neurologic manifestations, but equally common
now is to consider other possible explanations, such
as structural injury (Lockwood, 1987; Iacobone et al.,
2009; Hughes et al., 2012). We now know that
many patients termed “encephalopathic” really had a
structural brain injury, including those with electroen-
cephalogram (EEG) patterns (e.g., diffuse slowing or tri-
phasic waves) traditionally associated with “metabolic
dysfunction.” Posterior reversible encephalopathy syn-
drome is so prevalent that it is often placed high in the
differential diagnosis, and if the circumstances are right,
should be investigated with magnetic resonance
imaging.

Acute confusional state or deliriummay trigger a con-
sult, but many intensivists do recognize this entity and
treat it appropriately (Brown, 2014). The most difficult
situation is to assess a patient with decreased or
increased arousal, abnormal perception, abnormal atten-
tion, and incoherent language. Within this category are
patients with apraxia and aphasia. Abulia is suggestive
of a frontal syndrome, but may be misinterpreted as
so-called “hypoactive delirium,” although most patients
with delirium have no new structural central nervous

Table 24.1

Why neurology consults in the ICU matter?

Neurologic consultation in the ICU requires a broad base of
medical knowledge

Neurologic consultation provides diagnostic, therapeutic, and
prognostic advice

Neurologic consultation may detect an unsuspected neurologic
disorder

Neurologic consultation in the ICUmay change approach to the
patient

Neurologic consultation involves end-of-life decisions for
some patients

ICU, intensive care unit.

From Wijdicks (2016a) Solving Critical Consults. In: Core Principles

of Acute Neurology Series. Used with permission fromMayo Founda-

tion for Medical Education and Research.
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system lesion (Devinsky and D’Esposito, 2004). A large
proportion of ICU patients with “sundowning” or agi-
tated delirium have pre-existing cognitive decline or
prior undiagnosed advanced dementia. An unexplained
observation is that delirium is associated with prolonged
ICU stay and increased mortality (Ely et al., 2004;
Pandharipande et al., 2013), yet none of the clinical trials
that have aggressively treated patients with delirium
have shown an improved mortality rate (Zaal and
Slooter, 2012; Flannery and Flynn 2013). Most physi-
cians feel that treatment should be swift with
potent sedative drugs because there are few other options
to calm the patient and ensure safety (Makii et al., 2010).

Consults for new-onset seizures or new movement
abnormalities are also comparatively frequent. A new
focal finding (i.e., hemiparesis or marked asymmetry) is
less commonly, but consults are often for newly perceived
asymmetries. A major challenge is to recognize an acute
stroke during a critical illness or after amajor vascular pro-
cedure. Patientsmay have a delayed presentation or recog-
nition of neurologic deficits, particularly when anesthetic
drugs have been and are still being metabolized in the
postoperative phase of surgery. The challenge here is early
recognition to allow an endovascular intervention because
intravenous thrombolysis is usually contraindicated.
Acute ischemic stroke may warrant endovascular treat-
ment if the situation allows, although the computed
tomography scanmay already showan established infarct.
In unclear situations we often perform a CT angiogram
with or without CT perfusion. This gives a good sense
of injury and what tissue is at risk.

Consults in surgical and trauma ICUs are often related
to diagnostic evaluation of new spinal cord and traumatic
brain injury. In most instances, other specialties have
already been involved (i.e., neurosurgery). A special cat-
egory is consultation in the transplant recipient, which
may have already started before transplantation (e.g., ful-
minant hepatic failure) The neurologist’s presence is
often appreciated by the attending intensivist or surgeon
if care involves management of increased intracranial
pressure (brain edema in fulminant hepatic failure or
traumatic diffuse axonal injury),recognition of neuro-
toxicity and co-management of opportunistic CNS infec-
tions. Another special category is the patient admitted
with a left ventricular assist device and new neurologic
symptoms. Decisions on discontinuation or modification
of anticoagulation often involve a neurologist.

In the surgical ICU, consults may involve sudden
appearance of paraplegia after awakening from anesthe-
sia. Acute infarction of the spinal cord could allow imme-
diate placement of a lumbar drain to reduce cerebrospinal
fluid spinal pressure and possibly blood pressure aug-
mentation to improve residual spinal blood flow. In each
of these scenarios, prompt decisions are warranted that

could lead to improved outcome if appropriate measures
are taken. Urgent consultation for a possible complica-
tion of carotid artery surgery involves assessment for
ischemic stroke or management of blood pressure and
heart rate instability (the latter is mostly managed by a
neurointensivist, but a general neurologist should be
aware of this major complication involving damage to
the baroreceptors).

Generalized weakness in the ICU is very common and
nearly always prompts a neurologic consult (Maramattom
and Wijdicks, 2006). Most neurologists will expect (and
diagnose) critical illness polyneuropathy, critical illness
myopathy, or both. These are the most common causes
of weakness in the ICU setting. The prevalence of
ICU-acquired weakness is high in survivors of critical ill-
ness and will likely increase further as more patients
survive sepsis, multiorgan failure, and other fulminant
conditions.

Failure towean off the ventilator (or unexplained rein-
tubation) is another trigger for a comprehensive neuro-
logic assessment and a neurologic disorder other than
critical illness polyneuropathy may be found.

Finally, consultsmay involve explanation of neuroim-
aging findings or interpretation of an abnormal EEG in a
patient with an undefined repetitive movement (Firosh
Khan et al., 2005; Oddo et al., 2009; Young, 2009;
Claassen et al., 2013).

Any consult in a critically ill neurologic patient must
proceed with the steps outlined in Table 24.2. A neuro-
logic consult in a critically ill patient may lead to a diag-
nosis not initially considered by the managing team and
is frequent in our experience (Mittal et al., 2015). These
recognized neurologic disorders may all have major
consequences – diagnostic, prognostic, and therapeutic.
Consultations may have a varying catalog of complexity
and may involve management of major acute neurologic
injury (Fig. 24.1). Consults in ICUs are complex by

Table 24.2

Essentials of a neurology consult in the intensive care unit

Assess details on severity of critical illness
Assess blood pressure and extent of blood pressure support
Assess drug administration over 5–7 days
Verify onset of symptoms with nursing staff
Assess major confounders (therapeutic hypothermia,
extracorporeal membrane oxygenation, acute metabolic
derangements, and acid–base abnormalities)

Inquire about possible movements, or twitching
Assess for drugs strongly related to delirium, movement
disorders

From Wijdicks (2016a) Solving Critical Consults. In: Core Principles

of Acute Neurology Series. Used with permission fromMayo Founda-

tion for Medical Education and Research.
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nature, and neurologists should expect not only to solve a
diagnostic problem, but to be actively involved in ongo-
ing management of the neurologic considerations. Situ-
ations in which this may occur include acute ischemic
stroke after cardiovascular surgery, recurrent seizures
in acute hyponatremia, posterior reversible encephalop-
athy syndrome, and immunosuppression neurotoxicity.

CONCLUSION

ICU consults are the most challenging in the hospital
because: (1) decisions may have to be made in an evolv-
ing situation; (2) the primary diagnosis may be unclear;
(3) neurologic examination can be compromised when
patients are markedly edematous, jaundiced, immobile,
bruised, and have major operative wounds or an open
abdomen or chest; and (4) neuroimaging and electro-
physiology may not be particularly helpful. One could
argue for a separate hospital service staffed by experi-
enced neurohospitalists or neurointensivists. Still many
of us are caught unaware by a variety of presentations,
and as long as experience is gained, it is ideally gained
by a specialized group that will be able to apply this
knowledge to future patients. We have seen a number
of conditions emerge more clearly as a result of us taking
all ICU consults in both Mayo-affiliated hospital
(Table 24.3). We suspect that telemedicine, would be

ideal for such consults in the future (Wilcox and
Adhikari, 2012; Lilly et al., 2014a, b).

REFERENCES

Bleck TP, SmithMC, Pierre-Louis SJ et al. (1993). Neurologic

complications of critical medical illnesses. Crit Care Med

21: 98–103.
Brown CH (2014). Delirium in the cardiac surgical ICU. Curr

Opin Anaesthesiol 27: 117–122.
Claassen J, Taccone FS, Horn P et al. (2013).

Recommendations on the use of EEG monitoring in criti-

cally ill patients: consensus statement from the neurointen-

sive care section of the ESICM. Intensive Care Med 39:
1337–1351.

Devinsky O,D’EspositoM (2004). Neurology of Cognitive and

Behavioral Disorders. Oxford University Press, Oxford.

Ely EW, Shintani A, Truman B et al. (2004). Delirium as a pre-

dictor of mortality in mechanically ventilated patients in

the intensive care unit. JAMA 291: 1753–1762.
Firosh Khan S, Ashalatha R, Thomas SV et al. (2005).

Emergent EEG is helpful in neurology critical care prac-

tice. Clin Neurophysiol 116: 2454–2459.
Flannery AH, Flynn JD (2013). More questions than answers

in ICU delirium: pressing issues for future research. Ann

Pharmacother 47: 1558–1561.
Howard RS (2007). Neurological problems on the ICU. Clin

Med 7: 148–153.
Hughes CG, Patel MB, Pandharipande PP (2012).

Pathophysiology of acute brain dysfunction: what’s the

cause of all this confusion?CurrOpinCritCare18: 518–526.
Iacobone E, Bailly-Salin J, Polito A et al. (2009). Sepsis-

associated encephalopathy and its differential diagnosis.

Crit Care Med 37: S331–S336.
Lilly CM, McLaughlin JM, Zhao H et al. (2014a).

A multicenter study of ICU telemedicine reengineering

of adult critical care. Chest 145: 500–507a.
Lilly CM, Zubrow MT, Kempner KM et al. (2014b). Critical

Care Telemedicine: Evolution and State of the Art. Crit

Care Med 42: 2429–2436.
Lockwood AH (1987). Metabolic encephalopathies: opportu-

nities and challenges. J Cereb Blood Flow Metab 7:
523–526.

Makii JM,MirskiMA, Lewin 3rd JJ (2010). Sedation and anal-

gesia in critically ill neurologic patients. J Pharm Pract 23:
455–469.

Fig. 24.1. Complexity of neurologic consults in the intensive

care unit. CT, computed tomography. From Wijdicks (2016a)

Solving Critical Consults. In: Core Principles of Acute

Neurology Series. Used with permission fromMayo Founda-

tion for Medical Education and Research.

Table 24.3

Some initially unrecognized neurologic conditions in the

intensive care unit

Posterior reversible encephalopathy syndrome
Serotonin syndrome
Cefepime neurotoxicity
Nonconvulsive status epilepticus
Amyotrophic lateral sclerosis
Hyperammonemic stupor
Central pontine myelinolysis
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Chapter 25

Delirium in critically ill patients

A.J.C. SLOOTER*, R.R. VAN DE LEUR, AND I.J. ZAAL
Department of Intensive Care Medicine, University Medical Center Utrecht, Utrecht, The Netherlands

Abstract

Delirium is common in critically ill patients and associated with increased length of stay in the intensive
care unit (ICU) and long-term cognitive impairment. The pathophysiology of delirium has been explained
by neuroinflammation, an aberrant stress response, neurotransmitter imbalances, and neuronal network
alterations. Delirium develops mostly in vulnerable patients (e.g., elderly and cognitively impaired) in
the throes of a critical illness. Delirium is by definition due to an underlying condition and can be identified
at ICU admission using prediction models. Treatment of delirium can be improved with frequent moni-
toring, as early detection and subsequent treatment of the underlying condition can improve outcome.
Cautious use or avoidance of benzodiazepines may reduce the likelihood of developing delirium. Non-
pharmacologic strategies with early mobilization, reducing causes for sleep deprivation, and reorientation
measures may be effective in the prevention of delirium. Antipsychotics are effective in treating halluci-
nations and agitation, but do not reduce the duration of delirium. Combined pain, agitation, and delirium
protocols seem to improve the outcome of critically ill patients and may reduce delirium incidence.

INTRODUCTION

The term delirium is derived from the Latin word
delirare,meaning “to go out of the furrow while plough-
ing a field” which implies to deviate from the straight
track (Adamis et al., 2007). Despite its long history,
delirium in the intensive care unit (ICU) has not received
much attention. In 1980, the third edition of the Diag-
nostic and Statistical Manual of Mental Disorders
(DSM-III) brought cohesion in the various terms
under the umbrella of delirium (American Psychiatric
Association, 1980). Delirium has recently been redefined
in the DSM-5 as an acute disturbance in attention and
awareness, with additional disturbances in cognition,
not explained by a pre-existing neurocognitive disorder,
and caused by another medical condition (American
Psychiatric Association, 2013; Zaal and Slooter, 2014).
Delirium has a heterogeneous etiology, but homoge-
neous presentation. In ICU patients, delirium usually
occurs in the setting of multiorgan failure and in the sick-
est patients.

A related condition to delirium is encephalopathy, for
which there is no uniformly accepted definition and
which may just be another nondistinct term. Acute or
subacute encephalopathy has been defined as the mani-
festations of widespread failure of cerebral metabolism
due tometabolic, toxic, or infectious disease. Theseman-
ifestations typically involve a disorder of consciousness
or awareness, such as delirium, stupor, or coma, as well
as a variety of focal neurologic signs and sometimes sei-
zures (Lipowski, 1990). Most neurologists use the term
encephalopathy to describe diffuse brain pathology that
manifests as delirium or in more severe cases as coma,
with occasionally focal neurologic signs.

Delirium together with more severe disorders of con-
sciousness has been named by some as “acute brain
failure” (Morandi et al., 2008), analogous to other hetero-
geneous conditions in ICU patients, such as acute renal
failure or acute heart failure. The term acute brain failure
further expresses a continuum of pathology, whereas the
term delirium may falsely suggest a dichotomy. Finally,

*Correspondence to: Arjen J.C. Slooter, Department of Intensive Care Medicine, University Medical Center Utrecht, Utrecht,
The Netherlands. E-mail: a.slooter-3@umcutrecht.nl

Handbook of Clinical Neurology, Vol. 141 (3rd series)
Critical Care Neurology, Part II
E.F.M. Wijdicks and A.H. Kramer, Editors
http://dx.doi.org/10.1016/B978-0-444-63599-0.00025-9
© 2017 Elsevier B.V. All rights reserved

http://dx.doi.org/10.1016/B978-0-444-63599-0.00025-9


the term subsyndromal delirium has been used to describe
patients with some delirium features, who do not fulfill
diagnostic criteria for delirium (Ouimet et al., 2007b).

DSM-5 criteria for delirium are broad and include
numerous other acute neurologic conditions. The typical
critically ill patient with delirium has been exposed to
a variety of both predisposing and precipitating risk
factors at the same time, and it is usually impossible
to assign one specific cause for delirium (Ely et al.,
2001a). The termdelirium in the context of acute structural
brain injury is usually used to describe secondary deteri-
oration after the acute event due to systemic disorders,
such as adverse effects of drugs, metabolic alterations,
or infectious diseases. The terminology in delirious
patients remains ambiguous, reflecting the patient’s
symptomatology.

EPIDEMIOLOGY

It has been recently appreciated that delirium is a com-
mon phenomenon in the ICU. A meta-analysis of 42
studies and 16 595 critically ill patients showed an occur-
rence rate of delirium of 31.8% (Salluh et al., 2015). The
rates varied between 9.2% in nonventilated surgical
intensive care patients (Serafim et al., 2012) and 91%
in a group of mechanically ventilated cancer patients
(Almeida et al., 2014). This variation is presumably
caused by a different case mix, as the proportion of elec-
tive surgical patients (versus acutely admitted patients)
and risk factors for delirium is not equally distributed
between study populations. Furthermore, the use of dif-
ferent screening instruments and the subsequent different
interpretation of subsyndromal delirium could have
caused variability (Ouimet et al., 2007b) and is all indic-
ative of a definitional problem.

The median duration of ICU delirium was found to be
3 days (interquartile range 2–7 days) and themedian time
to onset 2 days (interquartile range 1–4 days), although
this can vary strongly between patients (Pisani et al.,
2009b; Zaal et al., 2015c). In some cases, delirium can
be present for weeks.

Over 100 different risk factors have been described
for delirium. In ICU patients, an average of 11 of these
factors has been reported to be present at the same time
(Ely et al., 2001a) and may imply an interaction between
predisposing, precipitating, and triggering factors. In
practice, this means that a young and healthy person will
only develop delirium when seriously critically ill, while
an old and demented person may already become delir-
ious from fever and a urinary tract infection (Fig. 25.1).
A semiquantitative best-evidence approach may identify
risk factors for ICU delirium based on the number,
quality, and consistency of previous studies (Zaal
et al., 2015b).

The risk of delirium increases with 2% with every
additional year once a patient reached the age of
65 (Pandharipande et al., 2006). Dementia doubles the
risk to develop delirium in the ICU (McNicoll et al.,
2003; Van Rompaey et al., 2009). It has been suggested
that there could be a genetic predisposition to delirium
(Ely et al., 2007; Stoicea et al., 2014).

Precipitating factors in the ICU can be classified into
three domains: acute illness, exposure to medications,
and environmental effects. First, acute illness as reflected
in the Acute Physiological and Chronic Health Evaluation
(APACHE) II score, emergency surgery, mechanical
ventilation, metabolic acidosis, (poly)trauma, and acute
systemic inflammation were precipitating factors. Each
additional point on the APACHE II score on admis-
sion increased the risk of delirium by 5–6%. A score of
18 and higher did not increase the risk any further
(Pandharipande et al., 2006; Ouimet et al., 2007a; Van
Rompaey et al., 2009; Wolters et al., 2015b; Zaal et al.,
2015b). Second, benzodiazepine use, especially with con-
tinuous infusion, causes a dose-dependent increase in the
risk of delirium (Pandharipande et al., 2006, 2008; Zaal
et al., 2015a). Associations have also been found between
use of opiates or corticosteroids and development of ICU
delirium, but these findings have been inconsistent
(Schreiber et al., 2014; Kamdar et al., 2015; Wolters
et al., 2015a; Zaal et al., 2015b). Environmental factors
such as lack of daylight, ICU sound level, and interrup-
tions increased the risk of delirium (Van Rompaey
et al., 2009; Caruso et al., 2014). A summary of predispos-
ing and precipitating risk factors for delirium in ICU
patients is shown in Figures 25.2 and 25.3.

NEUROPATHOLOGY

The pathophysiology is multifactorial and thus remains
poorly understood. A variety of hypotheses on the path-
ophysiology of delirium have been described, whichmay
be complementary, rather than competing (Maldonado,
2013). Themain hypotheses focus on neuroinflammation,

Fig. 25.1. The interaction between disease severity and

vulnerability in the pathogenesis of delirium.
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an aberrant stress response, neurotransmitter imbalances,
and neuronal network alterations. In addition, oxidative
stress and a disturbance of circadian integrity may play
a role in the pathogenesis of delirium (Maldonado, 2013).

Critical illness is often associated with an inflamma-
tory response, particularly in trauma or sepsis. A periph-
eral proinflammatory cytokine signal can be transmitted
to the brain through afferents of the vagus nerve, trans-
port across the blood–brain barrier (BBB), or entry at
the circumventricular region, where the BBB is nonexis-
tent or discontinuous. During sepsis increased levels of
interleukin (IL)-1, IL-6, and tumor necrosis factor
(TNF)-a have been found in the cerebrospinal fluid
(Waage et al., 1989). This could cause activation of
microglia, leading to further cytokine release and neuro-
nal dysfunction (Van Gool et al., 2010). Interestingly,
increased brain TNF-a levels persist in rodents for
months after administration of lipopolysaccharide, used
to simulate sepsis (Qin et al., 2007).Microglia seem to be
inhibited by acetylcholine, and in elderly patients with a
neurodegenerative disorder, the inhibitory function of
acetylcholine may be impaired. This could thus explain
that age and cognitive impairment are risk factors for
delirium and that delirium causes further long-term

cognitive impairment (Ebersoldt et al., 2007; Van Gool
et al., 2010; Field et al., 2012; Pandharipande et al.,
2013). Levels of IL-6, IL-8, procalcitonin, and
C-reactive protein are elevated during delirium (De
Rooij et al., 2007; McGrane et al., 2011). Postmortem
studies of brains of delirious patients showed increased
activity of microglia, astrocytes, and IL-6 and a high fre-
quency of ischemic lesions in different parts of the brain,
especially in the hippocampus (Janz et al., 2010;Munster
et al., 2011). Other possible effects of sepsis in the
pathogenesis of delirium are impaired perfusion pressure
and ischemia due to systemic hypotension and hypox-
emia, as well as microcirculatory alterations, including
endothelial dysfunction (Ebersoldt et al., 2007; Pfister
et al., 2008).

The aberrant stress response hypothesis points out
the possible adverse effects of acute stress. Glucocorti-
coids, the central hormones in the human stress
response, are regulated through the limbic–hypotha-
lamic–pituitary–adrenal axis (LHPA axis). Several
stressors, such as surgery, systemic inflammation, and
pain, cause the brain to activate the LHPA axis and
thereby increase the levels of cortisol. In healthy indi-
viduals, this response is adaptive and has adequate
feedback regulation. Cognitive decline and aging are
associated with impaired feedback regulation of the
stress response pathway and these patients may develop
sustained high cortisol levels. Glucocorticoids, in turn,
can pass the BBB, and sustained high cortisol levels are
known to cause impairment in cognition and attention
(Maclullich et al., 2008). High cortisol levels were
indeed associated with delirium (Mu et al., 2010;
Plaschke et al., 2010; Van den Boogaard et al.,
2011). One study showed that systemic corticosteroid
administration was related to the development of delir-
ium (Schreiber et al., 2014), but another study could not
confirm this (Wolters et al., 2015a).

It is further presumed that delirium is associated with
reduced cholinergic activity. The acetylcholine neuro-
transmitter system plays a central role in attention and
consciousness, which are particularly affected in delir-
ium (Hshieh et al., 2008). Secondly, the use of anticho-
linergic drugs is associated with an increased severity of
the symptoms of delirium in non-ICU patients (Han
et al., 2001). Exposure to anticholinergic drugs in the
ICU, however, was not associated with a greater risk
of the development of delirium (Wolters et al., 2015b).
Furthermore, cholinesterase inhibitors did not decrease
the risk for delirium (Van Eijk et al., 2010). The cholin-
ergic system is thought to be balanced with dopamine
and serotonin and an excess of these two neurotransmit-
ters may be associated with delirium. Dopaminergic
drugs, like levodopa, may induce delirium and dopamine
antagonists, such as haloperidol, may alleviate certain

Fig. 25.2. Predisposing factors in the pathogenesis of inten-

sive care unit delirium.

Fig. 25.3. Precipitating factors in the pathogenesis of inten-

sive care unit delirium. APACHE II, Acute Physiological

and Chronic Health Evaluation II.
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delirium symptoms. Dopamine and serotonin influence
arousal, motor function, and the sleep–wake cycle
(Hshieh et al., 2008). Moreover, dopamine has a regula-
tory influence on the cholinergic system (Trzepacz,
1999). Lastly, release of gamma-aminobutyric acid
(GABA) is presumed to be involved in the development
of delirium, as benzodiazepines, that increase GABA
activity, increase the risk of delirium (Pandharipande
et al., 2006; Zaal et al., 2015a).

Recently, numerous studies have been performed on
neuronal networks in various neurologic and psychiatric
diseases. A functional connectivity study using electro-
encephalography (EEG) and a global approach for net-
work analysis, found delirium to be associated with a
more random functional network and loss of functional
connectivity (Van Dellen et al., 2014). Delirium could
therefore be considered as a disconnection syndrome.
Using a seed-based approach and functional magnetic
resonance imaging, reduced autocorrelation was found
between the executive network and the default-mode net-
work that is involved in attention, as well as disruptions
in interregional connectivity in subcortical regions that
are involved in arousal (Choi et al., 2012). Considering
the aforementioned multifactorial etiology of delirium,
it is assumed that the interaction of different pathways
leads to disruption of large-scale neuronal networks,
and that this disruption causes attention deficits, a
reduced level of consciousness, and other features of
delirium.

In addition, ischemia seems to play a role in the
pathogenesis of delirium. Studies with preoperative
MRI of the brain found white-matter hyperintensities,
carotid stenosis, and new cortical ischemic lesions,
acquired during surgery, to be risk factors for postoper-
ative delirium (Shioiri et al., 2010; Root et al., 2013;
Omiya et al., 2015). During a delirium episode reduced
cerebral blood flow was found in mainly the parietal
and frontal regions, with recovery of blood flow after
symptom resolution (Yokota et al., 2003; Alsop et al.,
2006; Fong et al., 2006). In an investigation where
ICU patients received an MRI scan at hospital discharge
and 3 months later, the duration of delirium was found to
be associated with white-matter disruption and smaller
brain volumes (Gunther et al., 2012; Morandi et al.,
2012; Jackson et al., 2015). It remains unclear whether
these were consequences of delirium, or predisposing
factors.

CLINICAL PRESENTATION

A key characteristic of delirium is a decreased level of
consciousness and disturbance of attention. Attention
disturbances usually manifest with difficulty sustaining

attention, but distraction by irrelevant stimuli also often
occurs. A disturbed sleep–wake rhythm is almost
always present, as well as disorientation in time and
place. Patients with delirium may be restless or not
and some have categorized delirium according to psy-
chomotor alterations into hypoactive, hyperactive, and
mixed motor subtypes (Meagher et al., 2000). The
hypoactive subtype is the most frequent type of delir-
ium but is nondistinct and may be underdiagnosed
because it is characterized by a reduced alertness and
a reduced amount of motor activity (i.e., hypokinesia)
and speech. Hypoactive delirium and metabolic enceph-
alopathy (already an umbrella term for many metabolic
disturbances) cannot be clinically distinguished. The
hyperactive subtype, and for most neurologists and psy-
chiatrists considered the prototype, is characterized by
an increased and inappropriate quantity of motor activ-
ity (i.e., hyperkinesia, albeit usually with bradykinesia),
with restlessness and sometimes agitation. This form of
delirium is more often associated with alcohol with-
drawal (Zaal et al., 2015c). The remaining patients have
the mixed motor subtype, and alternate between the
hyper- and hypoactive type (Peterson et al., 2006;
Pandharipande et al., 2007a; Meagher, 2009). It should
be noted, however, that classifications of motor sub-
types are usually based on brief observations in time,
and that there is no uniform classification of motor
subtypes.

Other features of delirium are disorganized thinking
and memory deficiency but emotional manifestations
such as anxiety, sadness, and irritation are seen. Percep-
tual disturbances (i.e., hallucinations and delusions) have
traditionally been associatedwith a delirium, but occur in
less than 40% of cases (Marquis et al., 2007). Hallucina-
tions are usually complex visual (landscapes, animals),
and acoustic hallucinations (sounds and voices) are rare.
Autonomic features, such as tachycardia and hyperven-
tilation, are common andmay cause additional distress to
the patient (i.e., increasedmyocardial demand). Delirium
severity often fluctuates during the course of the day,
with classically restlessness at night (“sundowning”),
and sleepiness during the day.

NEURODIAGNOSTICSANDIMAGING

The diagnosis of delirium is not difficult in predisposed
patients with an acute illness who develop a slightly
decreased level of consciousnesswith disturbed attention
in the course of hours to a few days. Patients with a
more severe decreased level of consciousness (i.e., no
response to voice) are considered unarousable or coma-
tose. There are numerous bedside tests to assess attention
in nonmechanically ventilated patients. Of these,
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repeating themonths of the year backward appeared to be
most sensitive to detect delirium in non-ICU patients
(Adamis et al., 2015). In intubated or tracheostomized
patients, the Attention Screening Examination can be
used, which is part of the Confusion Assessment Method
for the ICU (CAM-ICU) (Ely et al., 2001b). The exam-
iner reads a series of 10 letters and the patient is instructed
to squeeze the hand of the examiner when he or she hears
the letter A.Disturbed attentionwith this test is defined as
two or more errors. Patients with a paresis, for example,
due to ICU-acquired weakness, can close their eyes
instead of squeezing the examiner’s hand. Other impor-
tant features of delirium, such as disorientation, emo-
tional problems, and hallucinations, can be assessed
with close observation in patients who cannot commu-
nicate verbally. Assessment of other core features of
delirium such as a disturbed sleep–wake rhythm and
psychomotor disturbances (bradykinesia, hypo- or hyper-
kinesia) can also only be based on observations, although
it should be noted that estimations of sleep based on
inspection consistently overestimate sleep time (Aurell
and Elmqvist, 1985).

The diagnostic evaluation of patients with possible
delirium should include tests to detect “red flags”: symp-
toms and signs that suggest a specific neurologic syn-
drome and that are not compatible with the most
common type of ICU delirium, which is due to multiple
interacting predisposing and precipitating factors, as
described above. Important “red flags” are focal neuro-
logic signs, an atypical presentation (e.g., predominance
of hallucinations with preserved attention and conscious-
ness), an atypical onset (either very acute or chronic), and
a paucity of delirium risk factors. Agitation with dilated
pupils, clonus, hyperthermia, and hyperactive bowel
sounds may indicate a serotonin syndrome (Boyer and
Shannon, 2005). Hyperthermia is also a prominent fea-
ture of neuroleptic malignant syndrome, with extreme
rigidity and an elevated serum creatine kinase level.
Wernicke encephalopathy should be considered in mal-
nourished patients with ophthalmoplegia, nystagmus,
pupillary abnormalities, or limb ataxia (Sechi and
Serra, 2007).

EEG changes, including diffuse slowing of back-
ground activity, periodic discharges such as triphasic
waves, and polymorphic delta activity, can support
the diagnosis of delirium (Kaplan and Rossetti,
2011). In addition, EEG may show electrographic sei-
zures and periodic epileptiform discharges in some
patients with delirium, particularly in the context of
sepsis (Oddo et al., 2009). EEG is a sensitive, but less
specific, technique to detect delirium. Neuroimaging
has been used in several studies to improve understand-
ing of the pathophysiology of delirium (Soiza et al.,
2008), but the diagnostic yield in typical cases of

delirium is low, and neuroimaging is not recommended
in typical cases.

Screening

Delirium is often underdiagnosed in the ICU and up to
70% of delirium cases are missed by ICU physicians
(Van Eijk et al., 2009). A delay of more than 24 hours
in the treatment of ICU delirium was found to be associ-
ated with impaired outcome (Heymann et al., 2010). To
improve recognition of delirium in the ICU, various
screening instruments have been developed. Of these,
the two most commonly used and investigated instru-
ments are the CAM-ICU and the Intensive Care Delirium
Screening Checklist (ICDSC) (Bergeron et al., 2001; Ely
et al., 2001b; Patel et al., 2009).

The CAM-ICU is an assessment at one moment in
time with a binary outcome (delirium or no delirium).
It is an adaption of the CAM for patients who cannot
communicate verbally and can be completed in approx-
imately 2 minutes. It consists of four features: (1) acute
onset of mental status changes, or a fluctuating course;
(2) inattention; (3) disorganized thinking; and (4) an
altered level of consciousness (Table 25.1). The ICDSC
is an eight-item screening tool based on observations
during a nursing shift, with an outcome that can range
from 0 to 8 points. Hence, a patient can be scored as
no delirium (0 points), subsyndromal delirium (1–3
points), or delirium (>4 points) (Ouimet et al., 2007b).
The eight features are an altered level of consciousness,
inattention, disorientation, hallucinations or delusions,
psychomotor agitation and retardation, inappropriate
speech or mood, sleep–wake cycle disturbances, and
symptom fluctuations (Table 25.2).

In two meta-analyses, the CAM-ICU and the ICDSC
had a similar pooled sensitivity (75.5–80.0% vs.
74–80.1%), but the CAM-ICU had a higher specificity
(95.9% vs. 74.6–81.9%) (Gusmao-Flores et al., 2012;
Neto et al., 2012). It should be noted that almost all of
these studies were performed in a research setting. In rou-
tine daily practice, the sensitivity of the CAM-ICU was
47% overall, and 31% for the hypoactive subtype (Van
Eijk et al., 2011).

Various other approaches are currently explored to
develop more sensitive delirium monitoring with objec-
tive tools. These include objective assessments of atten-
tion deficits (Tieges et al., 2015), which require active
collaboration of the patient. Alternatively, monitoring
could be based on physiologic alterations, such as tem-
perature variability, eye movements, and blinks (Van
der Kooi et al., 2013, 2014). A promising approach
seems to be a brief EEG recording with a limited number
of electrodes and automated processing (Van der
Kooi et al., 2012).
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HOSPITAL COURSEANDMANAGEMENT

Treatment of delirium is first management of the under-
lying condition. A delay in treatment of ICU delirium
was found to be associated with impaired outcome
(Heymann et al., 2010). Secondly, symptomatic treat-
ment aims to reduce symptoms such as agitation and hal-
lucinations) (Table 25.3).

Prediction

Based on 10 characteristics that are known within the
first 24 hours of ICU admission, it can be predictedwhich
patients will develop delirium during their stay in the
ICU (Van den Boogaard et al., 2012a). The pooled area
under the receiver operating characteristics curve
(AUROC) of this PRE-DELIRICmodel was 0.85, which
was significantly higher than theAUROC for nurses’ and

physicians’ predictions (0.59) (Van den Boogaard et al.,
2012a). The same authors developed another model,
based on characteristics at ICU admission, called
E-PRE-DELIRIC, which consists of the following nine
factors: age, history of cognitive impairment, history
of alcohol abuse, admission category (surgery, medical,
trauma, neurology/neurosurgery), urgent admission,
mean arterial pressure, use of corticosteroids, respiratory
failure, and blood urea nitrogen. This model can be used
at ICU admission to calculate the risk for delirium during
the complete ICU stay and has an AUROC of 0.75 (Van
den Boogaard et al., 2014; Wassenaar et al., 2015).

Table 25.1

The Confusion Assessment Method for the Intensive Care

Unit (CAM-ICU)*

CAM-ICU

Criterium

1 Acute onset and/or fluctuating course
2 Inattention

Read the following series of 10 letters and let patient
squeeze on the letter ‘A’
S A V E A H A A R T† Positive if more than two errors.

3 Altered level of consciousness
Positive if RASS score other than zero.

4 Disorganized thinking
Positive if more than 1mistake on the following questions or
commands.

Ask the following questions:‡

● Will a stone float on water?
● Are there fish in the sea?
● Does one pound weigh more than two pounds?
● Can you use a hammer to pound a nail?

Command
Say to patient: “Hold op this many fingers” (hold two
fingers in front of the patient), “Now do the same with the
other hand” (without repeating the number of fingers)

PositiveCAM-ICU:Criterium1 plus 2 and either criterium3 or 4

Adapted from Ely et al. (2001b).

*TheCAM-ICUcan only be administeredwhen theRASS score>�3.
†If the patient has a neuromuscular disease and squeezing is impossi-

ble, eye blinks can be used.
‡An alternative set of questions are available.

Table 25.2

The Intensive Care Delirium Screening Checklist

(ICDSC)*

ICDSC

Criterium

1 Altered level of consciousness
Score if RASS score other than zero (without recent sedative
use)

2 Inattention
Score if inadequate response to the following test:
Read the following series of 10 letters and let patient squeeze
on the letter ‘A’
S A V E A H A A R T†

3 Disorientation
Score if disoriented in name, place and/or date

4 Hallucination, delustion or psychosis
Score if present

5 Psychomotor agitation or retardation
Either hyperactive, requiring sedatives or restraints, or
hypoactive

6 Inappropriate speech or mood
Score if present

7 Sleep-wake cycle disturbance
Either frequent awakening/ <4 hours of sleep or sleeping
during most of the day

8 Symptom fluctuation
Fluctuation of any of the above symptoms over a 24 hour
period

Score 1 point for every item present:
0 points: no delirium
1–3 points: subsyndromal delirium
4–8 points: delirium

Adapted from Bergeron et al. (2001) and Ouimet et al. (2007b).

*It is only possible to assess the ICDSC if the RASS score > �3.

The first four criteria are based on a bedside assessment, the other four

on observations throughout the entire shift.
†If the patient has a neuromuscular disease and squeezing is impossi-

ble, eye blinks can be used.
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Nonpharmacologic prevention and
treatment

The focus in the prevention of ICU delirium should
be on minimizing modifiable precipitating risk fac-
tors and treatment of underlying conditions (Hsieh
et al., 2013).

Multicomponent nonpharmacologic prevention ap-
proaches in non-ICU patients resulted in a significant
decrease in the odds for delirium of about 50%, as shown
in a meta-analysis of 11 studies (Hshieh et al., 2015). Sev-
eral practical interventions were used, such as early mobi-
lization, enhancing sleep through a warm drink and
relaxing music at bedtime, quieter hallways and fewer
sleep interruptions for medication and procedures, visual
and hearing aids, and reorientationwith a card of care team
members and a day schedule. The prevention programwas
especially effective in the primary prevention, as it had no
effect on the risk of recurrence (Inouye et al., 1999). Other
effective interventions included a proactive daily geriatri-
cian consultation and the assistance of family members,
who placed familiar objects in the room and helped the
patient with reorientation (Marcantonio et al., 2001;
Martinez et al., 2012).

There is little evidence on the effects of nonpharmaco-
logic prevention. In a randomized controlled trial (RCT)
on early physical and occupational therapy compared to
usual care, early mobilization was found to be safe and
associatedwith a decrease of themedian deliriumduration
from 4 days to 2 days (Schweickert et al., 2009).

Another RCT, comparing 69 ICU patients with
earplugs during the night with 67 patients without ear-
plugs, showed that earplugs decreased the risk for delir-
ium and mild confusion by more than 50%. This
improvement is entirely due to a decline in mild confu-
sion on the Neelon and Champagne Confusion Scale
(NEECHAM), as the frequency of moderate to severe
confusion did not differ between the two groups (Van
Rompaey et al., 2008, 2012).

In a before-and-after study on several sleep quality
improvement interventions (prevention of daytime
sleeping with more daylight and more daytime acti-
vities and reduction of nighttime noise and light), a
lower incidence of delirium and coma was found. Sleep
ratings, however, did not improve after the interven-
tion and it is therefore not possible to attribute the
lower delirium incidence specifically to sleep (Kamdar
et al., 2013).

Table 25.3

Hospital course and management of delirium in the intensive care unit (ICU)

Prediction
E-PRE-DELIRIC model Wassenaar et al. (2015)

Non-pharmacological prevention and treatment
Evaluation of precipitating risk factors
Multicomponent prevention protocols Inouye et al. (1999); Hshieh et al. (2015)
Early physical and occupational therapy Schweickert et al. (2009)
Sleep promotion program:
– Earplugs during the night Van Rompaey et al. (2012)
– Reduced exposure to light and noise during the night Zaal et al. (2013); Kamdar et al. (2013)
– Improved exposure to daylight Zaal et al. (2013); Kamdar et al. (2013)
– Single-room ICU Zaal et al. (2013)
Reorientation program Colombo et al. (2012)

Pharmacological prevention
Low-dose haloperidol (in high risk patients) Van den Boogaard et al. (2013a)
Risperidone Prakanrattana and Prapaitrakool (2007); Hakim et al. (2012)
Avoid continuous infusion of benzodiazepines Pandharipande et al. (2006); Zaal et al. (2015b)
Dexmedetomidine for sedation Maldonado et al. (2009); Riker et al. (2009)

Pharmacological treatment
Haloperidol (for acute agitated patients) Jacobi et al. (2002); Page et al. (2013)
Olanzapine (if haloperidol is contraindicated) Skrobik et al. (2004)
Quetiapine (in addition to haloperidol) Devlin et al. (2010)
Dexmedetomidine Riker et al. (2009); Reade et al. (2009); Barr et al. (2013)

Combined pain, agitation and delirium protocols Dale et al. (2014); Balas et al. (2014)
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Another before-and-after study showed that moving
from a conventional ICU with wards to a single-room
ICU with a view, designed to reduce noise and improve
daylight exposure, led to a shorter duration of delirium
(mean 0.4 days). The incidence of delirium was however
similar in both groups (Zaal et al., 2013).

An ICU reorientation strategy halved the occurrence
rate of delirium in a third before-and-after study.
Nurses stimulated the memory of the patients, provided
them with information about their location and illness
progression, and asked if patients wanted to read or listen
to music. The rooms were equipped with a clock in front
of every bed and nighttime noises were reduced to a min-
imum (Colombo et al., 2012).

In summary, multicomponent nonpharmacologic
strategies have been shown to be effective in non-ICU
patients. Considering the fact that ICU patients are
exposed to numerous risk factors for delirium, a multi-
factorial approach is preferable. The few studies in
ICU patients suggest that implementing an early mobili-
zation program, the use of earplugs, reductions of night-
time light and noise, with increased exposure to daylight
and a reorientation program, can reduce the frequency of
delirium substantially.

Pharmacologic prevention

Based on the presumed pathogenesis of delirium,
several groups of medications could be avoided in the
prevention and treatment of delirium: antipsychotics,
alpha-2-receptor agonists, statins, corticosteroids, and
cholinesterase inhibitors. The number of trials on phar-
macologic prevention of delirium in the ICU is limited
and most of these trials concern elective surgery patients
(Serafim et al., 2015).

Only two randomized placebo-controlled trials have
been conducted on antipsychotics as prophylaxis and
early treatment for delirium in ICU patients. In the
Hope-ICU trial, treatment with haloperidol, a first-
generation antipsychotic, 2.5 mg intravenously every
8 hours or placebo was initiated within 72 hours after
ICU admission in 141 patients. Patients in the haloperidol
group spent about the same number of days without delir-
ium andwithout coma, as did patients in the placebo group
(median 5 days vs. 6 days (Page et al., 2013). The study
has been criticized for not discriminating between deliri-
ous and nondelirious patients at baseline and thereby fail-
ing to make a distinction between prophylaxis and
treatment.

In a recent multicenter placebo-controlled RCT, low-
dose haloperidol (1 mg every 6 hours) was studied for the
prevention of delirium in 68 ICU patients with subsyn-
dromal delirium (ICDSC 1–3). A similar number of
patients given haloperidol (35%) and placebo (23%)

developed delirium (p¼0.29). Haloperidol did however
reduce agitation (Al-Qadheeb et al., 2016).

A recent observational study suggested even a detri-
mental effect of haloperidol on the occurrence of delirium.
The cumulative dose of haloperidol and next-day diagno-
sis of delirium was studied in 93 older medical ICU
patients. Each additional cumulativemilligram of haloper-
idolwas associatedwith 5%higher odds of next-day delir-
ium in nonintubated cases, although no association was
found in intubated patients (Pisani et al., 2015).

By contrast, a beneficial effect of haloperidol has been
observed in a placebo-controlled RCTon 457 noncardiac
surgery ICU patients. Prophylactic low-dose haloperidol
(0.5 mg bolus followed by 0.1 mg/hour) during the first
12 hours resulted in a decreased incidence of delirium of
15%, compared to 23% in the placebo group (p¼0.03).
With a lowmean APACHE II score and median length of
stay in the ICU shorter than 24 hours, this study popula-
tion can however not be considered as critically ill (Wang
et al., 2012).

In addition, a strong positive effect of haloperidol pro-
phylaxis was found in a before-and-after study. Patients
with a predicted risk of more than 50% or a history of
dementia or alcohol abuse received a prophylactic halo-
peridol dose of 1 mg every 8 hours intravenously during
the intervention period. Delirium incidence decreased
from 75% to 65% and mortality from 12% to 7.3%
(Van den Boogaard et al., 2013a). Based on this study,
haloperidol prophylaxis is currently studied in a
placebo-controlled RCT in 2145 ICU patients (Van den
Boogaard et al., 2013b).

Another strategy for the prevention of delirium is to
minimize the effects of pharmacologic risk factors,
which may induce or prolong ICU delirium. Especially
benzodiazepines seem to be associated with delirium
in the ICU, but there is also evidence that opioids, anti-
cholinergic drugs, and corticosteroids are risk factors
(Han et al., 2001; Schreiber et al., 2014; Zaal et al.,
2015b; Wolters et al., 2015a, b).

Benzodiazepines appear to increase the risk for tran-
sitioning into delirium in a dose-dependent way. In one
study, the risk of delirium was raised from 60% without
lorazepam to a plateau of 100% for doses larger than
20 mg of lorazepam (Pandharipande et al., 2006).
Another study confirmed these results with other more
common benzodiazepines in the ICU, such asmidazolam
and oxazepam, and showed that for every 5 mg midazo-
lam equivalent, the risk increased 4% with a plateau for
doses of 150 mg and more. The association was only
found in awake patients who received benzodiazepines
by continuous intravenous infusion and the increased
risk continued to exist for 2 days after the exposure. Inter-
mittent administration of benzodiazepines was not asso-
ciated with an increased risk (Zaal et al., 2015a).
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As mentioned earlier, it is unclear if opioids are a risk
factor for delirium, including positive and negative asso-
ciations (Zaal et al., 2015b). Since undertreated severe
pain is a presumed risk factor for delirium, adequate pain
management is important (Morrison et al., 2003). Con-
cerning drugs with anticholinergic side-effects and corti-
costeroids, little and conflicting evidence is available and
it is therefore not possible to make recommendations
(Schreiber et al., 2014; Wolters et al., 2015a, b). Anticho-
linergic drugs possibly increase the symptom severity of
delirium, but not the frequency (Han et al., 2001). Cur-
rently, over 600 drugs are presumed to have anticholiner-
gic effects, and additive effects of these drugs seem to
result in side-effects (Tune, 2001). It should however be
noted that there are various scales available to assess anti-
cholinergic effects, and that there is no consensus which
scale represents anticholinergic load best (Carnahan et al.,
2006; Rudolph, 2008; Durán et al., 2013).

Dexmedetomidine, a highly selective a2-receptor ago-
nist with sedative and analgesic effects, is an acceptable
alternative for both benzodiazepines and opiates. One
double-blindmulticenterRCTwith 375medical and surgi-
cal ICU patients compared continuous infusion of dexme-
detomidine with midazolam. The drugs were equally
efficient in maintaining a Richmond Agitation and Seda-
tion Scale (RASS) between –2 and +1, but the dexmede-
tomidine group had significantly lower delirium
prevalence (54% vs. 76.6%) and more delirium-free days
(mean of 2.5 vs. 1.7 days) than the midazolam group
(Riker et al., 2009). Another RCT in the same population
investigated lorazepam instead of midazolam and showed
a similar delirium prevalence and delirium-free days
(Pandharipande et al., 2007b). The higher costs of dexme-
detomidine in comparison to propofol and midazolam
might be compensated by reductions in ICU costs, due
to shorter duration of mechanical ventilation and ICU stay
(Turunen et al., 2015). The application of clonidine,
another a2-receptor agonist, has been suggested to reduce
costs as well (Gagnon et al., 2015). It is unclear whether
dexmedetomidine is superior to clonidine.

Statins may have, besides inhibiting cholesterol
synthesis, an anti-inflammatory and neuroprotective effect
and could therefore bebeneficial in delirium.Aprospective
cohort study compared patients who used statins at home
and continued using them in the ICU with patients who
did not. Statin use was associated with more delirium-free
days and a lower C-reactive protein (Morandi et al., 2014).
Based on this study, and on a possible beneficial effect in
cardiac surgery patients (Katznelson et al., 2009), a
placebo-controlled RCT has started on prophylaxis and
early treatment with simvastatin (Casarin et al., 2015).

Based on the hypothesis that reduced cholinergic activ-
ity plays a central role in the pathogenesis of delirium, pro-
phylactic use of rivastigmine, a cholinesterase inhibitor,

has been investigated in one RCT in cardiac surgery
patients. Rivastigmine or a placebowas administered from
1 day preoperatively to 6 days after the procedure, and no
difference was found in the incidence or duration of delir-
ium between the groups (Gamberini et al., 2009).

Sleep–wake cycle disruption is often observed in
delirium and some studies found lower melatonin levels
in delirious patients (Mo et al., 2015). Asmelatonin plays
an important role in the sleep–wake cycle, exogenous
melatonin administration is suggested for the prevention
of delirium. The only RCT on this subject compared
ramelteon, a melatonin receptor agonist, at night with a
placebo in 67 nonintubated ICU and acute ward patients.
Delirium incidence was significantly lower in the ramel-
teon group (Hatta et al., 2014). This trial was however
small (n¼67) and the benefit was exceptionally large
and questionable (risk of delirium 3% vs. 32%).

In summary, the evidence on the prophylactic use of
antipsychotics is contradictory. Findings in postopera-
tive patients cannot always be extrapolated to all criti-
cally ill patients. Avoiding delirogenic drugs can be an
effective strategy in the prevention of delirium. Infusion
of benzodiazepines has the strongest evidence as being a
risk factor for delirium, whereas alpha-2 agonists seem to
be a good alternative.

Pharmacologic treatment

The pharmacologic treatment of delirium in the ICU is still
mostly based on clinical experience, as there is little high-
quality evidence for its efficacy (Serafim et al., 2015).

The rationale for treatment of delirium with antipsy-
chotics is that delirium may be associated with increased
dopaminergic activity and decreased cholinergic activity.
However, evidence is limited (Meagher et al., 2013).
Antipsychotics can be divided into two classes, typi-
cal (or first-generation) versus atypical (or second-
generation) antipsychotics, which differ in receptor
binding and side-effects. The typical antipsychotics, like
haloperidol, were developed in the 1950s and are high-
affinity dopamine receptor antagonists. This may lead
to acute extrapyramidal side-effects, such as parkinson-
ism, akathisia, and dystonia. Clozapine, quetiapine, and
risperidone are examples of atypical antipsychotics and
have been shown to cause fewer extrapyramidal symp-
toms than haloperidol (Leucht et al., 2009). This is
believed to be the result of broader receptor binding,
including serotonergic, adrenergic, and acetylcholinergic
receptors, dopaminergic inactivation, and a faster disso-
ciation from dopamine receptors (Gross and Geyer,
2012). A rare, but serious, adverse effect of some anti-
psychotics (e.g., haloperidol, quetiapine, risperidone,
and ziprasidone) is a dose-dependent blockade of cardiac
potassium channels, resulting in electrocardiogram
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QT-interval prolongation, which subsequently can cause
torsades de pointes and ventricular arrhythmia (Gross
and Geyer, 2012). Guidelines therefore advise not to
use antipsychotics in patients with existing QT-interval
prolongation or who are using other QT-interval-
prolonging drugs (Barr et al., 2013).

Haloperidol is commonly used for the treatment of
ICU delirium (Devlin et al., 2011), although the current
guidelines conclude that no evidence is available that
haloperidol reduces the duration of delirium and that hal-
operidol use should be restricted to ICU delirium with
agitated or psychotic symptoms (Martin et al., 2010;
Young et al., 2010; Barr et al., 2013). Intravenous admin-
istration is favorable in critically ill patients, as they often
have changed enteral absorption. To treat acutely agi-
tated delirious patients, the following dosage scheme
has been described: a loading dose of 2 mg intrave-
nously, which can be repeated every 20 minutes if agita-
tion persists, with a lower dose in elderly patients. When
delirium is controlled, a maintenance dose can be given
regularly every 4–6 hours for a few days, titrated accord-
ing to symptoms. The therapy should then be tapered for
several days (Jacobi et al., 2002; Young et al., 2010). In
the above-mentioned Hope-ICU trial, the group receiv-
ing a dose of 2.5 mg haloperidol intravenously every
8 hours, supplemented with doses of 2.5–5 mg if agita-
tion developed, had a lower proportion of agitated
patients (RASS score of +2 andmore) (Page et al., 2013).

One double-blind multicenter RCT compared haloper-
idol, ziprasidone, and placebo in 103 critically ill patients.
There was no difference in delirium duration, coma/
delirium-free days and extrapyramidal symptoms between
the groups, suggesting that antipsychotics have little effect
on the course of delirium. The small sample size and lack
of standardized sedation protocols could have hindered the
detection of significant differences. As the trial did not dif-
ferentiate between positive symptoms, including agitation
and hallucinations, and negative symptoms, including
inattention, it is possible that antipsychotics treated some
of the positive symptoms (Girard et al., 2010b).

Atypical antipsychotics have been compared to halo-
peridol in two other RCTs inmixed ICU patients. The first
trial randomized 73 patients with delirium to receive either
haloperidol (2.5–5 mg every 8 hours orally) or olanzapine
(5 mg daily orally). The drugs were equally effective in
treating delirium symptoms, but fewer extrapyramidal
side-effects were reported in the olanzapine group. This
suggests that olanzapine can be useful for patients in
whom haloperidol is contraindicated (Skrobik et al.,
2004). In the second trial, an RCTwith 36 patients, quetia-
pine or placebo was administered with as-needed haloper-
idol to delirious patients. Patients receiving quetiapine had
a faster resolution of delirium and less agitation, whereas
the incidence of adverse effects was similar between

groups (Devlin et al., 2010). Unfortunately, olanzapine
and quetiapine are only available in tablet form.

In view of the acetylcholine deficiency hypothesis
and previous studies in non-ICU patients, cholinesterase
inhibitors have been studied as treatment of delirium
(Fischer, 2001; Hshieh et al., 2008; Overshott et al.,
2010). In a multicenter, double-blind, randomized
placebo-controlled RCT, the cholinesterase inhibitor riv-
astigmine was added to usual care with haloperidol. The
study was halted after 140 of the planned 440 patients
were included, because of increased mortality (12 vs. 4
patients) and delirium duration (5 vs. 3 days) in the riv-
astigmine group (Van Eijk et al., 2010). In a small pilot
RCT in postoperative hip surgery patients another cho-
linesterase inhibitor, donepezil, was tested. Donepezil
did not reduce the presence or severity of delirium, but
did result in more side-effects (Marcantonio et al., 2011).

Several other drugs have been tried. A small open-
label randomized pilot trial in 20 patients investigated
the use of dexmedetomidine instead of haloperidol for
patients who could not be extubated exclusively due to
hyperactive delirium. Dexmedetomidine shortened the
time to extubation and ICU discharge (Reade et al.,
2009). These results were confirmed in a subsequent ran-
domized controlled trial comparing dexmedetomidine
(starting at 0.5 mg/kg/hr, maximum dose 1.5 mg/kg/hr)
with placebo among 74 patients in whom agitated deli-
rium precluded safe extubation. Ventilator-free days were
increased with use of dexmedetomidine and there was
more rapid resolution of delirium (Reade et al., 2016).
Other small studies and case reports pointed at the use of
methylphenidate for hypoactive delirium and exogenous
melotonin in ICU delirium, but further research is needed
on these drugs (Gagnon et al., 2005; Mo et al., 2015).

In summary, haloperidol is commonly prescribed as
treatment of ICU delirium. While there is no evidence
that it decreases the duration of delirium, it has been
found to reduce agitation. There is limited evidence that
atypical antipsychotics have fewer side-effects than
haloperidol, but atypical antipsychotics cannot be
administered intravenously. It is not recommended to
use cholinesterase inhibitors to treat delirium.

Combined pain, agitation, and delirium
protocols

Several of themeasures above described have been imple-
mented in combined pain, agitation, and delirium (PAD)
protocols, as there are many interconnections between
the management of these conditions. Most of these proto-
cols include measures such as validated monitoring and
screening tools for PAD, daily spontaneous awakening
and breathing trials, adequate nonpharmacologic and
pharmacologic management of delirium and pain, and
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early physical therapy (Trogrli�c et al., 2015). One before-
and-after study with 296 patients showed that, after the
implementation of the Awakening and Breathing Coordi-
nation, Delirium monitoring/management, and Early
exercise/mobility (ABCDE) protocol, the duration of
mechanical ventilation decreased by 3 days and delirium
incidence from 62% to 49% (Balas et al., 2014). Another
before-and-after study with a similar PAD protocol in sur-
gical ICU patients also resulted in reduced delirium,
mechanical ventilation, and ICU stay duration (Dale

et al., 2014). Although evidence is not based on an
RCT, implementation of the PAD protocols seem thus
to be important to improve outcome in ICU patients.

CLINICALTRIALSANDGUIDELINES

Over the years, several guidelines for the management of
delirium have been published. The summary of the
guideline of the Society of Critical Care Medicine, is
shown in Table 25.4 (Barr et al., 2013). Other influential

Table 25.4

“Delirium” in the “Statements and recommendations” section of the “Clinical practice guidelines for the management of

pain, agitation, and delirium in adult patients in the intensive care unit” (Barr et al., 2013)

Outcomes associated with delirium
Delirium is associated with increased mortality in adult ICU patients (A)
Delirium is associated with prolonged ICU and hospital LOS in adult ICU patients (A)
Delirium is associated with the development of post-ICU cognitive impairment in adult ICU patients (B)
Detecting and monitoring delirium
We recommend routine monitoring of delirium in adult ICU patients (+1B)
The Confusion Assessment Method for the ICU (CAM-ICU) and the Intensive Care Delirium Screening Checklist (ICDSC) are the
most valid and reliable delirium-monitoring tools in adult ICU patients (A)

Routine monitoring of delirium in adult ICU patients is feasible in clinical practice (B)
Delirium risk factors
Four baseline risk factors are positively and significantly associated with the development of delirium in the ICU: pre-existing
dementia, history of hypertension and/or alcoholism, and a high severity of illness at admission (B)

Coma is an independent risk factor for the development of delirium in ICU patients (B)
Conflicting data surround the relationship between opioid use and the development of delirium in adult ICU patients (B)
Benzodiazepine use may be a risk factor for the development of delirium in adult ICU patients (B)
There are insufficient data to determine the relationship between propofol use and the development of delirium in adult
ICU patients (C)

In mechanically ventilated adult ICU patients at risk of developing delirium, dexmedetomidine infusions administered for sedation
may be associated with a lower prevalence of delirium compared to benzodiazepine infusions (B)

Delirium prevention
We recommend performing early mobilization of adult ICU patients whenever feasible to reduce the incidence and duration of
delirium (+1B)

We provide no recommendation for using a pharmacologic delirium prevention protocol in adult ICU patients, as no compelling data
demonstrate that this reduces the incidence or duration of delirium in these patients (0,C)

We provide no recommendation for using a combined nonpharmacologic and pharmacologic delirium prevention protocol in adult
ICU patients, as this has not been shown to reduce the incidence of delirium in these patients (0,C)

We do not suggest that either haloperidol or atypical antipsychotics be administered to prevent delirium in adult ICU patients (–2C)
We provide no recommendation for the use of dexmedetomidine to prevent delirium in adult ICU patients, as there is no compelling
evidence regarding its effectiveness in these patients (0,C)

Delirium treatment
There is no published evidence that treatment with haloperidol reduces the duration of delirium in adult ICU patients (no evidence)
Atypical antipsychotics may reduce the duration of delirium in adult ICU patients (C)
We do not recommend administering rivastigmine to reduce the duration of delirium in ICU patients (–1B)
We do not suggest using antipsychotics in patients at significant risk for torsades de pointes (i.e., patients with baseline prolongation
of QTc interval, patients receiving concomitant medications known to prolong the QTc interval, or patients with a history of this
arrhythmia) (–2C)

We suggest that in adult ICU patients with delirium unrelated to alcohol or benzodiazepine withdrawal, continuous intravenous
infusions of dexmedetomidine rather than benzodiazepine infusions be administered for sedation to reduce the duration of
delirium in these patients (+2B)

ICU, intensive care unit; LOS, length of stay.
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guidelines include the British National Institute for
Health and Clinical Excellence (NICE) guideline "Diag-
nosis, prevention, and management of delirium” (Young
et al., 2010) and the guidelines of the American Geriat-
rics Society on postoperative delirium (American
Geriatrics Society Expert Panel on Postoperative
Delirium in Older Adults, 2014).

After the MENDS trial had showed that dexmedeto-
midine sedation resulted in more delirium-free and
coma-free days than lorazepam (Pandharipande et al.,
2007b), the MENDS II trial will compare dexmedetomi-
dine with propofol in a double-blind RCT. The trial’s
study population will consist of 530 ventilated septic
patients and it has delirium/coma-free days as primary
endpoint (Vanderbilt University, 2014a).

As a meta-analysis of small trials in postoperative
patients (Fok et al., 2015) and a before-and-after study
in ICU patients (Van den Boogaard et al., 2013a) sug-
gested a beneficial effect of antipsychotics, a large
(n¼2145) multicenter double-blind, placebo-controlled
RCT is currently performed to study whether haloperidol
can prevent mortality (primary endpoint) and delirium
(Radboud University, 2013).

Based on a lower risk of ICUdelirium in statin users in
observational studies (Morandi et al., 2014; Page et al.,
2014), a single-center placebo-controlled RCT has
started to investigate the use of simvastatin as prophylac-
tic drug for delirium in the ICU (Casarin et al., 2015).
Another large-scale placebo-controlled RCT investi-
gates treatment with haloperidol versus ziprasidone
(Vanderbilt University, 2014b).

COMPLEXCLINICAL DECISIONS

Delirium is often associated with substantial anxiety that
does not respond sufficiently to nonpharmacologic mea-
sures such as reassurance. In those cases where anxiety is
extreme, it is unclear whether a trial should be started
with a benzodiazepine, which has anxiolytic properties
but may prolong delirium as well (Pandharipande
et al., 2006; Zaal et al., 2015a). It should be noted that
anxiety in delirium may be caused by hallucinations
and delusions, but these are difficult to assess in patients
who cannot verbally communicate, for example because
of mechanical ventilation, and who do not respond to
closed questions. It is important to realize that psychosis
is not limited to hyperactive delirious patients, and a trial
with an antipsychotic may be warranted.

Further, it is controversial whether disturbed sleep is
an early sign of delirium, a risk factor for delirium, or
both. Benzodiazepines are often prescribed to promote
sleep. However, a benzodiazepine may induce delirium
in these cases, and although benzodiazepines may
promote light sleep (nonrapid-eye-movement (REM)

sleep stage 1), it suppresses deep sleep (non-REM stage
3) and REM sleep, which appears to be crucial for recov-
ery. Theoretically, alpha-2 agonists, such as dexmedeto-
midine and clonidine, may promote sleep (Brown et al.,
2010), but this has not yet been studied extensively.

Finally, benzodiazepines are often prescribed to
prevent or treat symptoms of alcohol withdrawal. This
practice is supported by a meta-analysis of RCTs that
showed that benzodiazepines were superior to placebo
in the treatment of alcohol withdrawal (Holbrook et al.,
1999). Patients with isolated alcohol withdrawal syn-
drome are rarely admitted to the ICU, but alcohol
withdrawal often contributes to delirium in ICU patients
who are exposed to a variety of other delirium risk
factors. As benzodiazepines also increase the risk of
ICU delirium, it is currently unclear whether benzodiaz-
epines in alcoholic ICU patients are superior to other
approaches, such as alpha-2 agonists and anticonvul-
sant drugs.

OUTCOMEPREDICTION

Delirium has, for a long time, been considered as an
“inconvenient” presentation of critical illness and con-
sidered completely reversible after treatment of the
underlying disorder (Van Eijk and Slooter, 2010). Over
the last two decades, numerous studies have consistently
shown that delirium in ICU patients is associated with a
worse prognosis (Salluh et al., 2015).

The experience of delirium is very distressing for the
patient, but also for family members and caregivers
(Breitbart et al., 2002). Yet, many patients have no recol-
lection of an episode of delirium (Breitbart et al., 2002).
The rate of self-extubation and removal of catheters is
obviously increased in patients with delirium (Dubois
et al., 2001; Van den Boogaard et al., 2012c). Delirium
is incontrovertibly associated with an increased ICU
length of stay and duration of hospital admission. This
is also reflected in the duration of mechanical ventilation
and also significantly longer in patients with delirium
(Zhang et al., 2013; Salluh et al., 2015). Primarily due
to increased duration of admission, delirium results in
higher ICU and hospital expenses (Milbrandt et al.,
2004). Early delirium research showed a two to three
times increased risk of dying during ICU admission for
patients who developed delirium (Salluh et al., 2015),
whereas the underlying pathophysiologic mechanism
remained unclear. In more recent research, with adjust-
ments for disease severity until delirium onset, delirium
was no longer associated with increased mortality in the
ICU (Klein Klouwenberg et al., 2014).

With regard to long-term mortality, every additional
day of delirium was found to increase mortality by
10% at 6 months and 1 year after discharge (Ely et al.,
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2004; Pisani et al., 2009a). However, when follow-up
was restricted to the period after ICU discharge and more
extensive adjustments were made, no increased 1-year
mortality was observed (Wolters et al., 2014).

Cognitive impairment

Delirium in the ICU was consistently found to be
associated with impaired cognitive function at 3, 12,
and 18 months after discharge, also when patients with
pre-existing cognitive impairment were excluded and
adjustments were made for confounders such as severity
ofillness (Girard et al., 2010a; Van den Boogaard et al.,
2012b; Pandharipande et al., 2013, Wolters et al.,
2014). In addition to cognitive problems, delirium was
found to be associated with more problems in activities
of daily living andworse scores on sensorimotor function
tests at follow-up (Brummel et al., 2014). Anxiety,
depression, and posttraumatic stress disorder are com-
mon in survivors of critical illness (Parker et al., 2015),
and related to delirium in non-ICU patients (Davydow,
2009). However, only very few relatively small studies
have investigated the association between ICU delirium
and subsequent psychiatric morbidity in ICU survivors,
and most of these could not establish a relationship.
One larger study found an association between prolonged
ICU delirium and depression, but not PTSD, 1 year after
ICU discharge (Jackson et al., 2014).

Future studies will focus on cognitive impairment as
this appears to be independently and consistently asso-
ciated with delirium. Alternative explanations for the
association of delirium and long-term cognitive impair-
ment are that delirium is a marker of vulnerability to
cognitive impairment, and that delirium is an intermedi-
ate factor in the development of cognitive impairment
(Fong et al., 2015).

Arguments that delirium may cause cognitive impair-
ment using the Bradford Hill criteria for causality are
shown in Table 25.5 (Hill, 1965; Slooter, 2013). The rela-
tionship between delirium and long-term cognitive
impairment is relatively strong (odds ratio 2–3:
Wolters et al., 2014). It is consistent, as delirium
increases the risk of cognitive impairment in all previous

studies in both ICU and non-ICU patients, and delirium
is a risk factor for acceleration of existing dementia
(Fong et al., 2015). The relationship shows a biologic
gradient, as more delirium days are associated with more
cognitive impairment (Pandharipande et al., 2013).
“Plausibility and coherence” are supported by observa-
tions that neuroinflammation may persist and increase
also in cases of transient systemic inflammation (Van
Gool et al., 2010). Patient-related factors that link delir-
ium directly to impaired outcome are lethargy (with aspi-
ration pneumonia, pressure ulcers, thrombosis) and
agitation (resulting in falls, and complications of antipsy-
chotics, sedatives, and physical restraints).

By contrast, two criteria for causality seem not to be
fulfilled. First, temporality, as delirium does not always
precede cognitive impairment, and pre-existing cogni-
tive impairment is also a risk factor for delirium. Second,
the criterion of experiment is not fulfilled as there is no
RCT that shows that treatment of delirium improves
long-term cognitive dysfunction. It should, however,
be noted that multicomponent geriatric interventions
resulted in less cognitive impairment in non-ICU patients
(Pitk€al€a et al., 2006). We cannot definitively conclude
that delirium may have a causal role in the development
of long-term cognitive impairment after critical illness.
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Chapter 26

Posterior reversible encephalopathy in the intensive care unit

M. TOLEDANO AND J.E. FUGATE*
Department of Neurology, Mayo Clinic, Rochester, MN, USA

Abstract

Posterior reversible encephalopathy syndrome (PRES) is increasingly diagnosed in the emergency depart-
ment, and medical and surgical intensive care units. PRES is characterized by acute onset of neurologic
symptoms in the setting of blood pressure fluctuations, eclampsia, autoimmune disease, transplantation,
renal failure, or exposure to immunosuppressive or cytotoxic drugs, triggers known to admit patients to the
intensive care unit (ICU). Although the exact pathophysiology remains unknown, there is growing con-
sensus that PRES results from endothelial dysfunction. Because of the heterogeneous nature of the disor-
der, it is probable that different mechanisms of endothelial injury are etiologically important in different
clinical situations. The presence of bilateral vasogenic edema on brain imaging, particularly in parieto-
occipital regions, is of great diagnostic utility but PRES remains a clinical diagnosis. Although largely
reversible, PRES can result in irreversible neurologic injury and even death. The range of clinical and
radiographic manifestations of the syndrome is probably broader than previously thought, and it is imper-
ative that clinicians become familiar with the full spectrum of the disorder, as prompt recognition and elim-
ination of an inciting factor improve outcome. PRES may be the most frequent toxic-metabolic
encephalopathy seen in the ICU.

INTRODUCTION

A reversible syndrome associated with posterior subcor-
tical white-matter changes and characterized by alter-
ations in consciousness, headaches, seizures, and
visual disturbances was first described by Hinchey and
colleagues in 1996. Initially termed reversible posterior
leukoencephalopathy syndrome, a new name, posterior
reversible encephalopathy syndrome (PRES), was pro-
posed, as it became clear that cortical areas were
also commonly affected (Casey et al., 2000). Initially
described in patients with hypertensive encephalopathy,
eclampsia, chemotherapy exposure, or following alloge-
neic bone marrow and solid-organ transplantation (SOT)
(Hinchey et al., 1996), PRES has been linked with a
growing list of medical conditions and medications
(Table 26.1). Associations with autoimmune diseases,
metabolic disorders, and sepsis/shock have also been
described, and immunosuppressive or cytotoxic drugs
are frequently implicated.

Brain imaging usually reveals bilateral vasogenic
edema predominantly affecting the parieto-occipital
regions. Controversy remains regarding the pathophysi-
ology of PRES, but there is growing consensus that the
syndrome is triggered by endothelial injury leading to
blood–brain barrier disruption and vasogenic edema.
The initial insult to the endothelium can have multiple
causes but is likely secondary to abrupt blood pressure
changes and/or direct effects from circulating inflamma-
tory cytokines or cytotoxic drugs. Prognosis is favorable
but failure to recognize the syndrome and initiate treat-
ment in a timely manner can result in irreversible cyto-
toxic edema and neurologic injury.

In this review, we describe the epidemiology, patho-
physiology, clinical and radiographic features, approach
to diagnosis and treatment, as well as the prognosis of
PRES. We emphasize the importance of recognizing
the entire range of radiographic and clinical presenta-
tions, which is likely broader than previously considered,
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and which is of relevance both to patient outcome and in
future study design. The more severe presentations of
PRES that may require care in an intensive care unit
(ICU) are described. We also highlight some areas of

ongoing controversy as well as possible directions
for future research.

EPIDEMIOLOGY

Although studies of PRES have increased exponentially
over the last decade, these consist almost exclusively of
isolated case reports or case series. These reports have
been instrumental in enhancing our understanding of
the clinical and radiographic manifestations of the dis-
ease, as well as its associated conditions and risk factors.
Nonetheless, epidemiologic data remain limited. The
syndrome appears to affect patients in all age groups,
including infancy (Kummer et al., 2010). There also
appears to be a female predominance, evenwhen patients
with eclampsia are excluded (Bartynski and Boardman,
2007; Fugate et al., 2010; Liman et al., 2012). However,
the incidence of PRES in the general population is
not known.

Studies have attempted to estimate the incidence in
select populations known to be at risk. A recent retro-
spective review of 2588 admissions to a pediatric ICU
identified 10 patients with PRES, resulting in an esti-
mated incidence of 0.4% in this patient population
(Raj et al., 2013). The incidence of PRES in adult ICU
patients, however, is not known. The reported incidence
of PRES following allogeneic bone marrow transplant
(BMT) in adults varies between 2.7 and 25%, depending
on the underlying hematologic malignancy and on the
myeloablative preconditioning regimen used (Reece
et al., 1991; Bartynski et al., 2004, 2005). The incidence
following SOT is lower and varies between 0.4 and 0.6%
(Bartynski et al., 2008; Wu et al., 2010). Interestingly,
PRES appears to occur earlier following liver transplan-
tation (often in the setting of severe infection) compared
with kidney transplantation (Singh et al., 2000). In a ret-
rospective observational study of incident end-stage kid-
ney disease patients in southwest Ireland over a 10-year
period, 5 out of 592 (0.84%) patients developed PRES
(Canney et al., 2015). A single-center retrospective study
of 3746 patients with systemic lupus erythematous (SLE)
estimated a prevalence of 0.69% in this patient popula-
tion (Lai et al., 2013).

PATHOPHYSIOLOGYAND
NEUROPATHOLOGY

The pathogenesis of PRES remains incompletely under-
stood, but it appears to be related to a breakdown of nor-
mal cerebral autoregulation and endothelial cell function.
This breakdown can be precipitated by several mecha-
nisms, with hypertension being the most commonly
described. Because of the heterogeneous nature of the
disorder, it is probable that different mechanisms are eti-
ologically important in different clinical situations.

Table 26.1

Conditions and medications associated with posterior

reversible encephalopathy syndrome

Pre-eclampsia/eclampsia
Marked elevation or fluctuations in blood pressure
Hypertensive encephalopathy
Dysautonomia (e.g., Guillain–Barr�e syndrome, spinal cord
injury)

Induced hypertension (e.g., treatment for vasospasm in
aneurysmal subarachnoid hemorrhage)

Autoimmune disease
Connective tissue inflammatory disease
Scleroderma
Sj€ogren’s disease
Systemic lupus erythematosus
Vasculitis
Cryoglobulinemia
Granulomatosis with polyangiitis
Polyarteritis nodosa
Inflammatory bowel disease
Crohn’s disease
Ulcerative colitis
Other
Hashimoto thyroiditis
Neuromyelitis optica
Primary sclerosing cholangitis
Thrombocytopenia purpura/hemolytic uremic syndrome
Infection/sepsis/shock
Immunosuppressive, immunomodulatory, and
chemotherapeutic drugs

Combination chemotherapy
Angiogenesis inhibitors
Bevacizumab
Tyrosine kinase inhibitors: pazopanib, sorafenib, sunitinib
Calcineurin inhibitors
Cyclosporine A
Tacrolimus (rarely sirolimus)
Bortezomib
Cisplatin and other platinum-based agents
Cytarabine/gemcitabine
Interferon-alpha
Methothrexate
Rituximab
Vincristine
Disorders of metabolism
Porphyria (acute intermittent porphyria)
Ornithine transcarbamylase deficiency
Miscellaneous
Acute and chronic renal failure
Amphetamine/cocaine use
Blood transfusion
Hypercalcemia, hypomagnesemia
Intravenous immunoglobulin
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Autoregulatory failure and hypertension

Rapidly developing hypertension with failed autoregula-
tion causing hyperperfusion and associated breakdown
of the blood–brain barrier remain the leading theory of
the pathophysiologic changes underlying PRES. Autore-
gulation is an intrinsic function of the cerebral vascula-
ture, designed to maintain a stable blood flow despite
fluctuations in cerebral perfusion pressure (calculated
as mean arterial blood pressure minus intracranial pres-
sure) (Guyton, 2006; Budohoski et al., 2013). This pro-
cess is largely driven by changes in arteriolar wall
diameter with vasodilation occurring when blood pres-
sure drops and vasoconstriction occurring when pressure
increases (Budohoski et al., 2013; Kowianski et al.,
2013). Chemical signals from neurons, endothelial cells,
and astrocytes all contribute to the control of cerebral
autoregulation (Kowianski et al., 2013), but vascular
tone is primarily modulated by the endothelium via
release of vasodilators (nitric oxide, prostacyclin, hydro-
gen sulfide, and endothelium-derived hyperpolarizing
factor), and vasoconstrictors (thromboxane A2, endothe-
lin 1, and angiotensin II).

In humans, the lower and upper limits of autoregula-
tion are approximately 50–150 mmHg, respectively
(Budohoski et al., 2013). Reduced blood pressure below
the lower limit of autoregulation can result in hypoperfu-
sion and potential ischemia (Kontos et al., 1978). Con-
versely, abrupt and severe increases in blood pressure
above the upper limit of autoregulation result in break-
through with passive arteriolar dilatation, hyperperfu-
sion, and injury to the capillary bed allowing the
interstitial extravasation of plasma and macromolecules
(vasogenic edema) (MacKenzie et al., 1976; Auer, 1978;
Leopold, 2013). Sympathetic stimulation, which can be
heightened during episodes of acute hemodynamic
stress, increases the upper limit of autoregulation in ani-
mal studies (Waldemar et al., 1989; Guyton, 2006). The
upper limit is also known to be increased in the setting of
chronic hypertension (Strandgaard and Paulson, 1984).

The hypertension/hyperperfusion theory is supported
by studies showing that acute hypertension commonly
accompanies PRES and that prompt treatment of hyper-
tension is associated with both clinical and radiologic
improvement (Fugate et al., 2010; Ni et al., 2011; Cruz
et al., 2012). The preferential involvement of posterior
brain regions in PRES may also be explained by this the-
ory in that the relative lack of sympathetic innervation in
the posterior fossa likely renders the area more suscepti-
ble to hyperperfusion injury.

An earlier theory had postulated that PRES results
from autoregulatory vasoconstriction in response to
hypertension, leading to hypoperfusion, ischemia, and
subsequent edema. According to proponents of this the-
ory, vasogenic edema may result from cerebral hypoxia

and associated production of hypoxemia-inducible
factor-1a, which in turn upregulates vascular endothelial
growth factor (VEGF), leading to increased vascular per-
meability (Bartynski, 2008b). Blood vessel irregularities
consistent with vasoconstriction have occasionally been
demonstrated on both noninvasive (computed tomogra-
phy (CT) or magnetic resonance angiography (MRA)),
as well as catheter cerebral angiography (CA) (Will
et al., 1987; Trommer et al., 1988; Singhal, 2004;
Bartynski and Boardman, 2008). Additionally, perfusion
studies in patients with PRES have mostly demonstrated
reduced perfusion. Of a combined 78 patients reported in
the literature with perfusion imaging, 75 (96%) showed
radiographic evidence of hypoperfusion (Schwartz et al.,
1992; Naidu et al., 1997; Engelter et al., 1999; Apollon
et al., 2000; Casey et al., 2004; Brubaker et al., 2005;
Bartynski and Boardman, 2008). However, most patients
with PRES do not have demonstrable vascular narrowing
on imaging, and ischemic infarction is only rarely dem-
onstrated on imaging. Also, the timing of perfusion stud-
ies varied substantially amongst individual patients in the
aforementioned studies and blood pressure values at the
time of imaging were not recorded. Importantly, perfu-
sion imaging was undertaken after treatment of hyperten-
sion, sometimes many days after symptom onset. As
such, they are not necessarily representative of the actual
state of cerebral perfusion at the time of presentation.

Some authors have questioned the etiologic role of
hypertension in PRES by noting that 15–20% of patients
are normotensive or even hypotensive at presentation
(Rabinstein et al., 2012), and that evenwhen hypertension
is present, less than 50% have a documentedmean arterial
pressure exceeding the upper limit of cerebral blood flow
autoregulation (Mueller-Mang et al., 2009; Li et al., 2012).
Although an important observation, these findings should
be interpretedwith caution, asmost of the data comes from
retrospective studies in which the most extreme readings
might not have been measured or reported. Moreover, the
upper limit of autoregulation varies among individuals,
making it difficult to ascertain the etiologic significance
of single recordings (van Beek et al., 2008). It is possible
that, in certain patients, acute hypertension could lead to
endothelial dysfunction and breakdown of the blood–
brain barrier through different mechanisms, even when
the extent of hypertension does not exceed the upper limit
of autoregulation. Certainly, factors other than hyperten-
sion can contribute to endothelial dysfunction and may
render patients more susceptible to changes in blood pres-
sure. The alternative hypothesis, that hypertension is itself
a reaction to insufficient brain perfusion caused by endo-
thelial dysfunction from systemic toxic effects, fails to
explain the finding that hypertension typically precedes
the development of PRES (Rabinstein et al., 2012). Wide
fluctuations in blood pressure, rather than absolute rise in
blood pressure, may be a precipitant of the syndrome
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(Liman et al., 2012), and even patients with sepsis and
hypotension can develop PRES (Bartynski et al., 2006).
Ultimately, the patient’s mean baseline blood pressure,
the proportional rise and rapidity with which changes take
place, as well as the presence of pronounced fluctuations
in blood pressure are all important factors in disrupting the
blood–brain barrier, resulting in vasogenic edema.

Other causes of endothelial dysfunction

Although PRES can occur with uncontrolled hyperten-
sion, it commonly arises in the setting of a significant
systemic/metabolic process or exposure to certain immu-
nosuppressive/cytotoxic drugs (Table 26.1). In addition
to injury caused by hypertension, endothelial dysfunc-
tion may result from direct effects of excessive inflam-
matory cytokines and/or toxicity from certain drugs
(Marra et al., 2014). During an inflammatory response,
activation of lymphocytes andmonocytes results in cyto-
kine release (e.g., interleukin (IL)-1, IL-6, tumor necrosis
factor (TNF)-a, and interferon (IFN)-g). Subsequent
endothelial cell activation results in increased production
of adhesion molecules (e.g., vascular cell adhesion mol-
ecule 1 (VCAM-1), intracellular adhesion molecule 1
(ICAM-1), E-selectin) that facilitate interaction with cir-
culating leukocytes. Additionally, TNF-a induces the
expression of VEGF, which induces endothelial cell
swelling and increases vascular permeability, leading
to brain edema (Leopold, 2013).

Pre-eclampsia and eclampsia are associated with a
strong inflammatory cytokine response. Subsequent
endothelial cell activation induces expression of adhe-
sion molecules followed by cell swelling and increased
permeability in the setting of high levels of VEGF-A
(Postma et al., 2014).

The higher incidence of PRES following BMTcompa-
red to SOT may be due in part to the preconditioning
regimens used in the former (marrow ablative chemother-
apy, total body irradiation) (Lamy et al., 2014). And
indeed, a greater frequency of PRES is reported in patients
receiving higher-dose myoablative regimens compared to
nonmyoablative ones (Bartynski et al., 2004, 2005).
Myoablative regimens likely lead to endothelial and tissue
injury and induce production of inflammatory cytokines.
Graft-versus-host disease, a complication of BMT, is
probably a more severe immunoreactive process than
solid-organ rejection, also partially accounting for the dis-
crepancy in incidence between the two (Lamyet al., 2014).
Similarly, PRES appears to occur earlier following liver
transplantation compared to renal patients possibly sec-
ondary to the poor health of patients requiring emergent
liver transplantation (Singh et al., 2000). Nonetheless,
transplant rejection and infection are present in most
SOT patients who develop PRES (Bartynski et al., 2008).

PRES has also been associated with infection and sep-
sis. Although the nature of this association remains
incompletely understood, it is likely mediated by cyto-
kine production.Microbes cause a host immune response
leading to increased release of TNF-a and IL-1, and upre-
gulation of VCAM-1 and ICAM-1 (Pruitt et al., 1995).
During an infection, polymorphonuclear cells become
activated and marginated and eventually adhere to the
vascular endothelium, resulting in the release of media-
tors and increased permeability (Parent and Eichacker,
1999). This can lead to interstitial edema, which could
manifest as PRES in the brain.

Nearly half of patients with PRES have pre-existing
autoimmune disease (Bartynski, 2008a; Fugate et al.,
2010; Lamy et al., 2014). Specific disorders include, but
are not limited to, scleroderma, rheumatoid arthritis,
SLE, Sj€ogren’s syndrome, polyarteritis nodosa, granulo-
matosis with polyangiitis, neuromyelitis optica, Crohn’s
disease, ulcerative colitis, primary sclerosis cholangitis,
thrombotic thrombocytopenic purpura, and hypothyroid-
ism (Burrus et al., 2009; Fugate et al., 2010; Lai et al.,
2013; Shaharir et al., 2013). Many of these patients are
on immunosuppressant drugs, which could exert direct
toxic effects, but endothelial activation and cytokine
production in the setting of chronic or acute inflammation
are likely important drivers behind the association with
PRES.

Immunosuppressive or cytotoxic drugs used after
BMTor SOT, or to treat malignancies, are strongly asso-
ciated with PRES. The effect appears to be time- and
dose-independent; patients can develop PRES months
after initiation and despite normal serum drug concentra-
tions (Schwartz et al., 1995). Drugs often implicated in
PRES include calcineurin inhibitors such as cyclosporine
and tacrolimus (but only rarely sirolimus) (Schwartz
et al., 1995; Wong et al., 2003; Bodkin and Eidelman,
2007). Cyclosporine neurotoxic effects might be facili-
tated by the endogenous vasoactive substance endothe-
lin, hypertension, and hypomagnesemia (Schwartz
et al., 1995). Chemotherapeutic agents include vincris-
tine, cisplatin, gemcitabine, bortezomib, and cytarabine
(Hurwitz et al., 1988; Ito et al., 1997; Rajasekhar and
George, 2007; Kelly et al., 2008; Vaughn et al., 2008),
as well as antiangiogenic drugs that antagonize the action
of VEGF, such as sunitinib, bevacizumab, and sorafenib
(Tlemsani et al., 2011; Seet and Rabinstein, 2012).

Although renal failure is classically associated with
PRES (present in up to 55% cases) (Mueller-Mang
et al., 2009; Fugate et al., 2010; Liman et al., 2012), it
remains unclear whether renal dysfunction is an indepen-
dent risk factor or a marker of comorbid hypertension,
autoimmune disease, or another systemic condition.
Similarly, othermetabolic derangements such as hypona-
tremia, hypomagnesemia, hypercalcemia, and hepatic
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dysfunction may be independent risk factors or markers
of systemic disease.

Histopathology

Biopsy samples of PRES patients show reactive endothe-
lial changes, increased VEGF expression, as well as
intravascular and perivascular T lymphocytes without
evidence of inflammation, ischemia, or neuronal damage
(Horbinski et al., 2009). These findings support the
hypothesis that activation and dysfunction of the endo-
thelium underlie PRES.

CLINICAL PRESENTATION

The classic neurologic manifestations of PRES include
encephalopathy, seizures, visual disturbances, headache,
and focal neurologic deficits (Burnett et al., 2010; Fugate
et al., 2010; Cordelli et al., 2012; Li et al., 2012; Liman
et al., 2012). Because most of the literature on the syn-
drome is comprised of retrospective observational stud-
ies, the frequency of symptoms varies depending on the
study population or sample size. The frequency of the
main presenting symptoms is shown in Table 26.2.

The clinical presentation of PRES can be acute or sub-
acute with symptoms developing over 24–48 hours.
Continued progression of symptoms for many weeks is
very uncommon. Encephalopathy ranges in severity
from mild confusion, stupor, or even coma in rare cases
(Keswani and Wityk, 2002). Seizures occur in about
60–75% of cases and can be generalized tonic-clonic
or focal (Burnett et al., 2010; Fugate et al., 2010; Li
et al., 2012; Liman et al., 2012). Although uncommon,
status epilepticus can occur, and clinicians should have
a low threshold to obtain an electroencephalogram
(EEG) in patients with PRES with persistent and unex-
plained altered consciousness (Kozak et al., 2007;
Burnett et al., 2010; Fugate et al., 2010). Visual distur-
bances such as decreased visual acuity, field deficits,
cortical blindness, and hallucinations are common
(Tallaksen et al., 1998; Kahana et al., 2005). Papilledema
with flame-shaped retinal hemorrhages and exudates can
be present in the setting of hypertension, but fundoscopic

examination is often unremarkable (Dinsdale, 1982).
Headache, when present, is usually dull, diffuse, and
gradual in onset. A thunderclap-onset headache in the
context of PRES should raise suspicion for associated
reversible cerebral vasoconstriction syndrome (RCVS),
and prompt cerebrovascular imaging (Benziada-
Boudour et al., 2009). Focal findings, such as aphasia
or hemiparesis, are present in 5–15% of patients
(McKinney et al., 2007; Burnett et al., 2010; Fugate
et al., 2010; Li et al., 2012). Radiographic and clinical
evidence of myelopathy has been rarely documented
(de Havenon et al., 2014).

NEURODIAGNOSTICSANDIMAGING

The clinical presentation of PRES is often nonspecific
and the symptoms and signs of PRES, such as encepha-
lopathy, seizures, visual disturbances, and headache, can
be seen in many other disorders. Transient elevations in
blood pressure are difficult to interpret in the acute set-
ting, as pronounced hypertension can be a physiologic
response to cerebral ischemia or an underlying systemic
process such as infection. The differential diagnosis
is wide and includes various neurologic conditions,
including other vasculopathies, infectious/inflammatory
encephalitides, malignancy, and toxic/metabolic
encephalopathies (Fig. 26.1).

EEG can help confirm the presence of ictal or epilep-
togenic activity and often demonstrates focal or multifo-
cal sharp waves (Kozak et al., 2007; Lee et al., 2008b).
Focal or diffuse slowing is also commonly demonstrated.
Although EEG findings are nonspecific, the presence of
bilateral occipital sharp waves in patients with status epi-
lepticus should raise suspicion for PRES (Kozak et al.,
2007). Cerebrospinal fluid (CSF) analysis is likewise
nonspecific but commonly shows an elevated protein
(rarely>100 mg/dL) (Lee et al., 2008b; Datar et al.,
2015b). Although mild CSF pleocytosis may occur, its
presence should prompt consideration of a different diag-
nosis (Datar et al., 2015b).

Brain imaging is very useful both to rule out other
conditions and to confirm the diagnosis. However, even
when brain magnetic resonance imaging (MRI) shows

Table 26.2

Prevalence of clinical symptoms and signs in patients with posterior reversible encephalopathy syndrome

Encephalopathy (50–80%) (Li et al., 2012; Liman et al., 2012; Brewer et al., 2013)
Seizure (60–75%) (Burnett et al., 2010; Fugate et al., 2010; Liman et al., 2012; Brewer et al., 2013)
Headache (50%) (Tlemsani et al., 2011; Legriel et al., 2012; Li et al., 2012)
Visual disturbances (33%) (Burnett et al., 2010; Legriel et al., 2012; Liman et al., 2012; Brewer et al., 2013)
Focal neurological deficit (10–15%) (Burnett et al., 2010; Cruz et al., 2012; Liman et al., 2012)
Status epilepticus (5–15%) (Burnett et al., 2010; Fugate et al., 2010; Li et al., 2012)

Modified from (Fugate and Rabinstein, 2015).
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regions of T2 signal abnormality suggestive of PRES, the
differential remains wide (Fig. 26.1). Overreliance on
imaging can lead to misdiagnosis and both the clinical
context and the judgment of the clinician are crucial in
establishing the correct diagnosis.

Imaging

Although neuroradiographic abnormalities of PRES
may be apparent on noncontrast CT, they are better

demonstrated on brain MRI. T2-weighted sequences
such as fluid-attenuated inversion recovery (FLAIR)
are the most sensitive (Bartynski and Boardman,
2007). Specificity is not known as there is no accepted
diagnostic gold standard in PRES.

Classically, brain imaging demonstrates relatively
symmetric vasogenic edema involving the parieto-
occipital white matter of both cerebral hemispheres
(Fig. 26.2) but other brain regions are commonly
involved. The frontal and temporal lobes, for example,

Fig. 26.1. Differential diagnosis in posterior reversible encephalopathy syndrome (PRES). MRI, magnetic resonance imaging;

CNS, central nervous system; CSF, cerebrospinal fluid; PCR, polymerase chain reaction. (Modified from Fugate and

Rabinstein, 2015.)
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can be affected in up to 75% of cases (Fugate et al., 2010;
Cruz et al., 2012; Legriel et al., 2012). Brainstem and
basal ganglia involvement can be seen in up to a third
of cases (Mueller-Mang et al., 2009; Fugate et al.,
2010; Liman et al., 2012), and cerebellar involvement
in up to half (Fugate et al., 2010). Rare cases demonstrat-
ing signal change in the spinal cord have also been
described (de Havenon et al., 2014). However, edema
in these regions rarely occurs in isolation and almost
always coincides with parieto-occipital involvement.
Cortical lesions are not uncommon and, although vaso-
genic edema is almost always bilateral, it can be asym-
metric. Strictly unilateral lesions or isolated brainstem,
cerebellar, or spinal cord involvement should prompt
consideration of a different diagnosis.

Three dominant MRI patterns have been described in
the radiology literature and are present in up to 70% of
PRES patients (Bartynski and Boardman, 2007): a
parieto-occipital pattern, holohemispheric watershed
pattern, and superior frontal sulcus pattern. These pat-
terns are supportive of the diagnosis, although not patho-
gnomonic. Interestingly, neither the pattern nor the
extent of brain edema is strongly correlated with the
severity of clinical presentation (Mueller-Mang et al.,
2009; Fugate et al., 2010). T2 signal changes affecting
regions outside these dominant patterns are not
uncommon.

Diffusion-weighted imaging demonstrates restricted
diffusion in 15–30% of cases (Covarrubias et al., 2002;
Burnett et al., 2010; Fugate et al., 2010; Cruz et al.,
2012; Li et al., 2012, 2013; Liman et al., 2012). Usually
small areas of restricted diffusion are embedded within
larger regions of vasogenic edema, although rarely, more
extensive confluent regions of restricted diffusion can
occur (Fig. 26.3). Such lesions can be hard to distinguish
from those caused by ischemic infarction, although in
PRES the distribution of abnormalities is usually not

confined to a single vascular territory (Lamy et al.,
2004). Although lesions demonstrating restricted diffu-
sion can rarely be reversible, their presence is usually
associated with irreversible structural damage and resid-
ual neurologic deficit (Moon et al., 2013).

Gyriform signal enhancement – likely reflecting dis-
ruption of the blood–brain barrier – can be seen in up to
20% of cases following administration of gadolinium
(Fugate et al., 2010; Kastrup et al., 2015) (Fig. 26.4),
but no study has systematically assessed the effect of tim-
ing on the presence or absence of contrast enhancement.

Between 20 and 25% of cases of PRES are compli-
cated by intracranial hemorrhage (Bartynski and
Boardman, 2007; Hefzy et al., 2009; Mueller-Mang
et al., 2009; Burnett et al., 2010; Fugate et al., 2010;
Sharma et al., 2010). Intraparenchymal hemorrhage
(IPH) is most common, followed by sulcal subarachnoid
hemorrhage (SAH), although both types can co-occur in
18–30% of patients (Hefzy et al., 2009; Sharma et al.,
2010) (Fig. 26.5). In one retrospective study of 151
patients with PRES, a single hemorrhage type was found
in 16 out of 23 (70%) patients who bled, compared to
30% who had multiple types (Hefzy et al., 2009). Iso-
lated IPH was found in 13 out of the 16 patients with a
single hemorrhage type (81%), compared to 3 (19%)
who had isolated SAH (Hefzy et al., 2009). In another
retrospective study of 263 patients, sulcal SAH was
found in 14 out of 60 (23%) who bled, compared to
46 (77%) who had IPH (Sharma et al., 2010). Amongst
those patients who bleed, the most common risk factors
are intrinsic coagulopathy and ongoing therapeutic antic-
oagulation (Hefzy et al., 2009). The risk of intracranial
bleed may be greatest following allogeneic BMT
(Hefzy et al., 2009). One study reported a high rate of
microhemorrhages (58%) on susceptibility-weighted
imaging (McKinney et al., 2007), but the clinical signif-
icance of this finding remains unclear.

Fig. 26.2. (A–C) Classic radiographic presentation of posterior reversible encephalopathy syndrome. Axial T2 fluid-attenuated

inversion recovery sequences show T2 signal abnormality that is mostly subcortical and involves the bilateral occipital lobes

predominantly.
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Diffuse or focal vasoconstriction, vasodilatation, and
string-on-a bead appearance, consistent with vasospasm,
have been documented in patients with PRES on either
noninvasive (CTA or MRA), or on CA. In a series
of 47 patients with PRES who underwent catheter CA
or MRA, reversible vasculopathy was observed in
40 (85%) (Bartynski and Boardman, 2008). Although
this may suggest that vasospasm is common in PRES,
the finding should be interpreted with caution, as more
than half of the116 patients with PRES evaluated at
the treatment center during the duration of the study
did not undergo angiography and it is likely that
selection bias resulted in overestimation (Bartynski
and Boardman, 2008). Other studies report lower rates
of vasoconstriction (15–30%) in patients with PRES
who undergo angiography (although still less than half
of patients undergo vessel imaging in these studies)
(Burnett et al., 2010; Fugate et al., 2010; Li et al., 2012).

The imaging features seen in angiography in patients
with PRES are similar to those observed in patients with
RCSV, a condition of reversible vasospasm that can be
seen postpartum or after exposure to certain vasoactive

substances (Ducros et al., 2007; Singhal et al., 2011;
Fugate et al., 2012). The topographic distribution of
ischemic infarcts seen in RCVS is similar to that seen
in PRES (Singhal et al., 2011), and PRES has been
reported in 17–38% of patients with RCVS (Ducros
et al., 2010; Singhal et al., 2011; Fugate et al., 2012). This
overlap suggests that a clinical and pathophysiologic
continuummay exist between these two entities butmore
studies are needed to elucidate the nature of their
relationship.

HOSPITAL COURSE ANDMANAGEMENT

Prompt recognition of PRES and elimination or treat-
ment of a precipitating cause usually result in a favorable
outcome. However, no randomized control trials have
been conducted assessing individual therapeutic inter-
ventions and management is largely guided by expert
consensus.

Seizures and status epilepticus are common indications
for PRES patients to be admitted to an ICU. In one multi-
center study of patients admitted to an ICU for “severe”

Fig. 26.3. Restricted diffusion in posterior reversible encephalopathy syndrome. Restricted diffusion can occasionally be large

and homogeneous, and difficult to distinguish from ischemic infarction (A–C), despite being surrounded by more typical areas

of vasogenic edema (D–F).
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PRES, 31 of 70 (44%) had status epilepticus (Legriel et al.,
2012). Seizures are treated with antiepileptic drugs
(AEDs) as they would be in any acute neurologic condi-
tion, and status epilepticus may require anesthetic agents
and prolonged continuous EEG monitoring. However,
no prospective randomized studies are available to guide
choice of drug or duration of treatment. Periodic sharp
waves in the bioccipital head regions may suggest PRES
and may not necessarily need to be treated with AEDs if
there are no clinical correlates. AEDs can usually be dis-
continued several weeks after the initial presentation and,
in the absence of residual brain lesions; long-term treat-
ment with AEDs is rarely necessary (Lee et al., 2008b).

Magnesium sulfate is indicated to prevent further sei-
zures in women with eclampsia, which can be associated
with PRES. Magnesium has cerebral vasodilatory
effects, and reduces blood vessel permeability. The role
of magnesium supplementation in treating or preventing
seizures in PRES outside the setting of eclampsia is
not known.

Hypertensive encephalopathy is treated with immedi-
ate hypertension reduction, and the choice of a specific
antihypertensive drug is left to the discretion of the phy-
sician. Suitable agents include nicardipine, labetalol,
hydralazine, and sodium nitroprusside (Mancia et al.,
2014). Acute, severe hypertension is one of the most
common reasons for admission of a PRES patient to
the ICU (Legriel et al., 2012). Most experts recommend
that mean arterial blood pressure should not be lowered
by more than 25% within the first few hours so as to
avoid the theoretic risk of cerebral, renal, or coronary
ischemia (Mancia et al., 2014). Pronounced fluctuations
in blood pressure should also be avoided and continuous
infusion of intravenous drugs may be needed to achieve
this goal (Mancia et al., 2014).

There are a few unique presentations of PRES due to
blood pressure fluctuation that may be seen in the neuro-
science ICU. Neurointensivists should be aware that
patients with aneurysmal SAH who become markedly
hypertensive (either spontaneously or by induction with

Fig. 26.4. Gadolinium enhancement in posterior reversible encephalopathy syndrome. Axial T2 fluid-attenuated inversion recov-

ery sequences (A,C) show T2 signal change in frontal and parieto-occipital regions with associated contrast enhancement in axial

T1 gadolinium sequences (B, D).
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vasopressors) can develop PRES (Giraldo et al., 2011).
Thus PRES can be a late – albeit rare – cause of second-
ary neurologic deterioration in aneurysmal SAH patients
and should be considered after more common causes
(e.g., delayed cerebral ischemia, infarction, hyponatre-
mia, hydrocephalus) are excluded. Additionally, patients
with dysautonomia may be at risk for PRES. Patients in
the ICU with Guillain–Barr�e syndrome often have dys-
autonomia and new-onset encephalopathy or seizures
in a patient withGuillain–Barr�e syndrome should prompt
consideration of PRES.

If PRES is caused by a specific medication, the offend-
ing agent should be discontinued in the acute setting if pos-
sible (Tlemsani et al., 2011). Failure to discontinue can
impede recovery (Junna and Rabinstein, 2007), although
cases are reported where symptoms improve without
discontinuation of the offending agent (Schwartz et al.,
1995).When a substitute agent is initiated, patients should
be followed closely andmonitored for recurrence of symp-
toms. It is not advisable to rechallenge the patient with the
same agent as recurrence has been documented in this
setting (Covarrubias et al., 2002; Serkova et al., 2004).
Other systemic conditions such as sepsis or flareups of

autoimmune disorders should be treated according to
existing guidelines.

Rarely, patients may develop cerebellar or brainstem
edema severe enough to cause obstructive hydrocephalus
by compression of the cerebral aqueduct or the fourth
ventricle (Fig. 26.6). If the hydrocephalus becomes
symptomatic, it may need to be treated with an external
ventricular drain. Because the edema in PRES is revers-
ible, long-term placement of a ventriculoperitoneal shunt
is almost never necessary. There are some cases of severe
PRES reported in which the edema was so extensive and
rapidly progressive that it caused significant mass effect
and elevated intracranial pressure (Facchini et al., 2013).
Refractory intracranial hypertension can occur in such
cases, requiring ICP monitoring and barbiturate infu-
sions, but aggressive treatment is fully justified as some
patients may have near-complete or complete recoveries
(Facchini et al., 2013).

OUTCOMEPREDICTION

Most of the literature suggests that PRES is a benign dis-
order. In the majority of cases, clinical improvement can
be observed within a period of days to weeks, after

Fig. 26.5. Intracranial hemorrhage in posterior reversible encephalopathy syndrome. Axial noncontrast computed tomography

showing acute intraparenchymal hemorrhage surrounded by vasogenic edema in the bilateral posterior regions, associated with

sulcal subarachnoid hemorrhage shown as hyperdensity over the right frontal lobe (A–C). Axial T2 fluid-attenuated inversion

recovery sequences in the same patient showing associated vasogenic edema in the posterior regions and right frontal subarachnoid

blood seen as hyperintensity (D–F).
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removal of the inciting cause (Roth and Ferbert, 2010;
Brewer et al., 2013), although occasionally patients
can take a few weeks to recover (Tlemsani et al.,
2011). Radiologic improvement lags behind clinical
recovery by a few weeks. However, despite its name,
PRES is not always reversible. The extent of reversibility
varies in the scientific literature, in part depending on
how PRES is defined. Some investigators have required
clinical and radiographic reversibility as part of their
inclusion criteria (Hefzy et al., 2009; Mueller-Mang
et al., 2009; Fugate et al., 2010; Cruz et al., 2012; Gao
et al., 2012), whereas others have not (Burnett et al.,
2010; Liman et al., 2012, 2014). Not surprisingly, studies
that use reversibility to define PRES report almost uni-
versal recovery. On the other hand, studies that do not
exclude patients with clinical and radiographic sequelae
report persistent imaging abnormalities or neurologic
deficits in up to 10–25% of cases (Burnett et al., 2010;
Moon et al., 2013; Shaharir et al., 2013; Liman et al.,
2014). Although not well characterized, epilepsy, persis-
tent hemiparesis, decreased visual acuity, and dizziness
have been reported. Intracranial hemorrhage and pres-
ence of restricted diffusion onMRI have been associated
with incomplete recovery (Covarrubias et al., 2002;

Moon et al., 2013; Shaharir et al., 2013). Time from onset
to control of the inciting factor and hyperglycemia were
reported to be independently associated with poor out-
comes in one study of 70 patients with severe PRES
requiring admission to an ICU (Legriel et al., 2012).

In more severe cases death can occur and mortality
rates of up to 3–6%have been reported in some case series
(Mueller-Mang et al., 2009; Legriel et al., 2012; Moon
et al., 2013). Severe brain injury and mortality, when they
do occur, can be attributed to intracranial hemorrhage,
posterior fossa edema with brainstem compression and
herniation or hydrocephalus, as well as diffuse brain
edema and increased intracranial pressure (Lee et al.,
2008a). This subset of patients with significant morbidity
and mortality highlights the importance of prompt recog-
nition and treatment of the causative factor of PRES.

Recurrent PRES has been reported in about 5–10% of
cases and appears to be more common in patients with
uncontrolled hypertension as the precipitating cause of
their syndrome (Li et al., 2013). Recurrent seizures occur
in 10–15% of patients during the first few years follow-
ing PRES (Datar et al., 2015a). However, in the vast
majority of cases these can be attributed to provoking
factors such as recurrent PRES rather than the

Fig. 26.6. Severe brainstem and cerebellar edema in posterior reversible encephalopathy syndrome. Axial noncontrast computed

tomography showing effacement of the fourth ventricle (A), hydrocephalus causing temporal tip dilation (B), and rounding of the

frontal horns of lateral ventricles (C). Axial T2 fluid-attenuated inversion recovery sequences better demonstrate extensive

cerebellar (D), brainstem (E), and subcortical edema (F).

POSTERIOR REVERSIBLE ENCEPHALOPATHY IN THE INTENSIVE CARE UNIT 477



development of epilepsy. In the absence of recurrent
PRES, recurrent seizures are extremely rare after resolu-
tion of the syndrome, even in cases that had originally
presented with status epilepticus (Datar et al., 2015a).

CLINICALTRIALSANDGUIDELINES

Although studies of PRES have increased exponentially
since its original description more than two decades ago,
these consist almost exclusively of cases series and case
reports. Management is guided by expert consensus, as
no prospective randomized control interventional studies
have ever been conducted. No animal model exists and
pathophysiologic studies are scarce. Consequently our
understanding of the mechanisms leading to endothelial
dysfunction and increased blood–brain barrier perme-
ability remains limited. Treatment consists of correction
or elimination of an inciting factor but no interventions
targeting proximal causes that could possibly prevent
PRES in patients known to be at risk have been proposed.
Large case series have enhanced our understanding of
the clinical and radiologic spectrum of the disorder, its
risk factors, and prognosis. However, it remains unclear
why specific individuals within populations at risk
develop PRESwhile others do not. Clustering of risk fac-
tors (e.g., a BMT patient on tacrolimus with renal failure)
likely accounts for some, but not all, of this difference.
Genetic susceptibility is a possibility, and one that could
potentially open the way for targeted prevention strate-
gies in the future, but at present no epidemiologic data
or genetic studies exist to support this hypothesis. Based
on the co-occurrence of PRES and neuromyelitis optica
(Magana et al., 2009), we did undertake genotypic anal-
ysis in patients with PRES but did not find associations
with aquaporin-4 pleomorphisms (unpublished work).

As previously discussed, many studies have utilized
reversibility of clinical and radiographic manifestation
of PRES as part of their inclusion criteria, thus cementing
the conception of PRES as a strictly reversible syndrome
and possibly excluding cases with less favorable out-
comes. Similarly, most studies have mandated the pres-
ence of vasogenic edema on brain imaging as part of
their diagnostic criteria. Consequently, a diagnosis of
PRES relies heavily on radiologic studies in clinical prac-
tice.We have seen patients with hypertensive encephalop-
athy presenting with clinical characteristics of PRES but
no evidence of vasogenic edema on MRI. It is highly
likely that these patients have brain injury that cannot
be visualized utilizing current MRI sequences but whose
symptoms are caused by the same underlying pathophys-
iologic mechanism as PRES. Conversely, we have seen
patientswith large confluent regions of restricted diffusion
but only scant vasogenic edemaoccurring in a topographic
pattern highly suggestive of PRES.Elsewhere (Fugate and

Rabinstein, 2015), we have proposed an algorithm for the
diagnosis of PRES that does not require reversibility or the
presence of vasogenic edema (Fig. 26.7). This algorithm
can identify patients falling outside the artificially restric-
tive boundaries of previous definitions andmay be used in
future study designs.

COMPLEXCLINICAL DECISIONS

The diagnosis of PRES relies on clinical and radio-
graphic findings of limited specificity and the differential
is wide. Reliance on extensive ancillary testing to rule out
competing diagnoses is rarely necessary. Most patients
with PRES present with one or more characteristic neu-
rologic symptoms in the setting of at least one known risk
factor. Brain imaging showing vasogenic edema in a
topographic distribution typical of PRES helps confirm
the diagnosis. Nonetheless, the diagnosis can be chal-
lenging at times. Clinicians need to be familiar with atyp-
ical presentations and remain vigilant for “red flags” in
order to minimize unnecessary testing or misdiagnosis.

Fever in the setting of encephalopathy should prompt
consideration of a lumbar puncture, which becomes man-
datory if seizures or focal deficits are also present (in
which case, brain imaging should be obtained before per-
forming a lumbar puncture). Persistent encephalopathy in
spite of correction of the presumed inciting cause should
raise suspicion for nonconvulsive seizure activity, and an
EEG should be performed. Similarly, progressive neuro-
logic deficits days to weeks after treatment should prompt
further imaging. Although focal neurologic signs can
occurwith PRES, acute onset of a focal deficit should raise
suspicion for ischemic infarction or intracerebral hemor-
rhage. Marked hypertension is also a feature of acute
stroke where it occurs as a physiologic response and is
necessary tomaintain perfusion. Most of the time this sce-
nario presents no difficulty but patients presenting with
isolated aphasia can be challenging. Superimposed
encephalopathy, if present, is suggestive of PRES, but this
may not always be apparent. MRI may be helpful but vas-
cular and perfusion imaging may be necessary if doubts
remain. Similarly, patients with PRES can present with
acute brainstem dysfunction and stupor mimicking “top
of the basilar” syndrome. Brainstem edema can be present
in cases of PRES but further imaging may be necessary to
rule out acute ischemia.

Absence of a known precipitating factor should
prompt more careful screening. PRES is usually a man-
ifestation of underlying systemic disease and has been
described as the initial presentation of an autoimmune
disease such as SLE (Kur and Esdaile, 2006) or a meta-
bolic disorder such as porphyria (Utz et al., 2001).
Screening should be guided by history, as well as

478 M. TOLEDANO AND J.E. FUGATE



additional clinical and paraclinical data, but a wider
search may be warranted in certain cases.

NEUROREHABILITATION

Although reversible in most cases, a small but important
subset of patients with PRES can be left with permanent
neurologic sequelae. Patients whose course is compli-
cated by hemorrhage or ischemic infarction are at higher
risk. Residual focal neurologic symptoms such as hemi-
paresis and permanent visual disturbances have been
reported, but more global dysfunction such as cognitive
difficulties and dizziness can also occur. Neurorehabilita-
tion should be targeted to the patient’s specific deficit and
referral to a physical medicine and rehabilitation special-
ist or, if needed, a speech therapist or neuropsychologist
should be considered.

CONCLUSIONS

PRES is a heterogeneous clinical syndrome character-
ized by acute neurologic symptoms arising in the setting
of severe abrupt hypertension or blood pressure fluctua-
tions, autoimmune disorders, disorders of metabolism,
eclampsia, transplantation, or exposure to immunosup-
pressant drugs. Although some questions remain regard-
ing the details of the underlying pathophysiology, PRES
is caused by endothelial cell dysfunction. This can occur
secondary to changes in blood pressure or as a direct
effect of circulating inflammatory cytokines or cytotoxic
drugs. Brain imaging showing vasogenic edema in one of
the characteristic patterns (parieto-occipital, watershed
zones, or frontal sulcus pattern) can be very useful, but
presence of edema on imaging is not necessary to make
the diagnosis. Prognosis is favorable, but neurologic
sequelae and even death can occur, particularly when

Fig. 26.7. Proposed algorithm for the diagnosis of posterior reversible encephalopathy syndrome (PRES). BP, blood pressure.

(Reproduced with permission from Fugate and Rabinstein, 2015.)

POSTERIOR REVERSIBLE ENCEPHALOPATHY IN THE INTENSIVE CARE UNIT 479



cerebral ischemia or hemorrhage occurs. Prompt initia-
tion of treatment may improve outcome and clinicians
should be familiar with both typical and atypical presen-
tations of the disorder.

Although endothelial dysfunction underlies the patho-
physiology of this disorder, further studies are needed to
unravel the exact mechanisms of injury. A reliable animal
model would be very helpful in this regard and may open
the way for pathophysiologically guided therapies. Large,
multicenter, prospective studies will be needed to further
define populations at risk, as well as delineate the clinical
and radiographic boundaries of the disorder.
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Chapter 27

Acute neurotoxicology of drugs of abuse

S.J. TRAUB* AND M.D. LEVINE
Department of Emergency Medicine, Mayo Clinic, Phoenix, AZ, USA

Abstract

Many substances can affect the central nervous system, and may cause patients to become critically ill.
Acute central neurotoxicologic syndromes associated with drugs of abuse are usually caused by an
overdose of sedative-hypnotic agents (including alcohol) or opioids, withdrawal from sedative-
hypnotic agents, or an overdose of anticholinergic or sympathomimetic agents. Clinical findings are often
syndromic, making physical examination the most important diagnostic tool in the approach to the patient
with an unknown ingestion. Treatment focusses on supportive care as the most important intervention for
all such patients, augmented by antidotal therapy when appropriate.

INTRODUCTION

Toxicology is the study of adverse interactions between
xenobiotics and living organisms. Many toxins directly
affect the central nervous system (CNS), and many
patients poisoned by such toxins become acutely and
critically ill.

In this chapter, we focus on acute central neurotoxico-
logic syndromes of drugs of abuse. When considering
drug-induced alterations in mental status in critically ill
patients, the decision as to which neurotoxicologic syn-
dromes to include and which to exclude is challenging.
We have chosen to exclude subacute and chronic condi-
tions (such as the personality changes that may accom-
pany mercury poisoning), conditions that manifest
predominantly or exclusively with peripheral findings
(such as botulism, tetanus, or strychnine poisoning),
conditions whose presentations are often dominated by
nonneurologic derangements (such as aspirin or tricyclic
antidepressant poisoning), and conditions with CNS
findings that rarely, if ever, produce critical illness (such
as toxicity from marijuana or hallucinogens). This
allows us to focus on six major syndromes that are of
particular interest to those who care for critically ill
neurologic patients: sedative-hypnotic toxicity, opioid
toxicity, sympathomimetic toxicity, anticholinergic tox-
icity, dissociative agent toxicity, and sedative-hypnotic
withdrawal.

In the first section, we discuss each of the syndromes,
with particular attention to pathophysiology, presenta-
tion, and treatment. We depart from the structure of other
chapters in this series in that we omit neurorehabilitation,
as complete neurologic recovery from these syndromes
is the rule unless a secondary complication – such as
intracranial hemorrhage after cocaine use or anoxic brain
damage after opioid use – has occurred. Of note, when
discussing laboratory testing and imaging in the first sec-
tion, we address only laboratory testing that is important
when the diagnosis of agent- or class-specific poisoning
is established.

In the second section, we present an approach to the
undifferentiated patient with a suspected acute central
neurotoxicologic syndrome related to one of the afore-
mentioned drugs of abuse. We focus primarily on the
importance of physical examination to facilitate diagnosis,
mention additional crucial diagnostic interventions to
perform, and discuss pitfalls.

MAJORNEUROTOXICOLOGIC
SYNDROMES

Sedative-hypnotic toxicity

EPIDEMIOLOGY

Sedative-hypnotic agents refer to a class that includes
ethanol, pharmaceutical agents, andmany drugs of abuse
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(Table 27.1). Sedative-hypnotic abuse and dependence
occur worldwide, and are widespread. In the US, the life-
time rate of alcohol abuse is almost 20%, and the lifetime
rate of dependence is 10–15% (Hasin et al., 2007). In
France, one study found that approximately half of all
patients using prescription sedative hypnotics were phys-
ically dependent on them (Guerlais et al., 2015).
Sedative-hypnotic toxicity is a problem that is encoun-
tered by virtually every clinician who works with the
critically ill.

PHARMACOLOGY

Most sedative-hypnotic agents act directly or indirectly
at the gamma-aminobutyric acid (GABA) receptor to
hyperpolarize neurons. Two distinct subtypes of GABA
receptors play roles in sedative-hypnotic toxicity:
GABAA receptors (the site of action of benzodiazepines
and barbiturates) modulate neuronal activity via chloride
conductance (Olsen et al., 1986), whereas GABAB

receptors (the site of action of gamma-hydroxybutyrate
and baclofen) exert their effects via modulation of
potassium and calcium conductance (Emson, 2007;
Marshall, 2008). The exact mechanism of action of
ethanol is not entirely known; specific ethanol receptors
(if they exist) have eluded detection and characterization.
It is possible that ethanol does not act via direct receptors,
but rather by inducing conformational changes in pro-
teins via substitution at key water-binding sites (Harris
et al., 2008). Regardless of the exact mechanism, ethanol
likely exerts much of its effect at the level of GABAA

receptors (Valenzuela and Jotty, 2015) and through inter-
ference with stimulatory N-methyl-D-aspartate (NMDA)
neurotransmission (He et al., 2013).

CLINICAL PRESENTATION

The dominant finding in sedative-hypnotic toxicity is
CNS depression, which exists on a continuum that is gen-
erally dose-dependent. Early and mild toxicity manifests
with some degree of slurred speech, ataxia, and delayed

response time to stimuli. As toxicity progresses, patients
often become lethargic; in severe toxicity, lethargy may
progress to coma.

It is worth noting, however, that sedative-hypnotic
agents are not monolithic in their effects. There are
important clinical differences between drugs that work
predominantly at the GABAA receptor, and general class
differences between those that work at the GABAA ver-
sus the GABAB receptor.

Although both barbiturate and benzodiazepine poi-
soning may present with profoundly depressed mental
status, barbiturate poisoning may also manifest with
apnea or circulatory collapse (Hadden et al., 1969;
Spear and Protass, 1973) whereas such presentations
are rare with benzodiazepine poisoning (Gaudreault
et al., 1991). It is for this reason that benzodiazepines
have essentially replaced barbiturates as the sedative-
hypnotic agent of choice in medical practice. Newer
sedative-hypnotic agents (such as zolpidem), often used
as sleep aids, also demonstrate excellent safety profiles
(Garnier et al., 1994).

Similar to the GABAA agents, GABAB drugs pro-
foundly decrease mental status in overdose. In contradis-
tinction to GABAA agents, however, GABAB agents
may also produce increased muscular activity or seizures
(Leung et al., 2006; Schep et al., 2012).

Peripheral physical examination findings are gener-
ally unremarkable in most cases of sedative-hypnotic
toxicity. Benzodiazepines rarely produce abnormalities
of peripheral physiology, and the term “coma with
normal vital signs” is frequently used in reference to
the clinical presentation of benzodiazepine overdose.
Barbiturates may be associated with bradycardia,
hypothermia, and skin blistering, while gamma-
hydroxybutyrate may be associated with bradycardia
as well. Traumatic injuries should prompt clinicians to
exclude alternative etiologies of altered mental status,
such as subdural hemorrhage.

LABORATORY TESTING

Patients with known uncomplicated sedative-hypnotic
intoxication require minimal, if any, laboratory testing
other than rapid serum glucose testing to exclude
hypoglycemia.

The use of blood or breath ethanol levels to assess the
degree of alcohol intoxication, while appealing, is unre-
liable. Although many legal jurisdictions throughout the
world define blood ethanol levels (such as 80 mg/dL) at
which certain activities (such as driving) are prohibited, it
is not the case that all individuals exhibit the same degree
of intoxication at a given blood ethanol level. Significant
intoxication may occur at levels below legal limits in
alcohol-naive individuals, and chronic ethanol users with
markedly elevated blood levels may appear to be

Table 27.1

Commonly abused sedative-hypnotic agents

Ethanol
Benzodiazepines
Barbiturates
Gamma-hydroxybutyrate
Chloral hydrate
Meprobamate
Carisoprodol
Zolpidem
Zaleplon
Zopiclone
Eszopiclone
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minimally affected (Sullivan et al., 1987). For these rea-
sons, ethanol intoxication is a clinical, and not a numeric,
diagnosis.

CLINICAL COURSE AND MANAGEMENT

The treatment of sedative-hypnotic poisoning is almost
entirely supportive.We recommend endotracheal intuba-
tion for airway protection or apnea, supplemental oxygen
as needed to maintain normal oxygen saturation, and
intravenous fluids followed by vasopressor agents to
treat hypotension, noting that these interventions are
rarely neededwhen the sedative-hypnotic agent involved
is a benzodiazepine or a so-called “z drug” – zolpidem,
zopiclone (or its S-enantiomer, eszoplocine), or zaleplon.

Thiamine deficiency is prevalent not only among
chronic alcoholics but among patients who present to
the emergency department with ethanol intoxication
(Li et al., 2008). Clinicians must maintain a high index
of suspicion for Wernicke encephalopathy or Korsakoff
psychosis (together, Wernicke–Korsakoff syndrome), as
the rate of initial misdiagnosis of these conditions is high
(Harper et al., 1986). Thiamine (100 mg intravenously
(IV)) is appropriate for any patient who presents with
an ethanol-related disorder in whom any suspicion for
Wernicke–Korsakoff syndrome exists.

The use of analeptic (CNS arousal) agents in the treat-
ment of sedative-hypnotic toxicity should be mentioned
only to be condemned. In an era when barbiturate intox-
ication was common and the use of analeptics (such as
amphetamines) prevalent, a landmark study showed that
the use of supportive care alone produced superior clin-
ical results (Clemmesen and Nilsson, 1961). This
“Scandanavian method” has become the cornerstone of
treatment of most poisoned patients, but particularly
those with sedative-hypnotic toxicity.

There is no antidotal therapy for most sedative-
hypnotic agents; benzodiazepines are an exception.
However, the use of specific reversal agents in the treat-
ment of acute benzodiazepine toxicity is controversial
(see section on complex clinical decisions, below).
Patients with presumed sedative-hypnotic toxicity who
fail to improve over time should undergo amore rigorous
workup for altered mental status

COMPLEX CLINICAL DECISIONS

While patients with sedative-hypnotic toxicity may be
critically ill, most treatment decisions are relatively
straightforward, and outlined above. Exceptions to this
rule are the decision to intubate patients with severe
gamma-hydroxybutyrate ingestion and the decision to
administer flumazenil (a specific benzodiazepine rever-
sal agent) to patients with benzodiazepine toxicity.

Gamma-hydroxybutyrate toxicity is often associated
with a waxing and waning mental status. Patients who

appear comatose may become alert with stimulation,
only to lapse back to an apparently comatose state when
the stimulation is removed. In such patients, the decision
to proceed with advanced airwaymanagement is compli-
cated. Clinicians with significant experience in airway
management as well as the management of gamma-
hydroxybutyrate ingestion may feel comfortable observ-
ing such patients without intubation; in one series, 87%
of gamma-hydroxybutyrate-poisoned patients with a low
Glasgow Coma Scale score (3–8) were managed conser-
vatively, and none had adverse outcomes (Munir et al.,
2008). We suggest, however, that clinicians with less
experience should have a lower threshold to intubate
such patients.

Flumazenil is a specific antagonist of benzodiaze-
pines at the benzodiazepine receptor. Although its use
in benzodiazepine poisoning is intellectually attractive,
there are significant potential pitfalls. In a patient who
is habituated to benzodiazepines, even at low doses,
administration of flumazenil may precipitate benzodiaz-
epine withdrawal (Mintzer et al., 1999). While flumaze-
nil use at low doses may be safe, particularly in those in
whom habituation may not have had time to occur
(Moore et al., 2014), we recommend against its routine
use as acute benzodiazepine toxicity is rarely if ever
life-threatening, and can almost always be managed
safely and effectively with supportive care alone.

Opioids

EPIDEMIOLOGY

Opioids are naturally occurring or synthetic agents that
arewidely used for their ability to relieve pain and abused
for their euphoria-inducing effects. Most opioids are
structural analogs of morphine, a naturally occurring
substance from the opium poppy, Papaver somniferum.

Opioid abuse in the US is a significant and growing
problem. Exposure to opioids often occurs at a young
age, with one in four adolescents reporting some type of
use (Boyd et al., 2014). Prescription opioid diversion
and abuse in the US have increased dramatically (Dart
et al., 2015). In recent years, opioid overdose deaths from
prescription medications have grown faster than those
fromheroin, althoughheroin deaths have increased aswell
(Rudd et al., 2014). The current US opioid epidemic has
led to novel interventions in an attempt to stem it, includ-
ing the use of controlled-substance monitoring databases
to help prescribers identify opioid abusers (McAllister
et al., 2015) and the distribution of naloxone, a specific
narcotic antagonist, to laypersons (Wheeler et al., 2015).

PHARMACOLOGY

Opioids are exogenous xenobiotics that mimic the actions
of endorphins (so named because the are endogenous
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morphine-like substances) – metenkephalin, leuenkepha-
lin, b-endorphin and dynorphin. There are several differ-
ent classification schemasta for opioid receptors: the
classic receptor-naming scheme, with the most significant
clinical findings related to each receptor, is shown in
Table 27.2. Opioid receptors are members of the G super-
family of proteins (Waldhoer et al., 2004), with cellular
mechanisms of action that may involve adenylate cyclase,
calcium channels, or potassium channels.

The rewarding properties of opioids are a fun-
ction of mu-receptor agonism (Lutz and Kieffer,
2013). The cellular neuropathology of the most lethal
aspect of opioid toxicity, respiratory depression, is
also a result of mu-receptor agonism in the brainstem
(Boom et al., 2012). Respiratory effects are caused
predominantly by a depression in both the hypercar-
bic and hypoxic drive to breathe (Weil et al., 1975),
although the former plays a larger role.

CLINICAL PRESENTATION

The most prominent finding in opioid toxic patients is an
alteration in mental status, and patients with opioid tox-
icity present in a stereotypical fashion. Patients may be
euphoric, but are often subdued; with significant toxicity,
they generally present tired-appearing or lethargic. The
term narcotic itself derives from a Greek term meaning
“to make stiff or numb.” Patients may lose their train
of thought or speech, or even “nod off” during the med-
ical interview.

Several peripheral physical examination findings sup-
port the diagnosis of opioid toxicity. Respiratory rate and
depth are slowed, often to dangerous levels. Hypercapnia
may contribute to the depressed level of consciousness.
Pupils are constricted (Knaggs et al., 2004), often to a
degree described as “pinpoint,” and bowel sounds are
markedly decreased or absent.

The acute respiratory distress syndrome (ARDS) may
occur in opioid-poisoned patients. It often comes to
clinical attention immediately after the patient’s ventila-
tory status has improved, frequently after administration
of the narcotic antagonist naloxone (Narcan) (Schwartz
and Koenigsberg, 1987).

Individual opioids may, as a result of their unique
structure, also cause cardiac or neurologic effects via
nonopioid pathways. Propoxyphene and meperidine
may both cause neuromuscular hyperactivity, including
seizures (Hagmeyer et al., 1993; Basu et al., 2009). Pro-
poxyphene may cause QRS prolongation, particularly
in overdose (Afshari et al., 2005), while methadone is
associated with QTc prolongation, even in patients
receiving doses in the lower level of therapeutic (Roy
et al., 2012).

LABORATORY TESTING

When opioid toxicity is known, minimal testing is appro-
priate. We recommend a fingerstick glucose in any
patient with an alteration in mental status, and electrocar-
diogram (ECG) to exclude any toxin-induced conduction
abnormality (particularly as some opioids have this
effect), a pregnancy test in women of childbearing age,
and testing for salicylates and acetaminophen in any
patient with known or suspected suicidal ideation.

If patients have been immobile for an extended
period, a serum creatine kinase and creatinine are indi-
cated to assess for rhabdomyolysis and pigment-induced
nephropathy, respectively.

CLINICAL COURSE AND MANAGEMENT

Opioid toxicity often presents with respiratory failure,
presenting the treating physician with an immediate
question regarding airway management and correction
of hypoventilation. In most patients who are unrespon-
sive and apneic, endotracheal intubation is the appropri-
ate intervention. In opioid-poisoned patients, however,
administration of a specific narcotic antagonist such as
naloxone may restore consciousness, airway-protective
mechanisms, and ventilation.

In all patients with opioid-induced respiratory depres-
sion, bag-valve mask ventilation should be started and
continued until naloxone has restored appropriate spon-
taneous ventilation. Recommendations regarding the ini-
tial dosing of naloxone vary. We recommend starting
with 0.04 mg IV, a dose that is lower than often advo-
cated, but less likely to precipitate opiate withdrawal.
Although opiatewithdrawal per se is not life-threatening,
opioid withdrawal may unmask severe pain syndromes,
particularly in patients with malignancies (Boland et al.,
2013). If there is no response to the initial dose in 2–3
minutes, we recommend an escalating dosing strategy

Table 27.2

Traditional opioid receptor names and functions

Receptor name Functions

Mu Analgesia
Sedation
Euphoria
Respiratory depression
Decreased gastrointestinal motility

Kappa Analgesia (spinal and suprasinal)
Miosis
Dysphoria

Delta Analgesia (spinal and supraspinal)
Nociceptin/orphanin Analgesia

Anxiolysis
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of 0.4 mg/2 mg/4 mg/10 mg/15 mg, similar to that
which has been advocated by others (Boyer, 2012). If
a patient has no response to the cumulative dose from this
protocol, then uncomplicated opioid toxicity is almost
assuredly not the cause of the patient’s mental status
changes and respiratory depression.

Because of the relatively brief duration of action
of naloxone, some patients (particularly those who have
ingested long-acting opioid agonists, such as sustained-
release oxycodone or methadone) will require additional
naloxone dosing. When an additional bolus dose is
required due to a recurrence of respiratory depression,
we recommend that the patient be placed on a continuous
naloxone infusion. An appropriate initial dose for contin-
uous infusion is approximately two-thirds of the cumula-
tive dose to which the patient responded, infused per
hour (Goldfrank et al., 1986). For example, if the patient
responded to a cumulative dose of 0.44 mg, an appropri-
ate starting dose for the naloxone continuous infusion
would be 0.3 mg/hour.

Acute complications from opioid use include hypoxic
coma (if the patient has had a prolonged period of
opioid-induced hypoventilation prior to restoration of
appropriate ventilation), ARDS, and rhabdomyolysis
or compartment syndrome (if the patient has had a pro-
longed period of immobility).

COMPLEX CLINICAL DECISIONS

Clinicians who treat patients with opioid toxicity may be
faced with complex decisions. These include the deci-
sion to use naloxone in patients with mild alterations
in mental status and/or respiratory insufficiency, and
the disposition decision for patients who have a clear sen-
sorium after the administration of naloxone and who
wish to leave against medical advice.

The use of naloxone in patients with relatively mild
depression in mental status or respiratory effort deserves
particular discussion. It must be considered in the context
of the appropriate goal of naloxone administration,
which is to restore appropriate spontaneous ventilation.
In patients with normal oxygenation (without supple-
mental oxygen) and mild decreases in mentation or
respiratory rate, naloxone administration may be unnec-
essary. In patients who have mild iatrogenic reduction in
ventilation after administration of known quantities of
opioids for severe pain syndromes, small amounts of
supplemental oxygen may be appropriate, provided that
the patient is closely monitored. However, in patients
who are hypoxemic in the setting of self-induced opioid
toxicity (often with agents or doses that are unknown),
naloxone is the most appropriate intervention. While it
is tempting to simply apply supplemental oxygen to such
patients rather than risk turning a cooperative patient
into a combative one, patients treated in this fashion

are at risk for developing significant hypercapnia. Of
note, this strategy applies to patients without confound-
ing conditions – such as pneumonia or opioid-induced
ARDS – which require the administration of supple-
mental oxygen.

The patient whose sensorium clears after the adminis-
tration of naloxone who wishes to leave the hospital rep-
resents a particular challenge. Such patients often have a
normal mental status, but are at risk for recurrent toxicity,
particularly if they have ingested a long-acting opioid
whose duration of action exceeds that of naloxone.
Although several studies have failed to find evidence
of significant rates of death after opioid-toxic patients
leave against medical advice after naloxone administra-
tion (Vilke et al., 1999, 2003;Wampler et al., 2011), most
of the patients in these studies used relatively short-
acting opioids (such as heroin), and the data cannot
be immediately extrapolated to longer-acting agents.
Whenever possible, such patients should be strongly
encouraged to remain for a period of observation for
several hours.

Dissociative agents

EPIDEMIOLOGY

Dissociative agents have been used medicinally for
decades, with phencyclidine (PCP) first having been
used as an anesthetic in the 1950s. Early reports noted
a profound state of anesthesia, in which major surgeries
were performed without loss of respiratory drive; how-
ever, severe emergence reactions (including psychosis
and hallucinations) limited PCP’s use (Greifenstein
et al., 1958). More recently, ketamine has been intro-
duced for sedation and general anesthesia, and as an
adjunct to treat refractory unipolar major depressive dis-
order, posttraumatic stress disorder, and acute suicidal
ideation (Green and Krauss, 2004; Green and Sherwin,
2005; Potter and Choudhury, 2014; Schwartz et al.,
2016). Dextromethorphan is a widely available over-
the-counter cough suppressant that has dissociative prop-
erties at higher doses.

Dissociative agents are abused recreationally. PCP
(“angel dust”) abuse reached epidemic proportions in
the 1970s (Stillman and Petersen, 1979), but its use today
is sporadic. Ketamine, often referred to as “special K,”
“vitamin K,” or “super K,” has become popular at
rave parties and night clubs (Jansen, 1993). Dextrome-
thorphan abuse, which became popular in the early
2000s, is often referred to as “robo tripping” or
“skittling.” The former term refers to the well-known
dextromethorphan-containing cough medication Robi-
tussin, whereas the latter refers to the resemblance of
many dextromethorphan-containing cough and cold
medications to the candy Skittles.
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Dissociative agents may be ingested via many routes.
PCP is often consumed orally, as thermal degradation
results in inactivation of nearly 50% of the drug
when smoked (National Highway Traffic Safety
Administration, n.d.). Ketamine can be consumed either
orally or parenterally, although poor oral bioavailability
makes insufflation the preferred method. Although
dextromethorphan is typically consumed orally, inhala-
tional use has been reported (Hendrickson and
Cloutier, 2007).

PHARMACOLOGY

Phencyclidine, ketamine, and dextromethorphan all
share common mechanisms of action. These agents bind
to the calcium channel on the NMDA receptor (Siu and
Drachtman, 2007; Lodge andMercier, 2015), resulting in
NMDA antagonism. These agents also inhibit both
peripheral and central catecholamine uptake (Akunne
et al., 1991; Steinmiller et al., 2003; Boyer, 2004) and
have effects on opioid sigma receptors (Wolfe and De
Souza, 1993). These cellular effects mediate the clinical
effects of pain control (Hillhouse and Negus, 2016) and
psychosis (Jodo, 2013), and cause the dissociative effects
observed in high doses.

CLINICAL PRESENTATION

All dissociative agents may produce a dose-dependent
psychosis and impairment of sensory input, whereby per-
ception and motor activity are separated from each other.
Patients may appear calm, intoxicated, or agitated. Hal-
lucinations may occur, and when present, are frequently
auditory. Horizontal, vertical, or rotatory nystagmus may
be observed (McCarron et al., 1981a, b).

Catecholamine reuptake inhibition may result in sym-
pathomimetic effects, including hypertension and tachy-
cardia. However, unlike other sympathomimetic agents,
hyperthermia is relatively uncommon (McCarron et al.,
1981b: 1000 cases; Ng et al., 2010).

Because of its effects on serotonin, dextromethorphan
abuse may result in serotonin syndrome, either as an iso-
lated ingestion (Ganetsky et al., 2007) or when taken in
the setting of chronic serotonin selective reuptake inhib-
itor use (Schwartz et al., 2008).

Respiratory depression may occur with dextrome-
thorphan, particularly in children (Shaul et al., 1977;
Henretig, 1994).

The clinical presentation of dissociative agent toxicity
may vary, due in large part to differences in dosing from
patient to patient. Ketamine, for example, produces little
more than analgesia at low doses, sensory distortions at
moderate doses, and complete dissociation and anesthe-
sia at higher doses (Peltoniemi et al., 2016). The route of
administration may also alter the observed clinical
effects; for a given dose of ketamine, insufflation will

causemore symptoms than oral ingestion. If coingestants
are present (as is frequently the case with PCP; Dominici
et al., 2015), a mixed clinical picture may result.

LABORATORY TESTING

When the diagnosis of dissociative agent toxicity is
known, minimal testing is appropriate. Depending on
the scenario, it may also be appropriate to assess serum
glucose, obtain an ECG, perform a pregnancy test,
ensure there has been no dangerous coingestion, and rule
out rhabdomyolysis.

MANAGEMENT

The first step in the management of dissociative agent
toxicity is to ensure that the patient’s airway is patent,
and that breathing and circulation adequate. Patients
who are agitated should, if possible, be placed in a quiet,
secluded room to reduce sensory stimuli.

Benzodiazepines are appropriate for agitation, and for
the treatment of dissociative-induced pyschosis. If such
symptoms prove refractory to benzodiazepines, butyro-
phenones are a reasonable alternative (Giannini
et al., 1984).

When present, rhabdomyolysis should be treated with
intravenous fluids per usual protocols.

Patients may develop emergence reactions as their
acute toxicity resolves. Such reactions, which are charac-
terized most frequently by hallucinations and confusion,
are best treated with benzodiazepines.

COMPLEX CLINICAL DECISIONS

The decision to use naloxone to reverse the decrease in
mental status and respiratory depression associated with
dextromethorphan may be difficult. In patients who are
habituated to narcotics, the use of naloxone will precip-
itate opioid withdrawal, further complicating assessment
andmanagement. In patients who are opioid-naive, how-
ever, there is little down side. Of note, higher than usual
doses of naloxone (on the order of 10 mg IV) may be
required (Wolfe and Caravati, 1995; Chyka et al., 2007).

Urinary acidification has been advocated in the past as
a means of enhancing PCP elimination through ion trap-
ping. However, the risks of systemic acidemia are far
greater than the benefits of slightly increased elimina-
tion, and such an approach is no longer recommended.

Sedative-hypnotic withdrawal

EPIDEMIOLOGY

Sedative-hypnotic agents (the class that includes etha-
nol) are the most commonly abused drugs in the world.
In many patients, chronic and habitual use leads to a state
of physiologic dependence; in such cases, abrupt
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cessation of drug use produces significant derangements
in homeostasis, referred to as withdrawal.

In societies in which ethanol use is common, lifetime
ethanol dependence amongst drinkers and former
drinkers is likely on the order of 10% (Grant and
Dawson, 1997); in the US in 2014, over 1.5 million peo-
ple with alcohol use disorder were treated in specialized
facilities (Substance Abuse and Mental Health Services
Administration, 2014).

PHARMACOLOGY

When ethanol is ingested chronically, complex changes
(including alterations in gene expression and receptor
morphology) lead to a reduction in GABA activity
and an increase in glutamic NMDA activity (Littleton,
1998). In such patients who continue to ingest ethanol,
the ongoing CNS-depressant effects of ethanol counter-
act these changes, and the result is a relative homeostasis.

If such patients abruptly cease ingesting ethanol,
however, this CNS-depressant input is lost, and patients’
endogenous state – decreased baseline GABA activity
and increased NMDA activity – produces the signs
and symptoms of ethanol withdrawal.

CLINICAL PRESENTATION

Ethanol withdrawal may begin as early as hours or as
late as days after cessation of ethanol ingestion. Concep-
tually, ethanol withdrawal may be divided into four
syndromes: tremulousness, hallucinosis, withdrawal
seizures, and delirium tremens. It is important to note that
there is no “standard” progression of ethanol withdrawal,
and it is the rule (rather than the exception) that patients
will not pass through all four syndromes. In clinical prac-
tice, nursing protocols have been considered useful and
in the US CIWA protocol is instituted in patients with a
known or suspicious history of alcohol dependence
(Table 27.3).

Alcoholic tremulousness

Early ethanol withdrawal is characterized by sympathetic
hyperactivity; anxiety is the most prominent symptom,
whereas hypertension, tachycardia, and diaphoresis are
prominent signs (Blondell, 2005). In patients with alco-
holic tremulousness, the sensorium remains clear and the
patient often craves ethanol; self-administration of etha-
nol usually abolishes the condition.

Alcohol withdrawal seizures

Alcohol withdrawal seizures may occur after cessation
of ethanol consumption, and a classic study clearly
implicates the causal link between ethanol cessation
and seizures in humans (Isbell et al., 1955). Alcohol
withdrawal seizures may occur at any time after the

cessation of ethanol intake, but the occurrence peaks in
the 12–24-hour range (Victor and Brausch, 1967). Alco-
hol withdrawal seizures are usually characterized by one
or two generalized tonic-clonic events, with a clear sen-
sorium after a brief postictal state, although status epilep-
ticus is reported (Alldredge and Lowenstein, 1993).

Alcoholic hallucinosis

Alcoholic hallucinosis is characterized by a perception
disorder that may be auditory, visual, or tactile in nature,
and the hallucinations are similar to those experienced by
schizophrenics (Soyka, 1990). In one study, the preva-
lence of alcoholic hallucinosis in patients being treated
for ethanol withdrawal was approximately 10% (Tsuang
et al., 1994). Patients with alcoholic hallucinosis have a
clear sensorium and stable vital signs, which distinguishes
them from patients with delirium tremens (see below).

Delirium tremens

Delirium tremens begins several days after the cessation
of ethanol, and is a life-threatening condition character-
ized by profound autonomic instability (severe tachycar-
dia, hypertension, and diaphoresis) in conjunction with
a marked alteration in consciousness (such as marked
confusion and agitation) (Isbell et al., 1955). Patients
with concurrent medical illness, a history of delirium
tremens, and a longer period of abstinence at presentation
are at increased risk of developing delirium tremens
(Ferguson et al., 1996; Lee et al., 2005).

LABORATORY TESTING

In the patient with a clinical diagnosis of ethanol with-
drawal, there are no laboratory tests to either confirm
the disease state or grade its severity. Any patient with
ethanol withdrawal and a clouded sensorium should
undergo rapid glucose testing to exclude hypoglycemia.

A high index of suspicion must exist for concurrent
medical conditions that may have precipitated absti-
nence. We recommend urinalysis and chest X-ray to
exclude obvious infectious causes, a complete blood
count and serum electrolytes; and testing of liver function
and serum lipase.

CLINICAL COURSE AND MANAGEMENT

In patients with ethanol withdrawal, the initial goal of
treatment is to approximate physiologic homeostasis
via agents that have pharmacologic cross-reactivity with
ethanol. Benzodiazepines have an excellent safety pro-
file, even when used in high doses, and for this reason
are superior to barbiturates. Benzodiazepines are also
clearly superior to other agents, such as phenothiazines,
that have been used historically (Kaim et al., 1969).
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Table 27.3

Clinical institute withdrawal of alcohol scale, revised (CIWA - Ar)

Nausea and vomiting
Ask: “Do you feel sick to your stomach? Have you vomited?”
0 no nausea and no vomiting
1 mild nausea with no vomiting
2
3
4 intermittent nausea with dry heaves
5
6
7 constant nausea, frequent dry heaves and vomiting

Tremor
Arms extended and fingers spread apart
0 no tremor
1 not visible, but can be felt fingertip to fingertip
2
3
4 moderate, with patient’s arms extended
5
6
7 severe, even with arms not extended

Paroxysmal sweats
Degree of sweating
0 no sweat visible
1 barely perceptible sweating, palms moist
2
3
4 beads of sweat obvious on forehead
5
6
7 drenching sweats

Anxiety
Ask: “Do you feel nervous?”
0 No anxiety, at ease
1 Mildly anxious
2
3
4 Moderately anxious, or guarded, so anxiety is inferred
5
6
7 Equivalent to acute panic states as seen in severe delirium or

acute schizophrenic reactions

Agitation
0 Normal activity
1 Somewhat more activity than normal activity
2
3
4 Moderately fidgety and restless
5
6
7 Paces back and forth during most of the interview, or constantly

thrashes about

Tactile disturbances
Ask: “Have you any itching, pins and needles sensations, any

burning, any numbness, or do you feel bugs crawling on or under
your skin?”

0 None
1 Very mild itching, pins and needles, burning, or numbness
2 Mild itching, pins and needles, burning or numbness
3 Moderate itching, pins and needles, or numbness
4 Moderately severe hallucinations
5 Severe hallucinations
6 Extremely severe hallucinations
7 Continuous hallucinations

Auditory disturbances
Ask: “Are you more aware of sounds around you? Are they harsh?

Do they frighten you?Are you hearing anything that is not disturbing
to you? Are you hearing things you know are not there?”

0 Very mild harshness or ability to frighten
1 Mild harshness or ability to frighten
2 Moderate harshness or ability to frighten
3 Moderate itching, pins and needles, or numbness
4 Moderately severe hallucinations
5 Severe hallucinations
6 Extremely severe hallucinations
7 Continuous hallucinations

Visual disturbances
Ask: “Does the light appear to be too bright? Is its color different? Does

it hour your eyes? Are you seeing anything that is disturbing to you?
Are you seeing things you know are not there?”

0 Not present
1 Very mild sensitivity
2 Mild sensitivity
3 Moderate sensitivity
4 Moderately severe hallucinations
5 Severe hallucinations
6 Extremely severe hallucinations
7 Continuous hallucinations

Headache/fullness in head
Ask: “Does your head feel different? Does it feel like there is a band

around your head?” Do not rate for dizziness, or lightheadedness.
Otherwise, reate severity

0 Not present
1 Very mild
2 Mild
3 Moderate
4 Moderately severe
5 Severe
6 Very severe
7 Extremely severe

Orientation/clouding of sensorium
Ask: “What day is this? Where are you? Who am I?”
0 Oriented, can do serial additions
1 Can’t do serial additions or is uncertain about date
2 Disoriented for date by no more than 2 calendar days
3 Disoriented for date by more than 2 calendar days
4 Disoriented to place or person
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In mild ethanol withdrawal, as is seen with alcoholic
tremulousness, small doses of oral benzodiazepines will
often suffice. Patients who require treatment in a critical
care setting, however, usually manifest moderate to
severe symptoms of ethanol withdrawal; such patients
are commonly treated with intravenous benzodiazepines.

While all benzodiazepines possess the requisite phar-
macodynamic profile to achieve sedation, there are
important differences in pharmacokinetics. The ideal
agent would be an intravenous medication with a rapid
onset and a relatively long duration of action, as moder-
ate to severe ethanolwithdrawal usually resolves over the
course of several days. For this indication, we believe
that diazepam is superior to lorazepam: the onset of
action is faster (Greenblatt et al., 1989), and diazepam
has active metabolites that prolong its duration of action.
In patients with liver failure, however, lorazepammay be
a better choice as the use of diazepam may result in pro-
longed sedation due to reduced clearance.

Regardless of the agent chosen, the initial clinical goal
is rapid sedation. Dosing is empiric, and tailored to patient
response; while diazepam 10 mg IV is a reasonable initial
choice, rapid escalation is often appropriate (particularly
in patients with a history of significant ethanol consump-
tion) and hundreds of milligrams may be necessary. Once
initial sedation has been achieved, however, further dosing
should be based on symptoms, not a fixed timetable.
Symptom-triggered therapy results in a shorter duration
of therapy with less benzodiazepine use than a fixed-
dosing approach, and has been validated in both the emer-
gency department and inpatient settings (Daeppen et al.,
2002; Cassidy et al., 2012; Sachdeva et al., 2014).We rec-
ommend the use of the Clinical Institute for the With-
drawal of Alcohol scale (Table. 27.3) to guide therapy.

We recommend the administration of thiamine
(100 mg) for all patients with delirium tremens and for
any other patient in whom mental status changes raise
the concern of Wernicke–Korsakoff syndrome.

COMPLEX CLINICAL DECISIONS

Two complex clinical decisions may confront the inten-
sivist treating ethanol withdrawal: how to treat ethanol
withdrawal that is refractory to benzodiazepines, and
whether to use dexmetetomidine as adjunctive treatment.

Some patients with ethanol withdrawal have persis-
tent symptoms despite large doses of appropriate benzo-
diazepines. The reasons why the majority of patients
respond well to benzodiazepine therapy but others do
not are unclear, although ethanol induces changes in
GABA receptors and GABA transmission (Liang
et al., 2006; Follesa et al., 2015) and patient-to-patient
variation in these changes may play a role. One small
study suggests that patients requiring more than 50 mg
of intravenous diazepam in the first hour of therapy are

more likely to develop ethanol withdrawal that is refrac-
tory to benzodiazepines (Hack et al., 2006).

Patients with benzodiazepine-refractory ethanol with-
drawal require additional treatment with agents that are
cross-tolerant with ethanol. The addition of phenobarbi-
tal may provide adequate sedation (Gold et al., 2007),
although the concurrent use of benzodiazepines and phe-
nobarbital increases the risk of severe respiratory depres-
sion requiring mechanical ventilation. Propofol is
another option in such patients (Lorentzen et al.,
2014), and also requires mechanical ventilation.

Dexmedetomidine is a centrally acting alpha-
adrenergic agonist that is used to treat agitation in criti-
cally ill patients; it has also been used in the treatment
of ethanol withdrawal (Muzyk et al., 2013). In one small
study, however, the addition of dexmedetomidine did not
improve outcomes in ethanol withdrawal, and was asso-
ciated with more adverse drug reactions (Mueller et al.,
2014). At this time, we continue to advocate for the
use of medications that are cross-tolerant with ethanol,
and do not advocate for the routine use of dexmedetomi-
dine, even as adjunctive treatment.

Anticholinergic toxicity

EPIDEMIOLOGY

Anticholinergic xenobiotics are abundant in modern
medicine. Some are used specifically for their anticholin-
ergic side-effects (such as tricyclic antidepressants to
treat nocturnal enuresis), whereas others possess anticho-
linergic properties as undesirable side-effects (as is the
case with antiparkinsonian and antipsychotic drugs).
Anticholinergic medications and plants are also abused
for their ability to induce delirium, as a “legal high”
(Thomas et al., 2009; Sutter et al., 2014). Anticholinergic
xenobiotics may be encountered in the form of dermal
preparations (scopolamine), inhalational agents (ipratro-
pium), or oral medications (diphenhydramine).

The use of medications with anticholinergic proper-
ties is common, with some series involving elderly
patients estimating a prevalence of nearly 10%
(Machado-Alba et al., 2016). Overdoses on medications
with anticholinergic effects are responsible for 15–20%
of all poisoning admissions and up to 40% of those
to an intensive care unit (Dawson and Buckley, 2015).
In 2014, more than 100 000 ingestions involving anti-
cholinergic agents were reported to US poison control
centers (Mowry et al., 2015), numbers that likely under-
estimate true prevalence due to underrecognition and
lack of mandatory reporting.

PHARMACOLOGY

Anticholinergic agents block the effects of acetylcholine
through competitive inhibition at the binding site.
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Generally speaking, “anticholinergic toxicity” refers to
inhibition of muscarinic acetylcholine receptors. There
are five unique muscarinic receptors (M1–M5) through-
out both the peripheral nervous system and CNS, all of
which are G-protein-coupled receptors. Activation of
M2 and M4 receptors inhibits adenylate cyclase activity
and activates potassium channels, resulting in hyperpo-
larization (Eglen, 2006; Ishii and Kurachi, 2006); activa-
tion of M1, M3, and M5 receptors results in activation
of phospholipase C, subsequently generating 1,4,5-
triphophate and 1,2-diacylglycerol, ultimately increasing
intracellular calcium and activation of protein kinase
C (Eglen, 2006).

Most antimuscarinic agents contain either a tertiary
or quaternary amine. Quaternary amines (e.g., glycopyr-
rolate) are charged, limiting gastrointestinal absorption
and penetration of the blood–brain barrier. Uncharged
tertiary amines (e.g., atropine), in contrast, are well
absorbed and have significant CNS penetration.

A list of commonly encountered xenobiotics with
anticholinergic properties is presented in Table 27.4.

CLINICAL PRESENTATION

Anticholinergic toxicity classically produces both central
and peripheral manifestations. However, this syndrome
is heterogeneous, and patients may present with a
spectrum of clinical manifestations. Perhaps owing to
the variability of presentation, anticholinergic toxicity
is underrecognized (Corallo et al., 2009; Levine, 2016).

Central manifestations of anticholinergic toxicity
include encephalopathy, agitation, mutism, and coma.
Seizures may also occur. Carphologia, a striking condi-
tion in which patients pick at imaginary objects, is often
present (Levine et al., 2011). A quiet, mumbling speech,

often characterized as a “mouthful of marbles” and
nearly or frankly incomprehensible, is common with
severe toxicity (Levine et al., 2011; Dawson and
Buckley, 2015). A grading system has been proposed
to assess the severity of CNS effects (Table 27.5).

Peripheral manifestations include mydriasis, tachy-
cardia, urinary retention, reduced gastrointestinal motil-
ity (resulting in hypoactive bowel sounds, as well as
delayed drug absorption and toxicity: Dawson and
Buckley, 2015), hyperthermia, and dry, flushed skin.
A palpable bladder may be appreciated on abdominal
examination. Peripheral effects may be dose-related,
with lower doses producing drying of the mucosal mem-
branes and higher doses producing anhydrosis, tachycar-
dia, and mydriasis (Longo, 1966; Gowdy, 1972).
Mydriasis may not be present in cases of mixed ingestion
or with ingestions of drugs which antagonize multiple
receptors. Absence of bowel sounds is often a late find-
ing. Fever may occur due to neuromuscular excitation,
agitation, and impaired heat dissipation (lack of appro-
priate sweating) (Dawson and Buckley, 2015).

Table 27.4

Common xenobiotics with anticholinergic properties

Belladonna
alkaloids Antihistamines Antipsychotics Antispasmodics Miscellaneous

Plants and
mushrooms

Atropine Brompheniramine Chlorpromazine Dicyclomine Amantadine Datura
stramomium

Belladonna Dimenhydrinate Clozapine Oxybutynin Benztropine Mandrigora
officinarum

Glycopyrolate Diphenhydramine Loxapine Carbamazepine Hyoscyamine
niger

Homatropine Doxylamine Mesoridazine Cyproheptadine Amanita muscaria
Hyosciamine Hydroxyzine Olanzapine Cyclobenzaprine Amanita

pantherina
Ipatropium Meclizine Quetiapine Tricyclic

antidepressants
Scopolamine Thioridazine

Table 27.5

Grading system for anticholinergic-induced central

nervous system effects (Burns et al., 2000)

Grade Clinical findings

0 Relaxed and cooperative
1 Anxious, irritable
2 Intermittently/mildly disoriented, confused,

hallucinations, moderate agitation
3 Incomprehensible speech, marked agitation
4 Seizure, coma
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Medications with anticholinergic properties may
produce findings in addition to those in the anticholiner-
gic toxidrome. ECG changesmay includeQRSwidening
(from the sodium channel blockade seen with diphenhy-
dramine) and QT prolongation (from the blockade of
potassium efflux seen with quetiapine). Rhabdomyolysis
may occur as a consequence of agitation, or possibly due
to direct myotoxicity (Levine, 2016). Acute angle clo-
sure glaucoma (Lai and Gangwani, 2012) and urinary
retention (particularly in patients with a predisposing
condition, such as benign prostatic hyperplasia) (Vande
Griend and Linnebur, 2012) are reported. The use of anti-
cholinergic agents in elderly patients has been associated
with an increased risk of falls (Richardson et al., 2015;
Chatterjee et al., 2016; Marcum et al., 2016), which
may be associated with significant morbidity. Elderly
patients and those with underlying organic brain disease
may be at increased risk of developing mild central anti-
cholinergic toxicity, particularly confusion, following
therapeutic drug administration.

LABORATORY TESTING

When anticholinergic toxicity is known, minimal further
testing is required. A rapid bedside glucose should be
performed to eliminate hypoglycemia as an etiology of
any alteration in mental status, and an ECG should be
obtained to assess for conduction system abnormalities.
Additional testing that should be considered is as
described for other poisonings.

CLINICAL COURSE AND MANAGEMENT

The initial management for patients with anticholinergic
toxicity should focus on airway, breathing, and circula-
tion. Endotracheal intubation should be performed in
patients who are unable to protect their airway and in
those with rapidly declining mental status, especially if
there is concurrent concern for possible aspiration.

Seizures are best treated with benzodiazepines
(e.g., 5–10 mg of intravenous diazepam, or 1–2 mg of
intravenous lorazepam); rectal diazepam is an alterna-
tive. Intramuscular absorption of benzodiazepines is
erratic, but this route is also acceptable if intravenous
access cannot be established. Patients who are not void-
ing spontaneously, especially those with a palpable,
distended bladder, should have a urinary catheter
placed. Rhabdomyolysis should be treated as per usual
practice.

COMPLEX CLINICAL DECISIONS

Mechanistically, the ideal treatment for anticholinergic-
induced agitation or delirium would be a selective
agonist of the M1 receptor, but such an antidote does

not currently exist (Dawson and Buckley, 2015). The
two primary pharmacologic options for treatment of
anticholinergic-induced delirium are the administration
of GABA agonists, such as benzodiazepines, or the
administration of a cholinesterase inhibitor, such as
physostigmine.

Benzodiazepines are nonspecific CNS depres-
sants, which can be used to treat agitation from many
etiologies, including anticholinergic-induced delir-
ium. As an agonist of the GABAA receptor, benzo-
diazepines result in increased release of inhibitory
neurotransmitters.

Cholinesterase inhibitors such as phyostigmine tem-
porarily prevent the breakdown of acetylcholine in the
synaptic cleft, thereby countering the effects of anticho-
linergic agents (Shannon, 1998). Physostigmine (from an
extract of the Calabar bean) was first used in 1863 to
reverse atropine-induced mydriasis, and the following
year to treat atropine-induced delirium (Nickalls and
Nickalls, 1988). There is substantial variability in the
use of phyostigmine to treat anticholinergic toxicity,
even among medical toxicologists (Dawson and
Buckley, 2015).

A typical starting dose of physostigmine is 1–2 mg for
adults, and 0.02 mg/kg in pediatric patients. The drug
should be administered over at least 5 minutes. It is con-
traindicated in patients with evidence of abnormal car-
diac conduction, including intraventricular conduction
delay or evidence of atrioventricular block.

Safe use of physostigmine relies on careful patient
selection. Adverse effects include “overcorrection” of
the anticholinergic state, with development of choliner-
gic symptoms (salivation, lacrimation, urination, diar-
rhea, vomiting, bradycardia, pulmonary secretions,
bronchospasm). Seizures are reported but rare
(Watkins et al., 2015), and their occurrence is usually
directly related to a rapid rate of administration
(Shannon, 1998). Some toxicologists administer benzo-
diazepines immediately prior to, or concurrently with,
phyostigmine in order to raise the seizure threshold.

There are no prospective studies directly comparing
physostigmine with benzodiazepines. One retrospective
registry of anticholinergic toxicity treated by medical
toxicologists suggested that the intubation rate in patients
receiving benzodiazepines was lower than in those
receiving physostigmine. In another study, physostig-
mine was significantly more effective than benzodiaze-
pines in treating agitation and reversing delirium, and
physostigmine was associated with both a reduced inci-
dence of complications and a shorter time to recovery
(Burns et al., 2000). Regardless of whether a benzodiaz-
epine or physostigmine is used, it is imperative that
patients have frequent reassessment, with additional
medications titrated based on the presence of significant
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symptoms. Because of its short half-life, physostigmine
may require redosing if anticholinergic symptoms return
after the first dose.

Sympathomimetic toxicity

EPIDEMIOLOGY

Sympathomimetic agents – those whose actions tend
to augment or exaggerate the effects of the sympathetic
nervous system – have a long history in modern medi-
cine. In the 1920s, ephedrine was extracted from Ephe-
dra species, and amphetamine became the first drug
marketed specifically to treat depression (Rasmussen,
2006). Since that time, amphetamine and its derivatives
have seen many uses in medicine, including treatment of
narcolepsy and postencephalitic parkinsonism, and have
been used to promote weight loss (Rasmussen, 2008).
Military pilots have used amphetamines for decades to
combat fatigue during long missions (Emonson and
Vanderbeek, 1995; Rasmussen, 2008).

Currently, prescription amphetamines and amphet-
amine derivatives are widely used for the treatment of
attention deficit hyperactivity disorder (ADHD). The
abuse of stimulants is currently a significant public health
concern: diversion of prescription stimulants used to treat
ADHD has been reported in up to 10% of high school
students, and up to 35% of college students are pre-
scribed such medicines (Clemow, 2015).

While diversion of legitimate prescriptions is com-
mon (Chen et al., 2016) and remains a public health
concern, most recreational abuse of stimulants involves
illicit drugs, including cocaine, amphetamines, and
synthetic cathinones (“bath salts”). In recent years, the
abuse of phenythylamines and synthetic cathinones has
increased significantly (Baumann et al., 2014).

Cathinones (Table 27.6) are currently gaining in pop-
ularity. This class was originally derived from the plant
Catha edulis, common in the Middle East and parts of
Africa. Cathinone is found only in fresh leaves, within
a few days of harvest. Synthetic cathinones, which are

phenylalkylamines or beta-keto amphetamine deriva-
tives, are designed to produce similar effects, but with
a longer “shelf-life.” These drugs are often referred to
as “plant food” or “bath salts” in an attempt to circumvent
US drug laws and allow for legal sale. Illicit synthetic use
was not widely reported until 2007 (Prosser and
Nelson, 2012).

PHARMACOLOGY

Generally speaking, stimulants such as cocaine,
amphetamines, and cathinones exert their effects by
increasing the synaptic concentrations of excitatory
neurotransmitters.

Cocaine

The principal effects of cocaine are to inhibit the reuptake
of several biologic amines, including norepinephrine,
epinephrine, and dopamine (Tella et al., 1992; Hall
et al., 2004), and to increase the levels of the excitatory
amino acids aspartate and glutamate (Smith et al., 1995).
Cocaine also blocks sodium channels, which accounts
for its use as a topical anesthetic in minor surgical
procedures of the head and neck; at high systemic levels,
however, this may lead to effects on cardiac conduction,
such as QRS widening (Wood et al., 2009).

Amphetamines and phenylethylamines

Most amphetamines exert their actions via release of nor-
epinephrine and dopamine from presynaptic nerve termi-
nals. The precise mechanism of dopamine release is
dose-dependent: at low doses, it is released by exchange
diffusion via the dopamine uptake transporter; at high
doses, amphetamines alkalinize the presynaptic
dopamine-containing vesicles, resulting in release of
dopamine from the vesicles and into the synapse via
reverse transport (Suzler et al., 1995). The majority of
the recognized peripheral effects of amphetamines are
the result of stimulation of alpha- and beta-adrenergic
receptors.

Most designer amphetamines have affinity for the
5HT2 serotonin receptors (Nelson et al., 2014). Their
activity at the serotonin receptor varies, with some acting
as agonists and others acting as antagonists (Dean et al.,
2013). Amphetamines can also block the reuptake of nor-
epinephrine, dopamine, and serotonin. Some amphet-
amines increase the release of monoamines, such as
serotonin and norepinephrine (Nagai et al., 2007), while
others (such as 2C-B) may also function as direct alpha-
adrenergic agonists.

Table 27.6

Common synthetic cathinones

3-Fluoromethcathinone Ethcathinone
4-Fluoromethathinone
(flephedrone)

Ethylone

Alpha-
pyrrolidinovalerophenone

Mephedrone

Butylone Methedrone
Brephedrone Methcathinone
Butanamine (BDB) Methylenedioxypyrovalerone
Dimethylecathinone Naphyrone

496 S.J. TRAUB AND M.D. LEVINE



Synthetic cathinones

Synthetic cathinones are heterogeneous with respect
tomechanism of action. Butylone, ethylone, mephedrone,
methylone, and naphyrone function in a manner similar
to cocaine, serving as nonselective inhibitors of mono-
amine reuptake. Butylone, ethylone, mephedrone, and
methylone cause serotonin release. Cathinone, methcathi-
none, and flephedrone act in a manner similar to am-
phetamines, preferentially causing the release of
dopamine and inhibiting dopamine and norepinephrine
reuptake (Simmler et al., 2013). Pyrovalerone and 3,4-
methylenedioxypyrovalerone (MDPV) inhibit dopamine,
serotonin, and norepinephrine transport (Schifano et al.,
2016), but – unlike amphetamines – do not cause the
release of monoamines (Simmler et al., 2013).

CLINICAL PRESENTATION

Virtually all stimulants produce hyperadrenergic effects.
Central neurologic manifestations include euphoria, ele-
vated alertness, and often a feeling of grandiosity or
manic behavior. Psychomotor agitation is common.
Hypertension, tachycardia, mydriasis, and diaphoresis
are typical, owing to a combination of alpha- and beta-
adrenergic-mediated effects.

Although various sympathomimetic agents can pro-
duce a common toxicity pattern, there are some differ-
ences in the toxicity profile for individual classes of
sympathomimetic agents.

Cocaine abuse can result in numerous cardiovascular
events. Chronic use of cocaine is associated with
accelerated formation of atherosclerosis and left ventric-
ular hypertrophy. Acutely, cocaine toxicity maymanifest
with myocardial ischemia or infarction (Mittleman et al.,
1999; Pozner et al., 2005), the risk of which is greatest in
the first hour following use (Mittleman et al., 1999).
Additional cardiovascular events following cocaine
consumption include aortic dissection and ventricular
arrhythmias, the latter owing to the drug’s sodium
channel-blocking properties (Pozner et al., 2005).

Cocaine abuse may also produce prominent cerebro-
vascular effects, including vascular narrowing associated
with vasoconstriction or vasculitis; increased platelet
aggregation (resulting in thrombosis); and complications
attributable to severe hypertension. Consequently, cur-
rent or previous cocaine abuse may be a factor contribut-
ing to both ischemic and hemorrhagic stroke in young
individuals (Treadwell and Robinson, 2007; Cheng,
2016). Cocaine has also rarely been associated with
the development of toxic leukoencephalopathy; it is pos-
sible, however, that this finding is related to adulterants
present in cocaine samples, such as levamisole
(Buchanan et al., 2011; Blanc et al., 2012).

There are several pulmonary manifestations of
cocaine, including noncardiogenic pulmonary edema,
pulmonary hypertension, bronchiolitis obliterans with
organizing pneumonia, alveolar hemorrhage, eosino-
philic lung disease, and aspiration pneumonia
(De Almeida et al., 2014). In addition, the use of cocaine
has been associated with severe asthma exacerbations
(Levine et al., 2005).

Seizures, choreoathetoid movements, abruptio pla-
centae, and perforated gastrointestinal ulcers have all
also been associated with cocaine use.

Compared with cocaine, amphetamines cause more
neuropsychiatric manifestations and less catastrophic
cardiovascular effects, although hypertension and tachy-
cardia are still common. The higher rate of acute psycho-
sis may be related to the increased dopaminergic effects
of amphetamines compared to cocaine (Gold et al.,
1989). However, both ischemic and hemorrhagic stroke
may also occur with amphetamines (Ho et al., 2009), and
there is also a possible association with cerebral vasculi-
tis (Margolis and Newton, 1971).

Many amphetamines, including methylenedioxy-
methamphetamine (MDMA, or “ecstasy”), are seroto-
nergic. Hyponatremia is associated with serotonergic
amphetamines, and may be due to a combination of fluid
loss (via sweating) with free-water replacement and the
syndrome of inappropriate antidiuretic hormone
(SIADH) (Traub et al., 2002). Recurrent seizures and
serotonin syndrome have both been associated with the
use of select amphetamines (Bosak et al., 2013).

Cathinones

While all cathinones are associated with increased motor
activity, some (MDPV and mephedrone) may produce
moremotor activity than others (methedrone). In contrast
to the euphoria associated with cocaine and amphet-
amines, the altered sensorium of cathinone use is more
frequently negative, ranging from anxiety and restless-
ness to overt agitation and psychosis (Schifano
et al., 2016).

Rhabdomyolysis is relatively common (O’Connor
et al., 2015) and compartment syndrome may occur in
unique areas (e.g., paraspinal musculature) (Levine
et al., 2013). Hyponatremia, although relatively uncom-
mon, may be due to SIADH (Wood et al., 2010).

LABORATORY TESTING

When sympathomimetic toxicity is known, minimal fur-
ther testing is needed, apart from the general workup
described above for other poisonings (such as rapid glu-
cose testing and an ECG).

Rhabdomyolysis is relatively common with stimulant
toxicity. In one study, rhabdomyolysis occurredmost often
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with the synthetic cathinones (63%), and was somewhat
less common with cocaine (33%) (O’Connor et al., 2015).

Patients who present with sympathomimetic toxicity
but with lethargy as opposed to CNS stimulation should
be strongly considered for CNS imaging. Neuroimaging
may demonstrate ischemic or hemorrhagic stroke or
vascular abnormalities in such cases. Characteristic mag-
netic resonance imaging (MRI) findings with cocaine-
induced leukoencephalopathy may include increased
signal intensity in the globus pallidus, splenium, and
other white-matter regions, in some cases with restricted
diffusion (De Roock et al., 2007). Such patients should
also undergo an assessment of serum sodium, particu-
larly when a serotonergic amphetamine (such as MDMA
or a 2C amphetamine) is implicated, to rule out hypona-
tremia as an etiology for their decreased mental status.

Patients with chest discomfort should, in addition to
electrocardiographic testing, have a chest radiograph
performed and be considered for serial cardiac biomarker
(i.e., troponin) testing.

MANAGEMENT

The first step in the management of stimulant toxicity is
to ensure adequate airway, breathing, and circulation.
Agitation should be treated aggressively, as mortality
from sympathomimetic toxicity may be due to excited
delirium and hyperthermia. We recommend benzodiaze-
pines (e.g., 1–2 mg IV lorazepam for adults; 0.1 mg/kg
for pediatric patients); multiple repeated doses, often
higher than usually used, may be required. If hyperther-
mia persists despite repeated doses of benzodiazepines
and active external cooling, we recommend neuromus-
cular relaxation with a nondepolarizing agent.

While agitation should be treated with benzodiaze-
pines, acute psychosis may show some improvement
with the use of a low-dose D2 receptor agonist, such as
haloperidol. Such use may be especially relevant in pedi-
atric patients with apparent hallucinations following
amphetamine exposure (Ruha and Yarema, 2006).

Seizures should be initially treated with benzodiaze-
pines. Refractory seizures may require barbiturates (e.g.,
15–20 mg/kg of phenobarbital) or propofol. In general,
patients who require phenobarbital or propofol to control
their seizures should be intubated. Rhabdomyolysis
should be treated with intravenous fluids, as per normal
practice guidelines.

Cocaine can cause sodium channel blockade, which
may manifest as intraventricular conduction delay and
widening of the QRS complex on the ECG. This is best
treated with sodium bicarbonate (150 mEq IV bolus for
adults; 2 mEq/kg IV bolus for pediatric patients).

Patients are commonly hypertensive and tachycardic.
Benzodiazepines are the first choice for control of

hypertension, but if additional blood pressure control is
needed, we recommend nitrates or calcium channel
blockers. Short-acting, titratablemedications are preferred.

Beta-blockade should not be used in the setting
of cocaine toxicity. Human cardiac catheterization
studies (Lange et al., 1990) and case reports (Sand
et al., 1991; Fareed et al., 2007) suggest that mixed
b1/b2-adrenergic antagonists, as well as b1-selective
antagonists, are either not effective or potentially harm-
ful. Labetalol, a mixed a/b-adrenergic antagonist, did not
reverse vasospasm in a cardiac catheterization study, but
did lower blood pressure (Boehrer et al., 1993). How-
ever, because intravenous labetalol is predominantly a
b-adrenergic antagonist (with a ratio of b:a effect of
7:1) (Richards et al., 1977), we believe that the proscrip-
tion against b-adrenergic antagonists in the setting of
cocaine should apply to labetalol as well.

COMPLEX CLINICAL DECISIONS

Although the decision to not give b-adrenergic antago-
nists in sympathomimetic toxicity is logical, and there
is significant supporting evidence for not using it in
the setting of cocaine toxicity, there is less data with
respect to the use of b-adrenergic antagonists in amphet-
amine toxicity. Cocaine and amphetamines are different
classes of molecules, and although both produce a hyper-
adrenergic state, it does not necessarily follow that the
use of b-adrenergic antagonists will result in the same
outcomes in both conditions. Human data regarding
the use of b-blockers in the setting of amphetamine
use are scant, and limited to case reports and volunteer
studies using small doses of drug. Some advocate for
the use of b-adrenergic antagonists in the setting of
amphetamine use (Richards et al., 2015); however, we
believe that the limited available data are insufficient
to conclude that they are safe in this setting, and continue
to advocate for alternative therapies (such as phentol-
amine, vasodilators, and calcium channel blockers) to
manage hemodynamic abnormalities.

APPROACH TOTHEPATIENTWITH AN
UNKNOWN INGESTION

The patient in whom a toxic ingestion is strongly sus-
pected, but the offending agent is unknown, may chal-
lenge the diagnostic abilities of the most senior
physicians. In such cases, meticulous attention to history
(when available) and physical examination will often
provide the most important clues to facilitate diagnosis
and treatment; ancillary testing, while important, often
plays only a supporting role.

Patients suffering from a toxic ingestion are often con-
fused and unable to provide a history. Even in such
patients, however, environmental clues (often available
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from family members or first responders) may provide
useful information that identifies an individual toxin.
Examples include patients with syringes or other drug
paraphernalia near them, and patients found comatose
with an empty bottle next to them when the prescription
was filled just days ago. Even when such relatively obvi-
ous clues are absent, however, ancillary information
(such as pill bottles found in the patient’s medicine cab-
inet or amedication list found in the patient’s wallet) may
provide valuable information.

Most patients with acute central neurotoxicologic
syndromes present with alterations in mental status.
The initial comprehensive physical examination should
be performed while considering other etiologies of alter-
ations in mental status, particularly traumatic. Any con-
cern about trauma should raise the suspicion of traumatic
brain injury. Certain findings, such as Battle’s sign
(ecchymosis posterior to the pinna over themastoid), rac-
coon’s eyes (bilateral orbital ecchymoses) or hemotym-
panum are concerning for a basilar skull fracture. Skin
findings such as “track marks” (the presence of scarring
or small linearly arranged eschars over a vein) strongly
suggest the use of intravenous drugs.

The toxidrome-oriented physical
examination

A syndrome is a constellation of symptoms and signs that
is characteristic of a disease process; a toxidrome is a
syndrome caused by a given toxin or class of toxins.
As part of the physical examination, the clinician should
specifically look for findings that, when part of a larger

pattern, provide strong evidence that a patient has been
poisoned by a certain substance or class. The crucial data
to consider in such patients are vital signs, as well as find-
ings related to mental status, the eyes (pupillary findings
as well as nystagmus), mucous membranes, skin, and
abdomen (bowel sounds).

The central findings (affect) of patients with acute
central neurotoxicologic syndromes caused by drugs of
abuse can be quickly triaged into depressed or unrespon-
sive vs. elevated or delirious. Although some patients
with ethanol toxicity may initially present as boisterous
or stimulated, the majority of patients with significant
ethanol toxicity are depressed or unresponsive, as are
patients with opioid and dissociative-agent poisoning.
In contrast, patients with sympathomimetic or anticho-
linergic toxicity and ethanol withdrawal all typically pre-
sent with a heightened state of awareness or delirium.

Most findings related to vital signs, pupil diameter,
mucous membranes, skin, and bowel sounds can be
understood through the effect of the drug on the sympa-
thetic and parasympathetic nervous system. Other key
physiologic points to consider include the effect of opi-
oids on respiratory drive (at the level of the brainstem),
with resultant bradypnea; the ability of stimulants and
ethanol withdrawal to generate heat; the ability of anti-
cholinergic medications to interfere with heat dissipa-
tion, resulting in hyperpyrexia; and the ability of
dissociative agents to produce nystagmus.

The physical examination findings for the toxidromes
of each of the central neurotoxicologic syndromes
caused by drugs of abuse discussed in this chapter are
listed in Table 27.7. Not all findings need to be present

Table 27.7

Characteristics of toxidromes

Finding Sedative-Hypnotics Opioids
Sympatho-
Mimetics Anti-Cholinergic Dissociative Agents

Sedative
Withdrawal

Pulse Normal or Slightly
Decreased

Normal or Slightly
Decreased

Increased Increased Increased Increased

Blood Pressure Normal or Slightly
Decreased

Normal or Slightly
Decreased

Increased Normal or Slightly
Increased

Increased Increased

Respirations Normal or Slightly
Decreased

Markedly
Decreased

Normal Normal Normal Normal

CNS Sedated Sedated Agitated Agitated
Delirium

Confusion to
Unresponsiveness

Agitated,
Tremulous

Mucous
Membranes

Normal Normal Normal Dry Salivating (with
Ketamine)

Normal

Eyes Variable Constricted Pupils Dilated
pupils

Dilated Pupils Nystagmus (any
direction)

Dilated
Pupils

Skin Normal Normal Sweating Dry Normal Sweating
Lungs Normal Normal Normal Normal Normal Normal
Bowel Sounds Normal Decreased Normal Decreased Normal Normal

ACUTE NEUROTOXICOLOGY OF DRUGS OF ABUSE 499



to make a diagnosis; bowel sounds may be present in
patients with anticholinergic toxicity, and patients with
sympathomimetic toxicity may have a relatively normal
blood pressure.

When faced with a patient with a suspected toxic
ingestion and classic toxidrome findings, the patient is
much less of a diagnostic dilemma. One study found that
the accuracy of the toxidrome-oriented physical exami-
nation was on the order of 80–90% in assessing poisoned
patients (Nice et al., 1988).

Laboratory testing and imaging

Most patients with a suspected but unknown toxic
ingestion present with alterations in mental status as their
chief complaint. Central nervous system imaging is gen-
erally not needed in uncomplicated patients. We advo-
cate for judicious use of CNS imaging, particularly
when the diagnosis is unclear or the presentation raises
concerns of a central nervous system complication (such
as ischemic or hemorrhagic stroke in the setting of
cocaine use).

In all patients with alteration of mental status, we rec-
ommend obtaining a rapid serum glucose level immedi-
ately. When an acute central neurotoxicologic syndrome
caused by a drug of abuse is suspected, we also recom-
mendobtaining anECG to assess for toxin-induced abnor-
malities such as QRS or QTc prolongation. When suicidal
intent cannot be excluded, we recommend serum testing
for salicylates and acetaminophen. Simple blood work
may identify an anion gap or osmolar gap, which may
be a clue regarding the possibility of other ingestions.

Additional diagnostic testing is then determined by
the certainty of the clinical diagnosis. Limited or no test-
ing is necessary when clinical circumstances strongly
suggest a certain toxin or class of toxins, even if the
patient himself or herself does not readily admit to the
ingestion. For example, a patient who presents with
agitated delirium, tachycardia, dilated pupils, dry
mucous membranes, dry skin, and absent bowel sounds,
whose clinical picture improves dramatically after the
administration of physostigmine, likely requires no
further diagnostic workup to determine the etiology of
the alteration in mental status.

When a toxic ingestion is one of several possibilities in
the differential diagnosis, however, a broader approach is
necessary. We recommend a workup that includes com-
puted tomography (CT) of the head, a complete blood
count, and tests of renal and hepatic function. In patients
inwhom there is reason to suspect hyperammonemia from
a medical disorder (such as liver failure) or an acquired
condition (such as valproic acid therapy), a serum ammo-
nia level is appropriate. The decision to perform a lumbar
puncture is based on clinical presentation, although

clinicians should be aware that classic history and physical
examination findings alone are insufficiently accurate to
reliably exclude CNS infection (Brouwer et al., 2012).

The reflexive use of urine drug-of-abuse testing (col-
loquially, “tox screens”) deserves specific discussion,
and three points in particular bear consideration. First,
these tests are not measures of intoxication, but rather
an indicator of whether a patient was exposed to a certain
substance. While it is true that patients intoxicated with
cocaine will almost always have a urine drug screen that
is positive for cocaine, the converse – that patients with a
urine drug screen that is positive for cocaine will almost
always be intoxicated with cocaine – is false. The clinical
effects of cocaine usually last on the order of minutes to
hours (depending on route of ingestion), whereas cocaine
metabolites may persist in the urine for several days.
Second, urine drug-of-abuse tests suffer from both
false-negative (Bertol et al., 2013) and false-positive
(Brahm et al., 2010; Rengarajan and Mullins, 2013)
results, potentially steering clinicians away from correct
diagnoses or towards erroneous ones. Third, there is little
evidence that urine drug-of-abuse screening tests alter
patient management (Tenenbein, 2009). For all of these
reasons, we recommend against the routine use of urine
drug-of-abuse tests.

CONCLUSION

Patients who ingest drugs of abuse may present with var-
ied acute central neurotoxicologic findings. In all patients,
initial care requires attention to the airway, breathing, and
circulation. Empiric testing should usually include a fin-
gerstick blood glucose level, an ECG, a pregnancy test
in women of childbearing age, as well as testing for salic-
ylates and acetaminophen in any patient with known or
suspected suicidal ideation. Additional testing is per-
formed based on the patient’s symptoms and the certainty
(or lack thereof ) of the toxin-related diagnosis. Manage-
ment is generally supportive, although antidotal therapy
may be appropriate in some cases. When the toxin is
not known, historic clues may be of some help, but the
physical examination – and not indiscriminate testing –

will provide the most useful clinical information.
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Chapter 28

Seizures in the critically ill

J. CH’ANG AND J. CLAASSEN*
Neurological Institute, Columbia University, New York, NY, USA

Abstract

Critically ill patients with seizures are either admitted to the intensive care unit because of uncontrolled
seizures requiring aggressive treatment or are admitted for other reasons and develop seizures secondarily.
These patientsmay havemultiorgan failure and severemetabolic and electrolyte disarrangements, andmay
require complex medication regimens and interventions. Seizures can be seen as a result of an acute sys-
temic illness, a primary neurologic pathology, or a medication side-effect and can present in a wide array of
symptoms from convulsive activity, subtle twitching, to lethargy. In this population, untreated isolated sei-
zures can quickly escalate to generalized convulsive status epilepticus or, more frequently, nonconvulsive
status epileptics, which is associated with a high morbidity and mortality. Status epilepticus (SE) arises
from a failure of inhibitory mechanisms and an enhancement of excitatory pathways causing permanent
neuronal injury and other systemic sequelae. Carrying a high 30-daymortality rate, SE can be very difficult
to treat in this complex setting, and a portion of these patients will become refractory, requiring narcotics
and anesthetic medications. The most significant factor in successfully treating status epilepticus is initi-
ating antiepileptic drugs as soon as possible, thus attentiveness and recognition of this disease are critical.

INTRODUCTION

Critically ill patients with seizures are either admitted to
the intensive care unit (ICU) because of uncontrolled sei-
zures requiring aggressive treatment or are admitted for
other reasons and develop seizures secondarily. Seizures
may be seen in the context of an acute systemic illness,
a primary neurologic pathology, or as a medication side-
effect. In this population, untreated isolated seizures can
quickly escalate to generalized convulsive status epilepti-
cus (GCSE) or, more frequently, nonconvulsive status epi-
leptics (NCSE) which is associated with a high morbidity
and mortality (Mirski and Varelas, 2008). Carrying a high
30-day mortality rate, status epilepticus (SE) can be very
difficult to treat in a complex ICU setting, and a portion of
these patients will become refractory, requiring narcotics
and anesthetic medications (Chen and Wasterlain, 2006;
Knake et al., 2009; Claassen et al., 2012).

SE is defined as clinical and/or electrographic sei-
zure activity (seen on electroencephalogram (EEG)) last-
ing greater than 5 minutes or recurrent seizures in a

5-minute interval without return to neurologic baseline
(Lowenstein and Alldredge, 1998; Lowenstein et al.,
1999; Meldrum, 1999; Alldredge et al., 2001; Chen and
Wasterlain, 2006; Knake et al., 2009). SE is classified
as generalized convulsive (overt jerking movements) or
nonconvulsive (seizure activity seen only on EEGwithout
overt jerking movements). It can also be classified as par-
tial status, which ismanifested as focalmotor convulsions,
focal sensory symptoms, or focal impairments in function,
such as aphasiawithout alternations of consciousness. The
definition of SEwas partly based on research showing that
repetitive seizures in animals became self-sustaining and
pharmacoresistant within 15–30 minutes (Vicedomini
and Nadler, 1987; Mazarati et al., 1998a). In adults, gen-
eralized convulsive seizures were found to last approxi-
mately 60 seconds for both behavioral and EEG
changes, with none of these seizures lasting more than
2 minutes (Theodore et al., 1994). A retrospective study
from the Richmond group found that 60% of seizures last-
ing 10–30 minutes required antiepileptic drug (AED)
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treatment and, in that time, irreversible neuronal damage
would ensue (Bleck, 1991; DeLorenzo et al., 1999). Thus,
if a seizure lasted 5minutes ormore, it wasmost likely not
going to abort spontaneously (Theodore et al., 1994;
Shinnar et al., 2001; Jenssen et al., 2006).

Patients with NCSE do not have overt signs of con-
vulsive activity but electrographic seizures are recorded
on EEG. Two distinct phenotypes of NCSE should be
differentiated: those patients with seizures in the acute
brain injury setting, often encountered in the ICU,
which is typically associated with coma or severely
impaired consciousness, and the “wandering confused”
patient that can been see in the elderly. These two
groups of patients do not share the same underlying eti-
ology or prognosis but both may have SE without
accompanying convulsions. The ICU patients with
acute brain injury and NCSE are often comatose, requir-
ing intubation and continuous drips of intravenous (IV)
antiepileptic medications. NCSE may present as the
“wandering confused” patient in the emergency depart-
ment with inattention and behavioral changes, who is
found to have ongoing seizure activity without associ-
ated convulsions (Shorvon, 2007). These patients have
a relatively good prognosis and may have a chronic epi-
leptic syndrome (Brophy et al., 2012). Themanagement
of this form of NCSE is less aggressive than those with
acute brain injury and not the focus of the ensuing
discussion.

Focal motor status (Fig. 28.1), also termed epilepsia
partialis continua, involves repetitive movements or
neurologic symptoms confined to restricted body regions
(i.e., left-thumb twitching). These seizures are frequently
caused by a focal structural brain lesion or nonketotic
hyperglycemia and are very resistant to treatment, often
requiring neurosurgical intervention if due to a structural
lesion (Singh and Strobos, 1980). Detailed discussions
on subtypes have been published (Singh and Strobos,
1980; Shorvon, 2007). This chapter will focus on the
diagnosis and management of different types of SE in
patients presenting in the emergency department
or ICU. This chapter complements Chapter 7 and
Chapter 9 in part one of these volumes.

EPIDEMIOLOGY

SE is a major neurologic emergency, with an overall
incidence of 41 per 100 000 individuals per year. Age
of onset shows a bimodal distribution, with the highest
incidences during the first year of life and a second peak
amongst those over 60 years of age, with a combined
incidence of 86 per 100 000 individuals per year
(DeLorenzo et al., 1996; Chin et al., 2006). SE accounts
for 20% of all neurologic problems seen in emergency
departments, 1% of all emergency department visits,

and presents as the patient’s first seizure in 50% of cases
(Epilepsy Foundation of America’s Working Group on
Status Epilepticus, 1993; Pallin et al., 2008; Farhidvash
et al., 2009). Almost half (48%) of patients with convul-
sive SE will have ongoing electrographic seizure activ-
ity and 14% are in NCSE (DeLorenzo et al., 1998). In
the absence of a large epidemiologic study including
EEG monitoring, accurate incidence and prevalence
numbers are not available for NCSE or nonconvulsive
seizures (NCSz). In the general population, the inci-
dence is 1.5 per 100 000 per year and, of patients pre-
senting in SE, approximately 5% of these will be in
NCSE (Tomson et al., 1992; Towne et al., 2000). How-
ever, in the ICU setting, seizures are nonconvulsive in
90% of patients with seizures (Claassen et al., 2004).
NCSz and NCSE are more common in the critically
ill and are associated with sepsis, cardiac or respiratory
arrest, coma, history of epilepsy, convulsive seizures,
traumatic brain injury, intracerebral hemorrhages
(ICH), and certain EEG patterns like periodic latera-
lized epileptiform discharges, generalized periodic epi-
leptiform discharges, and burst suppression
(DeLorenzo et al., 1996; Towne et al., 2000; Varelas
et al., 2003; Vespa et al., 2003; Claassen et al., 2004;
Jirsch and Hirsch, 2007; Oddo et al., 2009; Trinka
and Leitinger, 2015) (Fig. 28.2). Intensivists should
have a high index of suspicion for seizures, as 8% of
patients in medical, cardiac, and surgical ICUs and
61% of patients in neurologic ICUs will have seizures
if they undergo continuous electroencephalograph
(cEEG) monitoring (Claassen et al., 2004; Oddo
et al., 2009; Kurtz et al., 2014). In the medical ICU,
especially those with sepsis, 10% of patients (without
brain injury) have NCSz and NCSE, and up to 34%
in the neurologic ICU (Oddo et al., 2009; Kurtz
et al., 2014).

SE that does not respond to two or more AEDs is
labeled as refractory status epilepticus (RSE), regardless
of the time elapsed (Brophy et al., 2012). Although there
has never been a study to determine the incidence of RSE,
it is estimated to occur in approximately 2000–6000 cases
per year; however, this estimate is likely an underestima-
tion as it wasmade prior to the wide use of cEEGs (Jagoda
and Riggio, 1993). Approximately 30% of patients with
SE in the ICU setting will have RSE and NCSE has a
higher likelihood of becoming refractory (Treiman
et al., 1998; Mayer et al., 2002). NCSE or focal motor
seizures present at onset were independent risk factors
for the development of RSE (Mayer et al., 2002). RSE
is further more likely to occur in patients with severe brain
injuries, including trauma, infection, and stroke (Hocker
et al., 2014). Interestingly, cause of seizures, duration of
seizures before treatment, and APACHE II scores (Acute
Physiology andChronic Health Evaluation II scores) were
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not associated (Mayer et al., 2002). Generally, patients in
RSE are comatose or have subtle signs of seizure similar to
other patients in NCSE (Husain et al., 2003). Among
patients with RSE, 10–15% will fail to respond to third-
line therapy and are considered to have superrefractory
SE (SRSE) (Novy et al., 2010). In a small Chinese study,
approximately 68% of SRSE were seen in patients with
encephalitis other reports of SRSE were in patients with
autoimmune or paraneoplastic encephalitis (Hocker
et al., 2014; Tian et al., 2015).

NEUROPATHOLOGY

SE occurs when patients’ intrinsic mechanisms that help
inhibit or terminate seizures are overwhelmed and cause
the enhancement of excitatory pathways (Mazarati et al.,
1998a). Isolated seizures are terminated through inhibi-
tory feedback, resulting in a postictal state during which
the brain is more refractory to develop seizure activity
(Mazarati et al., 1998a). In the first milliseconds to sec-
onds, neurotransmitters and modulators are released and
GABAA receptors become desensitized (Naylor et al.,
2005). In the following minutes to hours, there are
maladaptive changes with increased expression of pro-
convulsive neuropeptides such as substance P (which
also increases glutamate release), the internalization of
GABAA receptors, and the depletion of inhibitory neuro-
peptides (Sperk et al., 1986; Mazarati et al., 1998b; Liu

et al., 1999; Naylor et al., 2005). Also seen is the activa-
tion of N-methyl-D-aspartate (NMDA) receptors (hence
the effectiveness of ketamine), an increase in a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and NMDA receptors, and increased presynap-
tic modulators of glutamate release, all of which suggest
the potentiation of excitatory pathways (Mazarati and
Wasterlain, 1997, 1999; Naylor et al., 2005; Chen and
Wasterlain, 2006). This excessive neuronal firing,
through the activation of both intracellular proteases
and nitric oxide and the generation of free radicals,
causes necrosis and mitochondrial dysfunction, leading
to neuronal death (Fujikawa, 1996; Cock et al., 2002).
In the next hours to weeks, seizure-provoked neuronal
death results in long-term changes in gene expression
and neuronal reorganization (Chen and
Wasterlain, 2006).

The mechanisms underlying NCSE remain poorly
understood; however, electrographic seizures can damage
the brain in the absence of clinical convulsions. In animal
models and at autopsy of patientswithout pre-existing epi-
lepsy in NCSE, necrosis in the cortex and hippocampus
has been seen (Wasterlain et al., 1993). Neuronal damage
in NCSE is further suggested by elevations of neuron-
specific enolase followingSE, a critical enzyme for energy
metabolism (Rabinowicz et al., 1995).

Pharmacoresistance progressively develops during
SE from these dynamic changes in neurotransmitters,

Fig. 28.1—Cont’d (panels A–D consecutive pages of 15 seconds of electroencephalogram). A 26-year-old woman with

N-methyl-D-aspartate encephalitis was admitted for seizures and orofacial movements. She was found to be in partial status epi-

lepticus arising from the right temporoparietal region with spread to the left hemisphere. Clinical symptoms included behavioral

arrest and left ocular deviation, facial tonic-clonic contraction, followed by a brief period of confusion. She was treated with ritux-

imab and seizures were controlled with levetiracetam and phenytoin. On discharge follow-up at 4 months, the patient’s seizures

were controlled and she was finishing the college semester.

510 J. CH’ANG AND J. CLAASSEN



Fig. 28.2—Cont’d



neuropeptides, and receptors mentioned above. The
endocytosis of GABAA receptors may partially explain
the loss of benzodiazepine responsiveness (Naylor
et al., 2005). The time course parallels the loss of benzo-
diazepine responsiveness, which falls between 10 and
45 minutes (Kapur and Macdonald, 1997). Benzodiaze-
pine efficacy was found to decrease 20-fold within
30 minutes of SE onset (Kapur and Macdonald, 1997).
Phenytoin was found to fail later than diazepam and
because of its actions on voltage-gated Na channels, its
failure is independent of the GABA receptor changes
(Mazarati et al., 1998a). In a SE animalmodel, when phe-
nytoin was given 40 minutes after 30 minutes of SE or
10 minutes after 60 minutes of SE, phenytoin’s efficacy
was greatly decreased (Mazarati et al., 1998a).

CLINICAL PRESENTATION

The initial clinical presentation of patients with seizures
depends on the neuroanatomy which is seizing, the
underlying cause seizure, and the presence of above-
mentioned convulsions (GCSE vs. NCSE). Clinical find-
ings in patients with ongoing seizure activity (especially
RSE and SRSE) will further depend on the effects of
medications and complications. There are positive clini-
cal signs, including twitching, automatisms, and

rhythmic jerking, and negative signs, including confu-
sion, aphasia, and staring (Table 28.1). As discussed
above, seizures associated with overt rhythmic jerking
for greater than 5 minutes or more than two convulsions
in a 5-minute interval without return to baseline are called
GCSE. After a seizure has ended, patients may have tran-
sient postictal motor weakness, known as Todd’s paraly-
sis, postictal confusion, or lethargy. If the level of
consciousness does not improve by 20 minutes after
the movements have stopped or the patient continues
to have persistent alteration in neurologic function from
baseline 30–60 minutes later, NCSz or NCSE should be
considered. In the critically ill, it can be especially diffi-
cult to distinguishwhether or not someone is having a sei-
zure. Often these patients have altered consciousness
secondary to systemic disease or medication effect and
do not have seizures. Also in the ICU population, it is dif-
ficult to recognize seizures in patients receiving para-
lytics, and autonomic signs seen in seizures
(tachycardia, hypoxia, pupillary dilation, blood pressure
fluctuation) could also be accounted for by their systemic
illness, pain, or inadequate sedation.

NEURODIAGNOSTICSANDIMAGING

SE is a neurologic emergency, particularly if generalized
convulsive SE, treatment is started prior to an extensive
diagnostic workup. When the clinical diagnosis of GCSE
is made or there is concern for NCSE, patients should be
assessed first for their airway, breathing, and circulation
(ABC). Treatment as well as basic diagnostic studies
and stabilization of vital sign parameters should be initi-
ated in parallel to terminate clinical and electrographic sei-
zures immediately, which may include treatment of the
underlying cause (i.e., SE secondary to hypoglycemia).
Generally, the first AED should be given simultaneously.
When there is rapid control of SE and the patient is hemo-
dynamically stable, the diagnostic work up should be
guided by the clinical picture (Table 28.2) with consider-
ation of a wide range of underlying causes (Table 28.3). In
the ICU, the etiology of SE can be different from those
who are admitted from the community. In a general
population-based study, low levels of AEDs (34%), prior
remote neurologic insults (24%), and strokes (22%)
account for most cases of SE, with other important etiol-
ogies being hypoxia (13%), metabolic (15%), and alcohol
withdrawal (13%) (DeLorenzo et al., 1996). In the ICU,

Fig. 28.2—Cont’d (panels A–C consecutive pages of 15 seconds of electroencephalogram (EEG)). A 82-year-old man admitted

for ventricular fibrillation arrest (return to spontaneous circulation 6 minutes), who during rewarming developed very frequent

cyclic seizures (each lasting 10–15 seconds, occurring every 1–5 minutes) qualifying for nonconvulsive status epilepticus. The

EEG was characterized by generalized spike and polyspike discharges. There was no clinical correlate. Treatment included leve-

tiracetam and valproic acid. Burst suppression was achieved with midazolam and propofol infusions. The patient ultimately lost

brainstem reflexes and the family opted to withdraw care.

Table 28.1

Semiologic spectrum of nonconvulsive seizures and

nonconvulsive status epilepticus

Negative
symptoms

Positive
symptoms Other

Anorexia Agitation/
aggression

Laughter

Aphasia/
mutism

Automatism Nausea/vomiting

Amnesia Blinking Nystagmus/eye
deviation

Catatonia Crying Perseveration
Coma Delirium Psychosis
Confusion Delusions Tremulousness
Lethargy Echolalia
Staring Facial twitching

Reproduced from Jirsch and Hirsch (2007).
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the majority of seizures are nonconvulsive (90%) and of
those found to be in NCSE, hypoxia/anoxia was the most
common etiology (42%), followed by stroke (22%), infec-
tion (5%), head trauma (5%), metabolic disorders (5%),
and alcohol withdrawal or low AEDs (5%) (Towne
et al., 2000; Claassen et al., 2004). In the neurologic
ICU, the highest rate of NCsz or NCSE was found
in patients with encephalitis and brain hemorrhages
(Hauser, 1990). In other critically ill subpopulations,
29% of patients with intracerebral hemorrhage had NCSz,
26% with central nervous system (CNS) infection, 23%
with brain tumor, 22%with severe head trauma, 18%with
subarachnoid hemorrhage (SAH), and 31% with a prior
history of epilepsy (Vespa et al., 1999, 2003; Dennis
et al., 2002; Claassen et al., 2004).

All patients presenting to the emergency room (ER)
with SE should receive glucose fingerstick, basic labora-
torymeasures (including complete blood count, basicmet-
abolic panel, ionized and total calcium, magnesium),
pertinent AED levels, and computed tomography (CT)
scan of the head (appropriate in the majority of cases)
(Brophy et al., 2012; Claassen et al., 2015). Additional
diagnostic tests may be required based on the clinical sce-
nario. Those with possible exposure or ingestion as the
potential cause for SE should have a comprehensive toxi-
cology panel to include substances that frequently cause
seizures, such as isoniazid, tricyclic antidepressants, the-
ophylline, cocaine, sympathomimetics, alcohol, organo-
phosphates, and cyclosporine (Brophy et al., 2012). If
the patient’s presentation is concerning for aCNS infection

Table 28.2

Diagnostic tests and imaging in status epilepticus

The diagnostic workup should be completed simultaneously with treatment.
All patients
Fingerstick glucose
Monitor vital signs
Head computed tomography scan (appropriate for most cases)
Laboratory tests: blood glucose, complete blood count, basic metabolic panel, calcium (total and ionized), magnesium, antiepileptic
drug levels (phenytoin, valproate, carbamazepine), coagulation studies, pregnancy test (if female), blood culture

Continuous electroencephalograph monitoring
Tailored to clinical presentation
Brain magnetic resonance imaging
Lumbar puncture
Comprehensive toxicology panel, including toxins that frequently cause seizures (i.e., isoniazid, tricyclic antidepressants,
theophylline, cocaine, sympathomimetics, alcohol, organophosphates, and cyclosporine)

Other laboratory tests: urine ethyl glucuronide, inborn errors of metabolism, heavy metals
Additional studies
Bacterial and fungal cultures, AFB smears and cultures. Coxsackie complement fixation
Encephalitis panel (PCR for HSV, VZV, CMV, EBV, enterovirus, SLE, EEE, CA encephalitis, Powassan and WNV), ELISA for
WNV, Lyme titer and Western blot, cryptococcal antigen, cytology, flow cytometry, paraneoplastic panel, anti-NMDA receptor
antibodies, anti-VGKC complex antibodies

Serum and fecal test
Autoimmune
Anti-RBC antibodies, Rh factor, ANA, ANCA, anti-ENA, anti-DNA, ACE
Viral
Dengue immunoglobulin, hepatitis A, B, C panel, NY state encephalitis panel (PCR for HSV, VZV, CMV, EBV, enterovirus, SLE,
EEE, CA encephalitis, Powassan and WNV)

Bacterial
Anaerobes and AFB smear and cultures from brain biopsy, VDRL, Lyme titers, Legionella, Haemophilus GPB, Streptococcus
pneumoniae, streptococcus group B, meningo A, Y, B/E, C, W135, Bartonella titers

Parasitic and fungal
Stool for ova, parasites, protozoa, Cyclospora, Cryptosporidium, Isospira. Blood for Echinococcus, Histoplasma, Blastomyces,
Aspergillus

Adapted from Brophy et al. (2012).

AFB, acid-fast bacilli; PCR, polymerase chain reaction; HSV, herpes simplex virus; VZV, varicella-zoster virus; CMV, cytomegalovirus; EBV,

Epstein–Barr virus; SLE, systemic lupus erythematosus; EEE, Eastern equine encephalitis; CA encephalitis, California encephalitis; WNV, West

Nile virus; ELISA, enzyme-linked immunosorbent assay; RBC, red blood cell; Rh, rhesus; ANCA, antineutrophil cytoplasmic antibody; anti-ENA,

antibodies to extractable nuclear antigens; ACE, angiotensin-converting enzyme; GPB, Gram-positive bacteria; VDRL, Venereal Disearch
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(fever, leukocytosis, nuchal rigidity), then a lumbar punc-
ture should be completed (preferably after a CTscan of the
head) and empiric antibiotics and antivirals should be
started immediately. Empiric treatment should be contin-
ued until the cerebrospinal fluid profile and other support-
ive tests come back negative.

For those patients already in the ICU, SE may have
a multifactorial cause from neurologic complications
(i.e., brain hemorrhages), multiorgan failure (i.e., devel-
opment of sepsis or renal failure), metabolic disarray
(i.e., hepatic failure), and medications (i.e., administra-
tion of seizure-lowering medications such as certain
antibiotics or antipsychotics). Magnetic resonance
imaging (MRI) can be used on a case-by-case basis to
identify stroke, posterior reversible encephalopathy
syndrome, or abscesses. Ongoing seizures may cause
restricted diffusion (seen on diffusion-weighted imag-
ing on apparent diffusion coefficient) in the hippocam-
pus, thalamus, especially the pulvinar, and the cerebral
cortex (Kim et al., 2001; Farina et al., 2004; Szabo
et al., 2005).

cEEG monitoring is required to detect NCSz/NCSE
and to direct treatment in SE, particularly if refractory

to initial interventions. Ideally, cEEG should be started
within 1 hour of SE onset (Brophy et al., 2012). Delay
to diagnosis and seizure duration are associated with
increased mortality (Young et al., 1996). Specific indica-
tions for cEEG include patients who: (1) do not return to
preconvulsive neurologic baseline; (2) are suspected to
have NCSz (coma, altered mental status); (3) have epi-
leptiform activity or periodic discharges on initial
30 minutes of EEG; or (4) have intracranial hemorrhage
(Brophy et al., 2012). Since almost 50% of patients con-
tinue to have electrographic seizures after control of
GCSE, those who do not have improvement in their men-
tal status by 20 minutes should be evaluated with cEEG.
The diagnosis of NCSE and detection of RSE
require EEG.

Criteria for NCSE are seen in Table 28.4. It must be
noted that if patients do not have these criteria fulfilled,
it does not mean NCSE can be ruled out. Further moni-
toring and a benzodiazepine trial should be done for
patients with neurologic impairment and rhythmic or
periodic focal or generalized epileptiform discharges
on EEG (Table 28.5) (Jirsch and Hirsch, 2007;
Claassen, 2009). Comatose patients should undergo a

Table 28.3

Underlying etiologies of status epilepticus

The diagnostic workup should be completed simultaneously with treatment.
Acute processes
Metabolic disturbances: electrolyte abnormalities – hyponatremia, hypocalcemia, hypomagnesemia, hypophosphatemia,
hypoglycemia, hyperglycemia with hyperosmolar state, renal failure

Sepsis
Central nervous system infection: meningitis, encephalitis, abscess
Stroke
Ischemic stroke, intracerebral hemorrhage, subarachnoid hemorrhage, cerebral sinus thrombosis

Head trauma with or without epidural or subdural hematoma
Drug issues
Drug toxicity
Withdrawal from opioid, benzodiazepine, barbiturate, or alcohol
Noncompliance with AEDs

Hypoxia, cardiac arrest
Hypertensive encephalopathy, posterior reversible encephalopathy syndrome
Autoimmune encephalitis (i.e., anti-NMDA receptor antibodies, anti-VGKC complex antibodies), paraneoplastic syndromes
Chronic processes
Pre-existing epilepsy: breakthrough seizures or discontinuation of AEDs
Chronic ethanol abuse in setting of ethanol intoxication or withdrawal
CNS tumors
Remote CNS pathology (e.g., stroke, abscess, TBI, cortical dysplasia)
Special considerations in children
Prolonged febrile seizures are the most frequent cause of SE in children
CNS infections, especially bacterial meningitis, inborn errors of metabolism, ingestion of substances

Adapted from Brophy et al. (2012).

AEDs, antiepileptic drugs; NMDA,N-methyl-D-aspartate; VGKC, voltage-gated potassium channel; CNS, central nervous system; TBI, traumatic

brain injury; SE, status epilepticus.
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minimum of 48 hours’ cEEG and those with epileptiform
discharges should also have prolonged monitoring, since
these discharges have the potential to develop into
seizures (Claassen et al., 2004). Those who are not coma-
tose may only need 24 hours evaluating a sleep-and-
wake cycle. If the patient is in RSE, more diagnostic
studies should be ordered for further investigation, prior
studiesmay need to be repeated, and the differential diag-
nosis should be broadened (Table 28.2).

HOSPITAL COURSE ANDMANAGEMENT

Seizure duration and time to first treatment are major
determinants of morbidity and mortality in patients with
SE (Towne et al., 1994; Young et al., 1996; DeLorenzo
et al., 1998). Thus, the most critical step in stopping clin-
ical and electrographic seizure activity involves prompt
administration of AEDs and in adequate amounts. Based
on randomized controlled trials reflected in the Neurocri-
tical Care Society management guidelines for SE, first a
benzodiazepine is given as emergent rescue therapy and
then, unless the precipitating cause of seizures is cor-
rected and the patient has stopped seizing, a second
AED, called the control therapy, is required (Brophy
et al., 2012). As outlined above in the neurodiagnostics
and imaging section, conceptually the initial approach
involves out-of-hospital and in-hospital stabilization of
vital signs (ABCs of life support), identifying the under-
lying cause of SE, and detecting NCSz/SE, while follow-
ing a standardized protocol of AED administration
(outlined below).

Emergent control therapy

Lorazepam emerged as the most efficacious initial agent,
with a 52% success rate of stopping seizure activity within
20 minutes in a landmark randomized controlled trial by
Treiman and colleagues (Treiman et al., 1998; Alldredge
et al., 2001). Compared to other benzodiazepines, loraze-
pam has a longer duration of antiseizure effect (12–24
hours compared to 15–30 minutes, for example, for diaz-
epam) (EpilepsyFoundation ofAmerica’sWorkingGroup
onStatusEpilepticus,1993).The reason is thatdiazepamis
even more lipophilic than lorazepam and is quickly redis-
tributed to other fatty tissues, causing bothbrain and serum
concentrations to decrease quickly, allowing SE to recur

Table 28.4

Criteria for nonconvulsive seizures on electroencephalogram (EEG)

Any pattern lasting at least 10 seconds satisfying any one of the three primary criteria:
1. Repetitive generalized or focal spikes, sharp waves, spike-and-wave complexes at�3 seconds
2. Repetitive generalized or focal spikes, sharp waves, spike-and-wave or sharp-and-slow wave complexes at <3 seconds and the
secondary criterion

3. Sequential rhythmic, periodic, or quasiperiodic waves at�1 second and unequivocal evolution in frequency (gradually increasing
or decreasing by at least 1 second), morphology, or location (gradual spread into or out of a region involving at least two
electrodes). Evolution in amplitude alone is not sufficient. Change in sharpness without other change inmorphology is not enough
to satisfy evolution in morphology

Secondary criterion
Significant improvement in clinical state or appearance of previously absent normal EEG patterns (such as posterior dominant alpha
rhythm) temporally coupled to acute administration of a rapidly acting antiepileptic drug. Resolution of the epileptiform
discharges leaving diffuse slowing without clinical improvement and without appearance of previously absent normal EEG
patterns would not satisfy the secondary criterion

Adapted from Jirsch and Hirsch (2007).

Table 28.5

Benzodiazepine trial for the diagnosis of nonconvulsive

status epilepticus

If patients have rhythmic or periodic focal or generalized
epileptiform discharges on EEG with neurologic
impairment, then:

Monitoring
EEG, pulse oximetry, blood pressure, ECG, respiratory rate
Antiepileptic drug trial
Sequential small doses of rapidly acting short-duration
benzodiazepine such as midazolam at 1 mg/dose

Between doses, perform clinical and EEG assessment
Trial is stopped after any of the following:
Persistent resolution of EEG pattern (and exam repeated)
Definitive clinical improvement
Respiratory depression, hypotension, or other adverse effects.
A maximum dose is reached (such as 0.2 mg/kg midazolam)

Test is considered positive if there is resolution of the potential
ictal EEG pattern and an improvement in either the clinical
state or the appearance of previously absent normal EEG
patterns. If EEG improves, but patient does not, the result is
equivocal.

Reproduced from Jirsch and Hirsch (2007).

EEG, electroencephalogram; ECG, electrocardiogram.
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Table 28.6

Antiepileptic drug dosing and pharmacokinetics

Lorazepam
Loading dose: 0.1 mg/kg IV up to 4 mg per dose, may repeat once in 5 minutes
Onset of action: 3–10 minutes
Duration of effect: 12–24 hours
Adverse effects: respiratory depression, hypotension, sedation
Considerations: dilute 1:1 with saline. Use midazolam 10 mg IM if no IV is present
Phenytoin
Loading dose: 20 mg/kg IV, maximal infusion rate of 50 mg/min, 25 mg/min in elderly, patients with pre-existing cardiac disease.
May give an additional 5–10 mg/kg 10 minutes after loading infusion if still seizing

Target serum level: total 15–25 mg/mL, free level 2–3 mg/mL. Total level adjustment for albumin (alb): total level/ (alb�0.1)+0.1.
Measure serum phenytoin levels 2 hours after IV or 4 hours after IM. Monitor the free level when on valproic acid,
benzodiazepines, or other medications that are highly protein-bound, and in low-albumin states

Maintenance dosing: 5–7 mg/kg/day in 2–3 divided doses
Onset of action: 10–25 minutes
Duration of effect: 24 hours
Adverse effects: arrhythmias, hypotension, purple-glove syndrome, Stevens–Johnson syndrome, pancytopenia, hepatotoxicity
Considerations: induces hepatic metabolism of other medications and may displace other protein-bound drugs, thus increasing
levels. Metabolized by cytochrome p450 enzyme. Precipitation if given with potassium, insulin, heparin, norepinephrine,
cephalosporin, dobutamine

Fosphenytoin
Loading dose: 20 mg/kg IV,maximal infusion rate of 150 mg/min, may give an additional 5–10 mg/kg dose 10minutes after loading
infusion if still seizing

Target serum level: see phenytoin
Maintenance dosing: phenytoin 5–7 mg/kg/day in 2–3 divided doses
Onset of action: 10–25 minutes
Adverse effects: see phenytoin. Less infusion-site reactions such as phlebitis, soft-tissue damage
Considerations: measure serum phenytoin levels 2 hours after IV or 4 hours after IM
Valproic acid
Loading dose: 20–40 mg/kg IVat rate of 3–6 mg/kg/min; may give an additional 20 mg/kg IV dose 10minutes after loading infusion

if still seizing
Target serum levels: total: 80–140 mg/mL, free: 4–11 mg/mL (only consider if toxicity is suspected). Serum concentration levels may
be obtained immediately following loading-dose infusion

Maintenance dosing: 1 gram IV q6 hours
Adverse effects: hyperammonemic encephalopathy (consider L-carnitine 33 mg/kg q 8 hours), pancreatitis, rare liver failure,
thrombocytopenia and qualitative platelet defect, hypofibrinogenemia, tremor

Considerations: interacts with phenytoin, must follow the free phenytoin level. Hepatic enzyme inhibitor. Meropenem and amikacin
decrease valproate serum concentrations (accelerated renal excretion). No sedation and rare hypotension make it a drug of choice
in patients with a do-not-intubate status.

Levetiracetam
Loading dose: 20 mg/kg IV or 1–3 gram IVover 15 minutes
Target serum levels: 12–46 mg/mL. Levels may not be readily available by the lab
Maintenance dosing: 1 gram IV q12 hours
Adverse effects: psychosis, behavioral agitation
Considerations: not hepatically metabolized. Dose adjustments needed in poor renal function, dialysis, and continuous renal
replacement therapy. Minimal drug interactions and side-effects

Lacosamide
Loading dose: 200–400 mg IVover 15 minutes
Maintenance dosing: 100–200 mg q12 hours
Adverse effects: PR prolongation, hypotension, nausea
Considerations: minimal drug interactions and side-effects. Limited studies in using it in treatment of status epilepticus
Phenobarbital
Loading dose: 20 mg/kg IV, infusion rate of 50–100 mg/min,may give an additional 5–10 mg/kg 10minutes after loading infusion if
still seizing

Target trough serum level: 30–50 mg/mL
Maintenance dosing: 1–3 mg/kg/day in 2–3 divided doses
Onset of action: 20–30 minutes
Duration of effect: >48 hours
Adverse effects: hypotension, respiratory depression, sedation
Considerations: prolonged half-life in adults, ranging from 50 to 150 hours. Powerful sedative effect may contribute to coma

IV, intravenous; IM, intramuscular.



unless another agent is given (Epilepsy Foundation of
America’s Working Group on Status Epilepticus, 1993).
Animal studies have shown that the longer the duration
until treatment is initiated, themore likely it is that pharma-
coresistance will develop (Kapur and Macdonald, 1997).
A crucial case series by Lowenstein and Alldredge
(1993) found that, when an AED was initiated within
30 minutes of seizure onset, 80% of patients responded,
and only 40% responded when a medication was given
more than 2 hours after seizure onset.

In the first major randomized controlled trial for SE,
the Veterans Affairs Cooperative Study by Treiman
and colleagues (1998) further supported the notion that
time to treatment may be at least as important as finding
the best first-line drug. Patients who were in the earliest
stage of overt convulsions in SE had a 75% chance of
successful termination with the initial AED, then, when
in a waxing-and-waning pattern, success with the first
agent fell to 30% (Treiman et al., 1998).When the patient
had progressed to the stage of continuous ictal activity,
25% responded to the initial AED and finally, when there
was a suppression burst or brief suppression pattern,
7–8% respectively responded (Treiman et al., 1998).

These observations led to several trials exploring the
out-of-hospital initiation of SE therapy, which deter-
mined that lorazepam, when given by emergency medi-
cal services (EMS) prior to reaching the hospital,
established 59% seizure control on arrival to the ER,
compared to the 43% treated with diazepam and 21%
given placebo (Alldredge et al., 2001). Prior to this trial
concerns were raised that giving benzodiazepines in an
out-of-hospital setting might be associated with respira-
tory complications, but Alldredge and colleagues (2001)
found that ongoing seizure activity caused more respira-
tory complications than benzodiazepines. In fact, 23% of
patients in the placebo arm required bag-masked ventila-
tion and intubation, compared to 10–11% in the loraze-
pam and diazepam arms respectively (Alldredge et al.,
2001). Although there always is a risk of respiratory
depression and hypotension from rapid administration
of benzodiazepines, this helped dispel the notion that
administering benzodiazepines to a seizing patient would
contribute to respiratory compromise.

Administration of IV lorazepam may be challenging,
particularly in the EMS setting, as establishing IVaccess
can be difficult in a seizing patient and IV lorazepam has
a short shelf-life when not refrigerated (Gottwald et al.,
1999). Intramuscular (IM) midazolam is being increas-
ingly used after one study showed that IM midazolam
was at least as effective and safe as IV lorazepam in
the prehospital setting (Silbergleit et al., 2012). Other
forms of benzodiazepines exist when IV lorazepam is
not possible, such as nasal, buccal midazolam and rectal
diazepam (Brophy et al., 2012). Most recently, a study

fromEurope demonstrated that add-on therapy of levetir-
acetam (LEV) to clonazepam did not increase the seizure
control rate in convulsive SE but that high doses of clo-
nazepam in the control arm were observed to have a con-
trol rate of more than 80% (Navarro et al., 2016). This
study raises the question of possibly exploring higher ini-
tial doses of benzodiazepines in addition to cutting down
on the time to treatment initiation (Claassen, 2016). If not
given prior to ER arrival, benzodiazepines should be
administered emergently upon arrival to the ER.

A patient’s airway and ventilation should be moni-
tored and, if the airway is not secure from seizures, a
postictal state, or escalation of seizure treatment to IV
AEDs, then intubation should be considered early. Strict
vitals monitoring (blood pressure, body temperature,
telemetry, oxygenation) and IVaccess should be contin-
ued throughout AED administration as both AEDs and
ongoing seizure activity may be associated with life-
threatening hypotension and arrhythmias. Cerebral
autoregulation is severely impaired and cerebrovascular
resistance falls in SE as well as in many acute brain
injuries; therefore, the cerebral perfusion pressure is
directly dependent on the systemic blood pressure and
even relative hypotension may require the use of vaso-
pressors (Epilepsy Foundation of America’s Working
Group on Status Epilepticus, 1993). While assessing
the patient for ABCs, a fingerstick should be done (if
not done by EMS) and if low <60 mg/dL, administer
D50W 50 mL IV and thiamine 100 mg IV (Epilepsy
Foundation of America’s Working Group on Status
Epilepticus, 1993; Brophy et al., 2012). Hypoglycemic
seizures will only terminate with glucose administration.
Throughout all of this, as mentioned in the previous sec-
tion, diagnostic studies should be done to identify any
etiologies that must be urgently attended to or can be eas-
ily reversed. Obtaining a CTscan of the head is appropri-
ate in most cases and, when concerned for a CNS
infection, lumbar puncture should be done and antibi-
otics should be started immediately.

Urgent control therapy

After a benzodiazepine has been given, patients should
receive a second AED unless the cause of seizures is
definitively corrected, such as hypoglycemia (Brophy
et al., 2012). Benzodiazepines are fast acting, but are
not a goodmaintenance therapy to prevent the recurrence
of seizures or SE. For those patients whose seizures
responded to a benzodiazepine, a loading dose of a sec-
ond AED causes a quick rise to therapeutic blood levels
and then this AED is continued for maintenance dosing.
If the patient, however, did not respond to a benzodiaz-
epine, then the goal of the urgent control AED is to stop
SE. The agent of choice for urgent control therapy is
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based mostly on observational data, small trials, and post
hoc analyses of clinical trials (Epilepsy Foundation of
America’s Working Group on Status Epilepticus,
1993; Lowenstein and Alldredge, 1998). Guidelines rec-
ommend IVadministration of fosphenytoin/phenytoin or
valproate sodium (Brophy et al., 2012). Alternative
AEDs which have been reported include: phenobarbital,
LEV, or a continuous-infusion antiepileptic such as mid-
azolam. See Table 28.6 for medication details. There are
not enough data to support a clear second agent; how-
ever, many expert neurologists still prefer fosphenytoin
or phenytoin (Claassen et al., 2003). A recent
meta-analysis found that valproic acid, LEV, and pheno-
barbital were more effective than phenytoin; however,
these conclusions were based on data using varying
definitions of SE, several possible confounding vari-
ables, and a very heterogeneous patient population,
making the data difficult to interpret (Yasiry and
Shorvon, 2014). When choosing the second AED, each
clinical scenario should be assessed, including comor-
bidities, but the most important goal is to administer
an AED promptly to attain therapeutic serum levels. In
patients with known epilepsy who had been taking an
AED, it is reasonable to give an IV bolus of that AED
before moving on to a new agent (Brophy et al., 2012).

Refractory status epilepticus

Patients who continue to seize clinically or electrographi-
cally after both the initial and second agent have been
given are considered to be in RSE regardless of elapsed
time. Additional diagnostic investigations or a repetition
of tests previously obtained may be required if the under-
lying cause of seizures has not yet been identified (see
additional studies in Table 28.2). After two standard
AEDs have been given, only 2% and 5% of GCSE and
NCSE respectively will respond to a third standard agent
(Treiman et al., 1990). Because of this poor response,
most experts recommend rapid treatment escalation to
continuous-infusion AEDs (cIVAEDs), most commonly
midazolam, propofol, and in the past also pentobarbital
(Table 28.7). Respiratory compromise and hypotension
should be expected when using anesthetic drips. To
use these drips, patients should generally be intubated
and, commonly, these patients require vasopressors
and central-line placement. IV valproic acid or IV pheno-
barbital may be alternatives for patients with a “do not
intubate” status.

There is a paucity of evidence regarding which cIV
AED is preferred. Pentobarbital had been the traditional
agent for the last 50 years but has fallen out of favor and is
now primarily used for SRSE (see below). A systematic
review found pentobarbital to be more effective than
midazolam and propofol at controlling seizures but

concluded that mortality was not different when compar-
ing pentobarbital to midazolam or propofol infusions
(Claassen et al., 2002a). This review was based on com-
bining many case reports with many inherent limitations,
an overall small sample size, inconsistent use of cEEG,
particularly for patients treated with pentobarbital, and
a heterogeneous patient population with different AED
combinations preceding anesthetic drip administration.
However, the low doses of midazolam and propofol used
at that time are most likely the main reason for the differ-
ences in efficacy.

Pentobarbital has an extremely long half-life and is
associated with a number of systemic complications,
including respiratory depression, myocardial depression,
sedation, hypotension, thrombocytopenia, refractory aci-
dosis, ileus, decreased clearance of bronchial secretions
(leading to mucus plugging and pneumonia), and immu-
nosuppression. These side-effects make midazolam and
propofolmore favorable choices for the treatment of RSE
(Jagoda and Riggio, 1993; Yaffe and Lowenstein, 1993;
Devlin et al., 1994; Abou Khaled and Hirsch, 2006;
Rossetti et al., 2011; Hocker et al., 2014). The only ran-
domized controlled trial for RSE, which compared pro-
pofol to barbiturate infusions, was terminated early to
poor recruitment but, in its limited data, expectedly lon-
ger duration of mechanical ventilation was seen in
patients treated with barbiturates (Rossetti et al., 2011).

Midazolam and propofol drips are now more com-
monly used because they are shorter acting and cause
fewer hemodynamic disturbances (Table 28.7). Even
though a small study showed that propofol and midazo-
lam did not differ in their seizure control, propofol was
associated with a higher mortality (although it was not
statistically significant: 57% propofol and 17% midazo-
lam) (Prasad et al., 2001). Given other mixed data regard-
ing propofol’s safety profile, including propofol infusion
syndrome, midazolam has become the more popular
choice (Brophy et al., 2012; Riviello et al., 2013). Mid-
azolam also acts on the GABAA receptor with a rapid
onset of action. Side-effects include hypotension, respi-
ratory depression, and tachyphylaxis (Abou Khaled and
Hirsch, 2006). In a single-center comparison of two pro-
tocols of low- (0.2 mg/kg/h) versus high- (0.4 mg/kg/h)
dose cIV midazolam, high-dose cIV midazolam was
safely tolerated and had a lower seizure withdrawal rate
and lower mortality at discharge (Fernandez et al., 2014).
Expectedly, hypotension was more frequent in the high-
dose group but, when given in a controlled setting such as
the ICU, it was not associated with worse outcome. In
patients with refractory NCSE being treated with cIV
midazolam, 18% had acute treatment failure and 56%
had breakthrough seizures (Claassen et al., 2001).

Propofol, a GABAA receptor agonist, has a rapid
onset of action (<3 minutes) and easy reversibility
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(Abou Khaled and Hirsch, 2006). Propofol infusion
syndrome, a dreaded complication, may be encountered
but is rare. This syndrome consists of metabolic
acidosis, cardiac failure, rhabdomyolysis, hypotension,
and possibly death. Risk factors include prolonged

infusion (>48 hours), high doses (>5 mg/kg/h), severe
head injury, lean mass, and concurrent use of steroids
or catecholamines (Kumar et al., 2005). The mechanism
of injury is thought to be disruption of mitochondrial
function and fatty-acid oxidation, leading to lactic

Table 28.7

Antiepileptic drug dosing and pharmacokinetics for refractory status epilepticus and superrefractory status epilepticus

Midazolam
Loading dose: 0.2 mg/kg with 0.2–0.4 mg/kg boluses repeated every 5 minutes until seizures stop, up to maximum 2 mg/kg
Maintenance dosing: initial rate 0.05 mg/kg/h. If recurrent seizures, give 0.1–0.2 mg/kg bolus, then increase maintenance rate by

0.05–0.1 mg/kg/h every 3–4 hours or by approximately 20%
Dose range: 0.05–2.9 mg/kg/h titrated to burst suppression or seizure control
Onset of action: minutes, less than 1 hour to stop status epilepticus
Half-life: 1.5–3.5 hours; with prolonged use there may be tachyphylaxis and prolongation of half-life up to days
Duration of effect: minutes to hours
Adverse effects: respiratory depression, hypotension, sedation
Considerations: renally eliminated. Rapid redistribution. Does not contain propylene glycol
Propofol
Loading dose: 1–2 mg/kg with 1–2 mg/kg boluses repeated every 3–5 minutes until seizures stop, up to maximum of 10 mg/kg
Maintenance dosing: initial rate 20 mg/kg/min. If recurrent seizures, increase maintenance rate 5–10 mg/kg/min every 5 minutes or
1 mg/kg bolus plus increasing maintenance rate

Dose range: 20–200 mg/kg/min. Do not exceed a dosage of 5 mg/kg/h for >48 h (increased risk of propofol infusion syndrome),
titrated to burst suppression or seizure control

Onset of action: less than 3 minutes
Duration of effect: 5–10 minutes after discontinuation
Adverse effects: respiratory depression, pancreatitis, hypertriglyceridemia, hypotension, bradycardia, and propofol infusion
syndrome: metabolic acidosis, cardiac failure, rhabdomyolysis, hypotension, and death

Considerations: risk factors for propofol infusion syndrome: infusion >48 hours at high doses (>5 mg/kg/h), severe head injury,
lean mass, and concurrent use of catecholamines or steroids. Follows creatine phosphokinase, triglycerides, acid–base status.
Must adjust daily caloric intake (1.1 kcal/min)

Pentobarbital
Loading dose: 5 mg/kg, infusion rate 25–50 mg/min with repeated 5 mg/kg boluses until seizures stop
Target trough serum level: 30–45 mg/mL
Maintenance dosing: initial rate 1 mg/kg/h, titrate to EEG suppression burst pattern. If recurrent seizures, 5 mg/kg bolus followed by
increase in the maintenance rate by 0.5–1 mg/kg/h q 12 hours

Dose range: 0.5–10 mg/kg/h
Taper: after 24 hours of EEG control of seizure activity at a rate of 0.5–1 mg/kg/h q 4–6 hours
Onset of action: 15–20 minutes
Half-life: 15–60 hours
Adverse effects: hypotension, thrombocytopenia, potential immunosuppression, Stevens–Johnson syndrome, myocardial
depression, metabolic acidosis (diluted in propylene glycol), ileus

Considerations: while weaning off continuous IV pentobarbital, consider adding phenobarbital as a maintenance agent (serum
levels>100 mg/mL may be needed) to prevent recurrent seizure activity. At high doses, there is complete loss of neurologic
function

Ketamine
Loading dose: 1–2 mg/kg IV over 1 minute with 1.5 mg/kg bolus every 3–5 minutes until seizures stop, up to a maximum of
4.5 mg/kg

Maintenance dosing: initial infusion rate is 20 mg/kg/min. If recurrent seizures, a bolus should be followed by increase of
maintenance rate by 10–20 mg/kg/min until seizure control

Dose range: 5–125 mg/kg/min
Adverse effects: elevated blood pressure
Considerations: caution in patients with elevated intracranial pressure, traumatic brain injury, ocular injuries, hypertension, chronic
congestive heart failure, myocardial infarction, tachyarrhythmias, and in patients with a history of alcohol abuse. Consider using
with benzodiazepines for possible synergism.

EEG, electroencephalogram.
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acidosis and organ dysfunction (Kumar et al., 2005). In
fatal cases, it is recommended that autopsy should
include electron microscopy of cardiac and skeletal mus-
cle for mitochondrial dysfunction (Kumar et al., 2005).
A retrospective single-center study looked at 27 cases
and cIV infusions of propofol were safe at mean rates
of 4.8 mg/kg/h for 3 days with 67% permanent seizure
control and no major adverse effects (Rossetti et al.,
2004). Still, caution must be exercised when using pro-
pofol at high doses for prolonged periods of time. Acid–
base status must also be monitored if used with other car-
bonic anhydrase inhibitors, topiramate or zonisamide
(Abou Khaled and Hirsch, 2006).

No consensus has been reached regarding the inten-
sity and duration of cIV AED treatments for RSE. In a
retrospective analysis of 63 patients who were treated
with cIV AEDs, these authors found that patients had
more infections and increased relative risk of death, rais-
ing awareness of the risks of using cIV AEDs and also
questioning to what extent SE should be treated with
these cIV agents (Sutter et al., 2014). However, this
observation of a small cohort of patients should be taken
with caution given that it was based on a retrospective
case series where there is an inability to adequately con-
trol for bias of why certain patients were selected for cIV
agents and there remains a concern about generalizability
(Sutter et al., 2014).

Given the little data surrounding electrographic tar-
gets and their duration, expert opinion prefers seizure
suppression as a goal, but others prefer EEG burst sup-
pression or complete background suppression (Brophy
et al., 2012). A retrospective review suggested that mor-
tality and return to functional baseline were indepen-
dent of which cIV AED was used and the extent of
electrographic burst suppression (Rossetti et al.,
2005). The European Federation of the Neurological
Societies of 2010 recommends a goal of burst suppres-
sion on EEG if propofol or barbiturates are used and sei-
zure suppression if midazolam is used (Meierkord et al.,
2010). Once the electrographic goal has been reached,
cIVAED therapy is continued for 24–48 hours and then
a very gradual weaning of the medication should be
done while conventional maintenance AEDs are opti-
mized. Therapeutic concentrations may exceed pub-
lished target concentrations but dosing should be
individualized to seizure control with monitoring for
toxicity. The withdrawal of these infusions should be
done while under cEEG tomonitor for recurrent electro-
graphic seizures. There are no data to dictate how to best
wean cIVAEDs. If patients have withdrawal seizures,
they should be restarted on the cIVAED at the rate prior
to initiating the weaning (which presumably had con-
trolled the seizures) andmaintained for at least 24 hours.
Prior to tapering the anesthetic drip again, at least one of

the nonanesthetic AEDs that the patient is already
receiving should be optimized (achieve therapeutic
levels or increase the dose) or a new nonanesthetic
AED should be started (Brophy et al., 2012).

Superrefractory status epilepticus

Seizures that are refractory to third-line agents are rare
and termed SRSE. Formally, it is defined as SE that con-
tinues for 24 hours or more after the initiation of a cIV
AED, including those patients who had attained seizure
control with cIV AED but recurred during weaning
(Hocker et al., 2014). These patients may have severe
acute brain injury but, in a significant portion, no overt
cause can be identified (Cuero and Varelas, 2015). These
patients are not well studied and, with no randomized
clinical trials, the treatment may vary from center to cen-
ter. Generally, adding an additional cIVagent while opti-
mizing other AEDs or starting alternative treatments is
practiced. A recent study reported seizure termination
in 90% of SRSE patients with pentobarbital infusions
(Pugin et al., 2014). These investigators also reported
the success of using phenobarbital while weaning pento-
barbital to prevent seizure relapses (Pugin et al., 2014).

SPECIFIC ANTIEPILEPTIC MEDICATIONS

Each of the commonly used drugs is discussed here in
more detail. Drug dosing and pharmacokinetics are sum-
marized in Table 28.6.

Phenytoin and fosphenytoin

Phenytoin has been used for half a century and is still
extremely popular for the management of SE. It blocks
the membrane channels that sodium moves through dur-
ing depolarization, suppressing repetitive firing. While
lorazepam was most efficacious in controlling SE as a
first-line agent, phenytoin emerged as an alternative
choice, and it is one of two recommended second-line
AEDs (Treiman et al., 1998; Brophy et al., 2012). The
recommended loading dose is 20 mg/kg IV (or IM) at
a maximal rate of 50 mg/min. In some patients, as much
as 30 mg/kgmay be needed to stop SE (Osorio andReed,
1989). Phenytoin is approximately 90% bound to plasma
proteins, primarily albumin, which makes the unbound
10% pharmacologically active. Thus, low-albumin states
such as renal failure or medications that bind to albumin
and displace phenytoin from its binding site can cause
elevations in phenytoin levels. Since the cytochrome
P450 enzymesmetabolize phenytoin, medications which
alter the function of these enzymes can cause toxicity or
inadequate levels. Loading doses should not be adjusted
for renal or hepatic insufficiency. In hepatic and renal dis-
ease, phenytoin levels should be monitored and dosing
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should be adjusted for albumin level or unbound phenyt-
oin levels (“free levels”) should be obtained.

Valproic acid, for example, displaces phenytoin from
plasma protein-binding sites and enhances the systemic
clearance of the total drug. It also inhibits the cytochrome
P450 enzymes, thereby inhibiting phenytoin metabo-
lism, thus increasing the total concentration of free drug
in the serum (Perucca et al., 1980). Because of these con-
flicting mechanisms, unbound phenytoin levels should
be strictly monitored and may be difficult to interpret
when valproic acid is given (Lai and Huang, 1993).
The maximal rate is limited to 50 mg/min because
phenytoin administered at high rates may cause
cardiovascular complications such as arrhythmias and
hypotension. Patients who are no longer in SE may be
loaded with phenytoin at a slower rate. It takes 20–25
minutes for phenytoin to reach its maximal effect after
a loading dose (Wilder, 1983). Phenytoin at its maximal
rate of 50 mg/kg causes hypotension in 28–50% of
patients and bradycardia and ectopic beats in 2%
(Cranford et al., 1978; Wilder, 1983). Phenytoin
increases the conduction in myocardial junctions and
shortens the duration of action potentials in cardiac tissue
(York and Coleridge, 1988). It causes hypotension
through peripheral vasodilatation and a negative ionotro-
pic effect (Conn et al., 1967; Cranford et al., 1978).
Cardiac complications are more common in patients over
50 years old and with pre-existing heart disease and are
due to the phenytoin itself and the diluent, propylene gly-
col (Cranford et al., 1978). The parenteral preparation of
phenytoin is not water-soluble and thus must be dis-
solved in a solvent solution of propylene glycol, which
has a variety of adverse effects, including hypotension
and cardiac arrhythmias, such as bradycardia and asys-
tole (Louis et al., 1967). Propylene glycol is suspected
to enhance vagal activity and depress myocardial activity
(Louis et al., 1967). Fosphenytoin was then created
because it was more water-soluble and could be admin-
istered at a more rapid rate. Importantly, these side-
effects of phenytoin such as QT prolongation can be mit-
igated by slowing or stopping the infusion (Cranford
et al., 1978). Additionally, phenytoin is highly caustic
to veins and any extravasation may lead to subsequent
tissue necrosis (also known as purple-hand syndrome).

Fosphenytoin is a prodrug of phenytoin and dosing is
expressed in phenytoin equivalents (amount of phenyt-
oin released from the prodrug). It is approved for admin-
istration at a maximal rate of 150 mg/min. Hypotension
and arrhythmia may still occur; therefore, it is safer to
start the infusion at a slower rate and then increase the
rate as tolerated. Due to the difference in solvents,
fosphenytoin has less infusion-site reactions such as
phlebitis and soft-tissue damage, even when extravasa-
tion occurs. Usually transient pruritus occurs.

Valproic acid

Valproic acid is a potent first-line and urgent control
agent, aborting 66% and 79% of seizures after drug infu-
sion respectively (Misra et al., 2006; Brophy et al., 2012).
Its efficacy has also been attributed to synergistic effects
with previously given antiepileptic medications (Misra
et al., 2006). Valproic acid is loaded at 20–40 mg/kg
IV and given over 10 minutes. An additional 20 mg/kg
IVover 5 minutes can be given if the patient is still seiz-
ing. Target levels are 80–140 mg/mL and levels may be
obtained following the loading dose. Valproate has been
associated with liver dysfunction, encephalopathy, rarely
hypotension and if avoidable should not be given to any
patient with active bleeding because it can cause qualita-
tive and quantitative platelet defects (Misra et al., 2006).
Respiratory suppression is less frequent than with anes-
thetic infusions but may be seen.

Levetiracetam

LEV is often used off-label in SE as an urgent control
agent. LEVhas a distinct mechanism of action. In the ani-
mal model, it was found to inhibit neuronal hypersyn-
chronization in the hippocampus and the development
of electric kindling in the amygdala (Loscher et al.,
1998; Niespodziany et al., 2003). The main target has
been identified to be the SV2A receptor, a membrane
protein on all synaptic vesicles which modulates vesicle
fusion (Lynch et al., 2004). It is thought that LEVbinding
to this receptor enhances its function to inhibit abnormal
epileptic bursts (Lynch et al., 2004). In 18 patients with
SE refractory to benzodiazepines, LEV was able to con-
trol SE in 16 subjects (Knake et al., 2008). The loading
dose of LEV is 20 mg/kg IV (up to 3 grams) over
15 minutes. In a small retrospective chart review, LEV
terminated SE in 69% of patients after they had failed
at least one AED (Moddel et al., 2009). No cardiac
side-effects were seen; only nausea and vomiting during
loading (Moddel et al., 2009). Renal function needs to be
considered when choosing maintenance dosing as LEV
is primarily cleared through the kidneys. Supplemental
doses need to be given after dialysis. LEV is not metab-
olized by the liver, making it a good agent for patients
with hepatic failure. LEV can be used in the treatment
of SRSE in acute intermittent porphyria (Cuero and
Varelas, 2015). LEV did not succeed as add-on therapy
to benzodiazepines for out-of-hospital treatment of
GCSE (Navarro et al., 2016).

Lacosamide

Lacosamide is becoming increasingly used for patients
with SE and loaded at 200–400 mg over 3–5 minutes
(Albers et al., 2011). Lacosamide selectively enhances
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slow inactivation of voltage-gated sodium channelswith-
out affecting fast inactivation and it also binds to a pro-
tein, collapsin-response mediator protein 2, involved in
the modulation of NMDA receptor subunits (Errington
et al., 2006; Beyreuther et al., 2007). Being one of the
more recently introduced AEDs, it appears to have a
low side-effect profile and low potential for pharmacoki-
netic drug–drug interactions. The most common side-
effects are dizziness, headache, diplopia, nausea, vertigo,
vomiting, and abnormal coordination (Halasz et al.,
2009). Notably, it can produce a dose-related increase
in the PR interval (Halasz et al., 2009). Lacosamide is
not well studied as a treatment for SE,withmost evidence
coming from case reports and small studies.

Phenobarbital

Phenobarbital is approved by the US Food and Drug
Administration for the treatment of SE, but has fallen
out of favor as an early treatment agent for adults with
SE given the many alternative agents available. Of note,
in the largest randomized controlled trial comparing dif-
ferent agents to treat SE, phenobarbital had the second
highest success rate for seizure control at 58%, following
lorazepam at 65% (Treiman et al., 1998). At very high
doses respiratory depression, loss of consciousness,
and hypotension need to be considered. Phenobarbital
is loaded 20 mg/kg IV at a rate of 50–100 mg/min. An
additional load of 5–10 mg/kg can be given if the patient
is still seizing. It can also be used as a maintenance agent
while weaning off cIV pentobarbital to prevent recurrent
seizure activity (see pentobarbital) (Pugin et al., 2014).

Ketamine

Upregulation of NMDA receptors occurs in ongoing SE,
making ketamine, an NMDA receptor antagonist, appear
to be a logical agent for RSE and SRSE. In a multicenter
case series of 60 episodes of RSE and in a systematic lit-
erature review of 110 adult patients, ketamine achieved
permanent control in approximately 57% of RSE
(Gaspard et al., 2013; Zeiler et al., 2014). When treating
SRSE, ketamine achieved 60% of SE control and overall
dosing was 0.9–10 mg/kg/h (Gaspard et al., 2013). Mor-
tality was found to be lower in the subjects who
responded to ketamine, but the investigators suggested
that this may have reflected a lower-severity SE
(Gaspard et al., 2013). Benzodiazepines should be given
concomitantly with ketamine infusions as it seems keta-
mine has a synergistic effect (Martin and Kapur, 2008;
Hsieh et al., 2010). Ketamine has not been associated
with cardiac depression; however, it does cause elevation
in blood pressure. It should be used cautiously in patients
with elevated intracranial pressure, traumatic brain
injury, ocular injuries, hypertension, chronic congestive

heart failure, myocardial infarction, tachyarrhythmias,
and in patients with a history of alcohol abuse
(Mewasingh et al., 2003).

Alternative treatments for SRSE

Topiramate (300–1600 mg/day per nasogastric tube) has
multiple mechanisms of action affecting multiple recep-
tors and ion channels (Cuero and Varelas, 2015). Similar
to phenytoin, it blocks sodium channels and, when used in
combination with other AEDs, it is synergistic at sodium
channel blockade, GABA potentiation, calcium channel
inhibition, and AMPA/kainite receptor inhibition. This
medication is administered via nasogastric tube and has
been found to be effective in aborting RSE while tapering
cIV AEDs at doses of 300–1600 mg/day (Towne
et al., 2003).

Isoflurane, an inhalational anesthetic agent, was
shown to be efficacious in stopping RSE when titrated
to burst suppression patterns (Kofke et al., 1989;
Mirsattari et al., 2004). Unfortunately, upon discontinu-
ation, seizures frequently recurred. Side-effects included
hypotension, atelectasis, and ileus. Desflurane is
also used.

Immunomodulators, steroids (methylprednisolone
1 g/day IV for 5 days, followed by prednisone 1 mg/
kg/day for 1 week), IV immunoglobulins (0.4 g/kg/
1 day IV for 5 days), plasmapheresis (five sessions),
and adrenocorticotropic hormone are recommended in
SRSE on a case-by-case basis (Cuero and Varelas,
2015). These interventions have been reported in select
cases to help control seizures in syndromes with under-
lying immune mechanisms, such as Rasmussen’s
encephalitis, limbic encephalitis, acute disseminated
encephalomyelitis, and paraneoplastic disorders. These
alternative agents have not been adequately studied
(Prasad et al., 1996).

Lidocaine, when used as 1.5–2 mg/kg bolus over
2 minutes and maintenance dose 3–4 mg/kg/h, sup-
pressed seizures in 75% of RSE with the first bolus
(Pascual et al., 1992). It has a very short half-life and
can be used safely in patients when respiratory depres-
sion or worsening mental status is undesirable (Pascual
et al., 1992). It can be neurotoxic and epileptogenic at
high doses; thus it has a narrow pharmacologic range.
Very few data are available to support this medication
in the treatment of SE and it is generally not used.

Hypothermia has been shown to suppress electro-
graphic seizures experimentally, in several case reports
and in a small case series (Corry et al., 2008). It is recom-
mended to cool to 33–35°C for 24–48 hours and rewarm
by 0.1–0.2°C/h, but the data are sparse (Cuero and
Varelas, 2015). Hypothermia may emerge as a promising
adjunct to anesthetic agents due to its neuroprotective
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effects, but side-effects include shivering, coagulopathy,
venous thromboembolism, immunosuppression, and
electrolyte abnormalities. These may exacerbate compli-
cations seen with anesthetic agents.

Other medications used include gabapentin (in
acute intermittent porphyria), magnesium 4 grams
bolus IV and 2–6 g/h infusion (likely only helpful in
eclampsia; keep serum levels <6 mEq/L), pyridoxine
100–600 mg/day IV or via nasogastric tube (Cuero
and Varelas, 2015). Other nonpharmacologic therapies
include the ketogenic diet, neurosurgical resection of
an epileptogenic focus, if any, electroconvulsive ther-
apy, vagal nerve stimulation, deep-brain stimulation,
and transcranial magnetic stimulation (Brophy et al.,
2012; Cuero and Varelas, 2015).

SE causes multiple systemic physiologic changes and
requires ICU-level care. Systemic complications can be
from ongoing seizure activity or can result from the
AEDs themselves. During the first 30 minutes, there is
a sympathetic overdrive, with increased catecholamines
altering homeostatic mechanisms (Simon, 1985). Ten
minutes after the offset of a single generalized seizure,
norepinephrine concentrations were elevated to 12 times
normal and epinephrine concentrations to 40 times nor-
mal (Simon, 1985). Life-threatening arrhythmias and
stress cardiomyopathy are likely secondary to this sym-
pathetic surge. On cardiac pathology, contraction band
necrosis is seen; this may be the pathophysiologic corre-
late in SE-related death (Manno et al., 2005). When
assessing electrocardiograms, 58.3% of patients had

abnormalities, the most frequent being ischemic changes
(Boggs et al., 1993). Patients also have an early increase
in systemic blood pressure, with later normalization. The
pulmonary vascular bed reacts differently during SE.
Pulmonary arterial pressures continue to increase with
every seizure, resulting in pulmonary edema (Simon,
1985). Patients with SE typically are not able to protect
their airway and may develop hypoxia and aspiration.
These patients are at risk of infection andmay have infec-
tion as an underlying cause. During all of these systemic
changes, fever can be from sustained muscle activity;
leukocytosis can be from demargination; metabolic aci-
dosis (secondary to excess anaerobic activity) and an ele-
vated lactate may also be seen, but infection should
always be ruled out first. SE can also result in renal fail-
ure from increased creatine kinase levels causing rhabdo-
myolysis. Lastly, electrolyte abnormalities such as
hyperkalemia frommuscle necrosis andmetabolic acido-
sis and hyperglycemia from sympathetic overdrive can
be seen. These complications can aggravate the underly-
ing etiology, may cause further seizures, and complicate
treatment.

Myoclonic status epilepticus

Myoclonic status epilepticus (MSE) is defined as a pro-
longed period of myoclonic jerks that are continuous or
clustered, usually greater than 30 minutes, correlated
with generalized spike wave or polyspike and wave on
cEEG (Fig. 28.3). This is most frequently seen after

Fig. 28.3. A 69-year-old man admitted for septic shock complicated by hypoxic-ischemic injury and right thalamic stroke who

exhibited multiple myoclonic seizures lasting 20 minutes or more. At times these seizures originated in the right hemisphere with

secondary spread and were clinically associated with left facial jerking and chewing movements. Seizures were controlled with

levetiracetam and a midazolam drip, resulting in suppression burst and later complete background suppression of the electroen-

cephalogram. The patient ultimately died of medical complications.
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cardiac arrest, associated with hypoxia, and associated
with poor outcome if seen early after cardiac arrest
(Wijdicks et al., 2006). The prognostic significance of
MSE alone after hypothermia for cardiac arrest is less
well established as recoveries have been reported but
post-hypoxic SE still remains a poor predictor of
outcomes in this population. (Bernard et al., 2002;
Rossetti et al., 2010).

Seizure prophylaxis in the critically ill

After a patient has had a single seizure in the ICU, treat-
ment to prevent recurrent seizures is needed as these
patients are at increased risk of refractory seizures
and SE. If a metabolic or physiologic abnormality can
be resolved definitively, prophylactic treatment may
not always be necessary. However, if a seizure is second-
ary to a structural lesion in the CNS, seizure recurrence is
higher and prophylaxis is commonly given. Hemor-
rhagic stroke is associated with a twofold increase in
the risk for seizure compared to ischemic infarction
(Arboix et al., 1997). Currently, ICH guidelines do
not recommend AED prophylaxis for all patients
(Hemphill et al., 2015). For those ICH patients who have
a depressed mental status out of proportion to the degree
of brain injury, cEEG monitoring is indicated to rule out
NCSE (Hemphill et al., 2015). In patients with aneurys-
mal SAH, the current guidelines from the American
Stroke Association state that the use of prophylactic anti-
convulsants may be considered in the immediate posthe-
morrhagic period because seizures early on could cause
more damage or rebleeding from an unsecured aneurysm
(Connolly et al., 2012). In patients with moderate to
severe closed-head injuries, many clinicians will give
prophylaxis, especially for those who suffer substantial
cortical injury. In a double-blind study, phenytoin was
found to be beneficial in reducing seizures during the first
week after severe head injury, but continuation of phe-
nytoin beyond 1 week did not benefit patients (Temkin
et al., 1990). Thus, the American Academy of Neurology
recommends giving prophylactic phenytoin during the
first 7 days after traumatic head injury (Chang et al.,
2003; Brain TraumaFoundation et al., 2007).Many insti-
tutions have now switched to LEV.

CLINICALTRIALSANDGUIDELINES

Several landmark trials have brought about important
changes in the treatment of SE, including Leppik et al.
(1983), Treiman et al. (1998), Alldredge et al. (2001),
Silbergleit et al. (2012), and Navarro et al.(2016). How-
ever, overall there is a paucity of data to base many of the
management decisions onwhen treating SE. There are no
data to recommend choices for second-line treatment,
how to best treat RSE or SRSE, and no or few data for

most of the newer AEDs. There are currently several tri-
als examining new agents and comparing conventional
agents. A neurosteroid, allopregnanolone, has been pro-
posed as a new treatment for SE. In animal models, it was
found to terminate seizure activity after benzodiazepines
had failed (Rogawski et al., 2013). It acts as a positive
allosteric modulator, potentiating synaptic GABAA

receptors and enhancing extrasynaptic GABAA recep-
tors which are believed to mediate tonic inhibition
(Rogawski et al., 2013). In 2 pediatric patients, allopreg-
nanolone allowed the weaning of cIVAEDs with resolu-
tion of SE and there continue to be clinical trials studying
this new potential treatment (Broomall et al., 2014).
Another neurosteroid, SGE-102, is being studied for
the treatment of RSEwhile being administered with mid-
azolam (Reddy et al., 2013). Finally, as other AEDs
emerge as possible urgent control therapies after benzo-
diazepines have failed, there is going to be a randomized
controlled trial over 50 centers internationally to study
the efficacy between phenytoin, LEV, and valproic acid
(Cock and ESETT Group, 2011). The Neurocritical Care
Society published guidelines in 2012 on how to treat SE
and discussed the level of evidence behind each treat-
ment (Brophy et al., 2012). Similarly, the European Fed-
eration of Neurological Societies published guidelines
for the management of SE (Meierkord et al., 2010). Rec-
ommendations on EEG monitoring for patients with or
without primary brain injury in the ICU have been pro-
posed by the European Society of Intensive Care Medi-
cine (Claassen et al., 2013b).

COMPLEXCLINICAL DECISIONS

Management of patients with SE is highly complex and
challenging, especially if there is no response to initial
treatments. One must consider the underlying etiology,
the sequelae of ongoing seizure activity, and the side-
effects of interventions in order to adequately control
seizures. The large number of possible interventions
and the paucity of hard evidence to base choices on fur-
ther complicate the management of the patient with SE.
Even with guidelines, there are many decisions that
must be made on a case-by-case basis, with the ultimate
goal of terminating seizures as quickly as possible. One
of the biggest challenges is that seizures are difficult to
diagnose as most do not have overt clinical signs and
EEG findings may be ambiguous. Recorded EEG pat-
terns may not be clearly seizures but concurrently are
not normal and highly epileptiform. These are termed
the ictal–interictal continuum, for which treatment is
even more controversial than for definitive NCSz
or NCSE.

It is also difficult to know how aggressive to be with
treatment regarding what electrographic target to treat to,
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seizure suppression versus burst suppression or complete
background suppression, and when to decide if further
medication is futile. The Neurocritical Care Society
guidelines state it is appropriate to continue prolonged
therapy for young patients with little comorbidity, self-
limited disease processes, and the absence of poor prog-
nostic intracranial lesions (Brophy et al., 2012).

OUTCOMEPREDICTION

SE is a disease that carries a high morbidity and morta-
lity rate. The neurotoxicity of prolonged or repetitive sei-
zures will cause neuronal death and is associated with a
higher mortality and worse clinical outcomes (Claassen
et al., 2001, 2012). For SE, at hospital discharge, mortality
was 9–21% (Alldredge et al., 2001; Claassen et al., 2002b;
Novy et al., 2010). The 30-day mortality ranged between
19 and 27% (Logroscino et al., 1997; Treiman et al.,
1998). Intermittent SE had a lower mortality rate when
compared to continuous SE (20 vs. 31%) (Waterhouse
et al., 1999). Etiologywas found to be themost significant
predictor of mortality; others included older age, medical
comorbidities, high initial APACHE score, and acute
symptomatic seizures (Prasad et al., 2001; Claassen
et al., 2002b;Koubeissi andAlshekhlee, 2007). Prolonged
hospitalization and acute symptomatic seizures were pre-
dictors of functional disability (Claassen et al., 2002b). In
patients with stroke, aneurysmal SAH, CNS infections,
traumatic brain injury, and intracranial hemorrhage,
NCSE was independently associated with poor outcome
(Geocadin et al., 2002; Claassen et al., 2007). A standard-
ized score to comprehensively assess factors found to be
predictive of poor outcome in patients with SE has been
proposed and is called the Status Epilepticus Severity
Score (Rossetti et al., 2008). Factors included in this score
are age, history of seizures, seizure type, and the extent of
consciousness impairment. Importantly, for adults with
SE following SAH, every hour of seizure on cEEG was
associated with worse functional and cognitive outcome
at 3 months (De Marchis et al., 2016).

Patients who had NCSz were found to have long-
term hippocampal atrophy on MRI (Vespa et al.,
2010). After acute brain injury such as SAH, increased
metabolism and blood flow have been shown with the
onset of NCSz. Interestingly, brain oxygen may drop,
intracranial pressure may rise rapidly, but regional cere-
bral blood flow may increase only minutes and not sec-
onds after the onset of the seizure (Ko et al., 2011;
Claassen et al., 2013a). One possible explanation for
these observations may be that seizures cause more
damage in acutely brain-injured patients than in those
with epilepsy, damaging intrinsic defense mechanisms
such as vasoreactivity.

RSE has a mortality rate between 23 and 61%
(Young et al., 1980; Rashkin et al., 1987; Stecker
et al., 1998; Krishnamurthy and Drislane, 1999;
Claassen et al., 2001, 2002a; Rossetti et al., 2005;
Novy et al., 2010) and this poor outcome is independent
of what treatments are chosen (Rossetti et al., 2005).
RSE was associated with more medical complications,
longer neurologic ICU and hospital stays, and increased
disability at discharge (Mayer et al., 2002). SRSE also
has been seen to have a very high mortality rate of near
50% (Tian et al., 2015). A population-based study,
which followed patients for 10 years, found that in
approximately one-third of patients SE would recur
(Hesdorffer et al., 2007).

NEUROREHABILITATION

For patients who survive SE, depending on their etiology
and other predictors of poor cognitive and functional out-
come, neurorehabilitation has a prominent role in restor-
ing patients’ functional outcome, quality of life, and
cognitive function. Particularly patients with RSE or
SRSE have prolonged mechanical ventilation and pro-
longed ICU stays which are associated with critical ill-
ness myopathy, critical illness polyneuropathy, and
ICU-acquired weakness, all of which require intensive
neurorehabilitative efforts (Dangayach et al., 2016).
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Intensive care unit-acquired weakness
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Abstract

When critically ill, a severe weakness of the limbs and respiratorymuscles often develops with a prolonged
stay in the intensive care unit (ICU), a condition vaguely termed intensive care unit-acquired weakness
(ICUAW). Many of these patients have serious nerve and muscle injury. This syndrome is most often seen
in surviving critically ill patients with sepsis or extensive inflammatory response which results in increased
duration of mechanical ventilation and hospital length of stay. Patients with ICUAW often do not fully
recover and the disability will seriously impact on their quality of life. In this chapter we discuss the current
knowledge on the pathophysiology and risk factors of ICUAW. Tools to diagnose ICUAW, how to separate
ICUAW from other disorders, and which possible treatment strategies can be employed are also described.
ICUAW is finally receiving the attention it deserves and the expectation is that it can be better understood
and prevented.

With an increasing survival rate in patients admitted to
the intensive care unit (ICU), the long-term conse-
quences of surviving critical illness have become more
apparent. Surviving critical illness is often with injury
to multiple organ systems, including in some the central
and peripheral nervous system. The combination of
physical and psychologic sequela seen in patients with
a prolonged ICU admission has been called the post
intensive care syndrome (PICS) (Needham et al.,
2012). Generalized muscle weakness, caused by a com-
bination of muscle and nerve injury, is one of the main
issues in PICS. In this chapter we discuss the current
knowledge on the pathophysiology and risk factors of
ICU-acquired weakness (ICUAW). Tools to diagnose
ICUAW, how to separate ICUAW from other disorders,
and which possible treatment strategies can be employed
are also described. Efforts to minimize this complication
may impact on quality of life in ICU survivers. Intensi-
vists and neurologists are often uncertain about what to
do when these unfortunate patients are seen and effective
neurorehabilitation needs to be developed.

EPIDEMIOLOGY

One of the first description of patients developing weak-
ness during ICU admission was by Bolton and col-
leagues over 30 years ago (Bolton et al., 1984). Five
relatively young patients admitted to the ICU for differ-
ent reasons developed profound limb weakness and
decreased tendon reflexes on physical examination. In
4 patients electrophysiologic studies showed an axonal
polyneuropathy and myopathic changes with needle
electromyography. Strength improved gradually in these
patients (Bolton et al., 1984).

Over the years the syndrome of weakness in the ICU,
then called critical illness polyneuropathy (CNP), was
recognized and further details were given by many
groups in many countries. The incidence reportedly ran-
ged from 50 to 100% of ICU patients, indicating that it is
a frequently occurring problem (De Jonghe et al., 2002;
Bercker et al., 2005; Stevens et al., 2007; Ali et al., 2008;
Sharshar et al., 2009; Mirzakhani et al., 2013). The wide
range in incidence rates depends on the group of ICU
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patients studied and the criteria used to diagnose axonal
polyneuropathy. For example, in critically ill patients
with sepsis the incidence of generalized weakness is
much higher than in patients with other illnesses
(Bolton, 2005). Moreover, it became apparent that elec-
trophysiologic abnormalities are more frequent than
clinically detectable weakness.

Many different terms have been used in the last few
decades to describe this neurologic syndrome or entity
in the sickest ICU patients (Stevens et al., 2009). Termi-
nology could be only descriptive and whether the cause
of the weakness was primarily an injury to the nerve,
muscle, or a combination. Terms used in the past were:
CIP, acute quadriplegic myopathy, acute necrotizing
myopathy of intensive care, and critical illness neuro-
myopathy. These differences in terminology seriously
hindered studies on the topic. In 2009 a consensus meet-
ing was held which introduced a more general term but
also criteria for ICUAW (Stevens et al., 2009). ICUAW
is most often seen in severely ill patients with multiorgan
failure and ICUAW has been considered to be part of
the multiorgan failure syndrome, involving nerves and
muscles (Witt et al., 1991; De Letter et al., 2001;
Garnacho-Montero et al., 2001; Bednarík et al., 2005;

Nanas et al., 2008; Hermans et al., 2013). Nevertheless,
severe weakness is also found sometimes in patients who
have no other signs of multiorgan failure (Campellone
et al., 1998). ICUAW is a clinical assessment, mostly
based on strength examination in ICU patients, but more
detailed neurologic examination (reflex pattern, tone,
muscle bulk, and sensation) and electrophysiologic
assessment are required to diagnose a peripheral nervous
system or primary muscle disorder such as CIP or critical
illness myopathy (CIM). Each of these disorders has
definitional characteristics.

NEUROPATHOLOGY

Muscle weakness results from a complex interplay of
factors that culminates in the loss ofmusclemass and con-
tractility. A summary of factors is shown in Figure 29.1.
Muscle weakness may be brought about by structural
damage to the nerves or muscles, but structural damage
may not be easily demonstrated in all cases. Investigation
of the pathophysiologicmechanisms leading to ICUAWin
patients is hampered by several factors. Ideally, nerve and
muscle tissue should be investigated at different time
points of disease progression.
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Fig. 29.1. Summary of factors involved in development of ICUAW.ROS, ReactiveOxygen Species; SR, Sarcoplasmic reticulum;

CIP, Critical Illness Polyneuropathy; NMBA, NeuroMuscular Blocking Agent; CS, Corticosteroids; CIM, Critical Illness

Myopathy. (Reproduced from Hermans et al., 2014a, with permission from John Wiley.)
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Moreover, extensive biopsies may be problematic in
patients with a coagulation disorder which is often pre-
sent in critically ill patients and this procedure may be
ill advised if it does not result in change in therapy
(Latronico et al., 1996). When nerve biopsies are per-
formed, they usually comprise pure sensory nerves such
as the sural nerve or superficial peroneal nerve. This is
suboptimal, as ICUAW is primarily a syndrome with
problems in strength. Motor nerves have been rarely sys-
tematically investigated and often postmortem, thus
skewing results to the more severe cases (Zochodne
et al., 1987).

Some insights are derived from pathophysiologic
mechanisms in ICUAW in animal experiments. Several
sepsismodels have been used to study ICUAW, butmany
of these models do not resemble the clinical situation
(Witteveen et al., 2014). For example, the period of sep-
sis induced in these animals is usually short, animals are
young, and strength assessments have not been system-
atically performed. Despite these limitations several
factors have been identified that play a role in the devel-
opment of CIP and CIM.

In CIP, axonal damage is found in the peripheral as
well as in the phrenic nerves (Latronico et al., 1996).
Sepsis induces microvascular changes in the endo-
neurium, as evidenced by enhanced expression
of E-selectin on the vascular endothelium (Fenzi
et al., 2003). This is considered to induce increased
vascular permeability, allowing toxic factors to pene-
trate the nerve ends (Bolton, 2005). Additionally,
increased permeability may induce endoneural edema,
compromising energy delivery to the axon, and
ultimately resulting in axonal injury. Mitochondrial
dysfunction due to stress-induced hyperglycemia
may further aggravate this process (Van den Berghe,
2004; Vanhorebeek et al., 2005; Hermans et al.,
2007). Animal experiments also documented rapidly
reversible nerve dysfunction (without actual structural
damage) caused by Na channelopathy (Novak et al.,
2009). So far, this mechanism has not been studied
in critically ill patients and its clinical relevance
remains to be seen (Batt et al., 2013b).

CIM has been investigated more extensively. Loss of
muscle mass occurs early and, as expected, is more pro-
nounced in multiple-organ failure as compared to
single-organ failure (Puthucheary et al., 2013). Atrophy
results from increased protein degradation not compen-
sated by protein synthesis (Batt et al., 2013b). Protein
wasting predominantly involves myosin, causing thick
filament myopathy. A detailed overview of pathways
governing catabolic signaling is outside the scope of
this chapter but has been published (Friedrich et al.,
2015). The main proteolytic system involved is the ubi-
quitin proteasome system. Key players initiating the
catabolic process include (Derde et al., 2012;

Puthucheary, 2013; Wollersheim et al., 2014) inflamma-
tion, immobilization, the endocrine stress responses, the
rapidly developing nutritional deficit, impaired microcir-
culation and denervation (Bloch et al., 2012; Batt et al.,
2013b; Weber-Carstens et al., 2013). Possibly also defi-
cient autophagy, a catabolic process involved in clearing
large protein aggregates and cellular debris, contributes
to poor muscle cell quality control in ICUAW
(Hermans et al., 2013). In addition to structural changes
muscles can be dysfunctional due to several other factors.
These include muscle membrane inexcitability due to an
acquired sodium channelopathy (Ackermann et al.,
2014), mitochondrial dysfunction, and bioenergetic fail-
ure (Brealey et al., 2002), but also impaired excitation–
contraction coupling (Rossignol et al., 2008; Zink
et al., 2008).

RISK FACTORS FOR ICUWEAKNESS

Risk factors for neuromuscular complications in criti-
cally ill patients have been reported in several studies
on ICU populations (Hermans and Van den Berghe,
2015). Bedrest in itself is known to have deleterious
effect on musculoskeletal system and muscle mass dis-
appears quickly (Convertino et al., 1997; Parry and
Puthucheary, 2015). Muscle immobilization rapidly
induces loss of muscle mass and strength. Though
immobility itself is insufficient to explain the pronoun-
ced weakness in critically ill patients, it is a contributing
factor and early mobilization can effectively reduce
ICUAW (Patel and Pohlman, 2014). This is also in line
with the observation that several surrogate markers of
immobility, such as duration of ICU stay (Witt et al.,
1991; Van den Berghe et al., 2005), mechanical venti-
lation prior to awakening (De Jonghe et al., 2002), time
until awakening, and clinical evaluation of muscle
strength (Hermans et al., 2013), were identified as
predictors of ICUAW (Fan et al., 2014b).

Furthermore, sepsis, the systemic inflammatory
response syndrome (SIRS), and multiple-organ failure
are considered to be central players. This is based on
the high incidence of sepsis in the earliest reports of
patients with CIP (Bolton et al., 1984; Zochodne et al.,
1987), as well as the high prevalence of neuromuscular
complications in specific populations of patients with
sepsis and organ failure (Witt et al., 1991; Garnacho-
Montero et al., 2001; Bednarík et al., 2005). This obser-
vation is consistent with the identification of sepsis
(Hermans et al., 2014a), bacteremia (Van den Berghe
et al., 2001; Nanas et al., 2008), SIRS (De Letter et al.,
2001; Bednarík et al., 2005), multiple-organ failure
(De Jonghe et al., 2002), use of vasopressors (Van den
Berghe et al., 2001, 2005) or aminoglycosides (Nanas
et al., 2008), certain mediators of inflammation
(Weber-Carstens et al., 2010), and the presence of septic
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encephalopathy (Garnacho-Montero et al., 2001) as risk
factors for neuromuscular complications in the ICU. Both
severity and duration of SIRS and organ failure were iden-
tified as risk factors (Campellone et al., 1998; De Letter
et al., 2001; Garnacho-Montero et al., 2001; Van den
Berghe et al., 2001, 2005; Nanas et al., 2008; Weber-
Carstens et al., 2010; Hermans et al., 2013). Hyperglyce-
mia, frequently present in critically ill patients, is also an
independent risk factor for both electrophysiologic (Witt
et al., 1991) and clinical (Nanas et al., 2008) manifesta-
tions of ICUAW. In fact, it seems that possibly controlling
hyperglycemia to a normal range using insulin reduced the
incidence of ICUAW (Van den Berghe et al., 2005;
Hermans et al., 2007; Patel and Pohlman, 2014).

Several case reports have suggested a link between
weakness and corticosteroids. Detrimental effects of corti-
costeroids (Campellone et al., 1998; De Jonghe et al.,
2002; Hermans et al., 2013) and prolonged administration
of neuromuscular blocking agents (Garnacho-Montero
et al., 2001; Hermans et al., 2007, 2013) on the neuromus-
cular system of critically ill patients were described and
were further supported by animal experimental data
(Rouleau et al., 1987; Massa et al., 1992; Rich et al.,
1998). Several prospective studies, including data from
randomized controlled trials (RCTs), could not confirm
these findings (De Letter et al., 2001; Garnacho-Montero
et al., 2001; Bednarík et al., 2005; Bercker et al., 2005;
Van den Berghe et al., 2005; Steinberg et al., 2006;
Hermans et al., 2007; Nanas et al., 2008; Papazian et al.,
2010; Weber-Carstens et al., 2010; Fan et al., 2014b;
Patel and Pohlman, 2014). These conflicting datamay sug-
gest there may be more complex interplay of factors and
that the neuromuscular effects of corticosteroids may vary
according to dose, timing, and glycemic control (Hermans
et al., 2007). In addition, though corticosteroids could have
negative effects directly on themuscle, corticosteroidsmay
reduce duration of shock and mechanical ventilation,
thereby reducing one of the most important risk factors
(Annane et al., 2002; Hough et al., 2009). Age is also inde-
pendently related to ICUAW (Hermans et al., 2013; Patel
and Pohlman, 2014), as well as parenteral nutrition
(Garnacho-Montero et al., 2001), female sex (De Jonghe
et al., 2002), hyperosmolality (Garnacho-Montero et al.,
2001), hypoalbuminemia (Witt et al., 1991), and renal
replacement therapy (Van den Berghe et al., 2001).

Respiratory weakness, weakness of the diaphragm,
has been poorly studied. This muscle is difficult to assess
clinically, electrophysiologically, and histologically. Avai-
lable literature indicates that respiratory muscle weakness
is associated with infection or sepsis (De Jonghe et al.,
2007; Demoule et al., 2013; Supinski and Callahan,
2013), disease severity (Demoule et al., 2013), and periph-
eral weakness (De Jonghe et al., 2007). Indeed, 80% of
patients with ICUAW demonstrated diaphragm weakness

when sophisticated nonvolitional methods were used
(Jung et al., 2016). Also, in patients with CIP, electrophys-
iologic data from the phrenic nerve and diaphragm show
similar abnormalities as those documented in the periph-
eral nerves and muscles (Zifko et al., 1998). However,
mechanical ventilation itself, through immobilization of
the diaphragm, may contribute to atrophy of the dia-
phragm and diaphragmatic muscle weakness in critically
ill patients; this is known as ventilator-induced diaphrag-
matic dysfunction and a major confounder in assessment
for neuromuscular respiratory failure (De Jonghe et al.,
2007; Levine et al., 2008; Hermans et al., 2010; Jaber
et al., 2011a, b; Demoule et al., 2013).

CLINICAL PRESENTATION

The patient with a typical presentation of ICUAW is a
critically ill patient who recovers (andmay wake up from
sedation) and is found to have a severe weakness of all
extremities and may even move nothing at all. Weakness
affects all limb musculature but generally is more pro-
nounced proximally (De Jonghe et al., 2002; Hermans
et al., 2012). The facial muscles are usually spared
(Bolton et al., 1986). In most patients the tendon reflexes
are reduced, but they can also be normal. The respiratory
muscles and more specifically the diaphragm seem to be
extremely vulnerable in critically ill patients (De Jonghe
et al., 2007; Supinski and Callahan, 2013). This leads to a
prolonged need for mechanical ventilation and often a
cautious, step-by-step weaning from respiratory support.
A comprehensive neurologic examination should further
include inspection for fasciculations or myokymias,
assessment of pattern of weakness and findings on
examination that could suggest an underlying neurologic
disorder. Tone, muscle strength, and sensory examina-
tion are all important to examine although, in most
patients, flaccid, immobile extremities are found with
normal cranial nerve examination. It is important to
assess whether the patient is truly “neurologically weak”
or deconditioned. Furthermore, is the weakness of peri-
pheral or central origin, and thus could spinal cord
damage be implicated? Equally important is to question
whether a more chronic systemic illness might have
predisposed the patient to sepsis and may be the cause
of the neuropathy. Severe weakness in some patients –
particularly if atrophy is substantial, tongue fascicula-
tions are seen, and reflex pattern is high – may indicate
amyotrophic lateral sclerosis.

It should be pointed out that neurologic examination of
these patients is difficult when level of consciousness is
diminished or altered by sedation (Bercker et al., 2005;
Hough et al., 2011). As assessment of strength and sensa-
tion is often unreliable except when limbs are immobile,
flaccid, and do not move with nailbed compression.
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ICUAW is a syndrome of generalized limb weakness
that develops while the patient is critically ill and for
which there is no alternative explanation other than the
critical illness itself (Stevens et al., 2009; Fan et al.,
2014a). There is still no universally accepted “gold
standard” for diagnosing ICUAW. The recent American
Thoracic Society clinical practice guidelines however
emphasize the importance of clinical examination using
theMedical Research Council (MRC) scale as the current
reference standard.

Weakness is graded with the MRC scale, a subjective
5-point rating scale that scores for maximal force
produced by voluntary muscle contraction. The current
consensus is that for a diagnosis of ICUAWMRC scores
for six different bilaterally tested muscle groups should
be summed (the so-called MRC sum score or MRC-
SS) (Stevens et al., 2009; Fan et al., 2014a; Sharshar
et al., 2014). An MRC-SS <48 was defined as the
cutoff for diagnosing ICUAW. Both proximal and distal
muscle groups should be tested whenever possible,
including deltoids, biceps, wrist extensors, iliopsoas,
quadriceps, and ankle dorsiflexor muscles. In patients
in whom it is impossible to test all these six muscle
groups, an average MRC score <4 per muscle group
can be used.

For optimal physical examination using the MRC
scale an awake and attentive patient is needed. This
can be a limitation in the ICU, as many ICU patients
are sedated for shorter or longer periods. Delirium may
also jeopardize the reliability of the MRC scale testing
(Hough et al., 2011). Despite these limitations MRC test-
ing in critically ill patients seems feasible and reliable
(Ali et al., 2008; Hermans et al., 2012; Vanpee et al.,
2014). A complete examination of all six bilateral muscle
groups may be very demanding for recovering ICU
patients. In those patients, a simple surrogate marker
for overall strength could be obtained by assessment of
handgrip strength (Ali et al., 2008; Hermans et al.,
2012). Whether this test is reliable is still being investi-
gated and cutoff values need to be validated (Parry
et al., 2015a).

Whether the autonomic dysfunction, which is often
seen in critically ill patients, is caused by a neuropathy
of the autonomic nervous system remains to be estab-
lished. Axonal degeneration of the sympathetic chain
and vagal nerve has been noted in selected patients
with CIP and suggests the autonomic system might be
involved in the process (Zochodne et al., 1987). Others
found abnormal heart rate variability in all ICU patients
studied but no correlation with ICUAW (Wieske et al.,
2013a). In a small pilot study investigating other aspects
of the autonomic nervous system, abnormal heart rate
variability, cold face testing, and skin wrinkle testing
were found (Wieske et al., 2013b).

NEURODIAGNOSTICS

Several modalities are used in the diagnostic process of
ICUAW. Physical examination, electromyography, and
nerve conduction studies (NCS) have been used most
often (Fan et al., 2014a). The diagnosis of ICUAW can
be made with physical examination alone but electro-
physiologic studies such as needle electromyography
and NCS may be additionally useful in uncooperative
patients (Lacomis, 2013).

To differentiate between CIP and CIM electrophysio-
logic testing and biopsies are potentially useful (Stevens
et al., 2009). NCS can be used for investigation of the
nerves and differentiate between axonal and demyelinat-
ing neuropathies. Furthermore, NCS have the advantage
that they can be used in patients who cannot be scored
with the MRC scale and thus are used to diagnose
ICUAW early (Woittiez et al., 2001; Weber-Carstens
et al., 2009). Due to interference of electric devices in
the ICU, NCS can be technologically demanding in the
ICU setting. Therefore, the use of a simple, one-nerve
examination has been evaluated and seems to be a prom-
ising tool (Latronico et al., 2014; Moss et al., 2014). One
study group examined whether the results of a single-
peroneal-nerve NCS corresponded to the results of a
complete NCS combined with needle electromyography
and found a good correlation between tests. Others inves-
tigated single NCS in a small study in patients with and
without ICUAW (Wieske et al., 2015b). In both groups
abnormal NCS results were found, suggesting better
definitional values are needed.

Generally, a reduction in the amplitude of the com-
pound muscle action potential (CMAP) is used as a
marker of nerve or muscle dysfunction. A normal CMAP
on screening electrophysiologic testing, 8 days after ICU
admission, excludes a neurologic cause for ICUAW
with a high predictive value (Hermans et al., 2015). This
study also showed that a reduced CMAP in the first week
of ICU admission was an independent predictor for
1-year mortality.

Direct muscle stimulation has been used to further dif-
ferentiate between problems in the nerve or the muscle
(Rich et al., 1997; Weber-Carstens et al., 2009). A first
CMAP is obtained by conventional stimulation of the
nerve. A second CMAP is obtained by direct stimula-
tion of the muscle by inserting a needle into it. By com-
paring both CMAPs the problem can be localized in the
nerve or the muscle. In a neuropathy, decreased CMAPs
are found with nerve stimulation and normal CMAPs
with muscle stimulation. Decreased CMAPs with both
types of stimulation are found in myopathy. The nerve-
to-muscle CMAP ratio of <0.5 is indicative of an iso-
lated neuropathy; a ratio >0.5 is indicative of either a
myopathy or a combination of neuropathy andmyopathy
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(Lefaucheur et al., 2006). Repetitive stimulation can be
used to examine the neuromuscular junction. In ICUAW
the neuromuscular junction is not affected and test results
should be normal. Abnormalities in the neuromuscular
junction are indicative of ongoing effects of neuro-
muscular blocking agents or previously undiagnosed
myasthenia gravis (Lacomis, 2013).

Assessment of the morphology and recruitment pat-
tern of motor unit action potentials (MUAPs) can be
helpful to diagnose myopathy (Leijten et al., 1996;
Zifko et al., 1998; Tennil€a et al., 2000). Characteristi-
cally, with myopathy, MUAPs have a short duration
and low amplitude. For optimal electromyography an
awake and attentive patient is needed to activate the
muscle and to reliably evaluate MUAPs. This of course
limits its applicability in sedated, or otherwise uncon-
scious or delirious critically ill patients.

Muscle tissue can be obtained via open biopsy or nee-
dle biopsy techniques. It carries the risk of bleeding or
wound infection. In cases of unclear clinical or electro-
physiologic findings or when a strong suspicion of a
myopathy other than CIM exists, muscle biopsy may
be helpful. In ICUAW total muscle mass is reduced by
atrophy or necrosis of muscle fibers. Furthermore, loss
of myosin, the so-called thick filaments, is a histologic
hallmark of CIM (Faragher et al., 1996; Lacomis et al.,
1996; Larsson et al., 2000; Sander et al., 2002). Histo-
logic changes in muscles can often be found early after
the onset of critical illness (Ahlbeck et al., 2009).

Other new techniques may be helpful but experience
is limited. Muscle ultrasound is a promising diagnostic
tool for ICUAW (Connolly et al., 2014; Bunnell et al.,
2015). It can provide information on muscle mass and
structure in a simple and noninvasive way (Tillquist
et al., 2014). Cross-sectional muscle area decreases rap-
idly with critical illness, but there is paucity of data link-
ing this to development of ICUAW, although small
studies have been reported (Puthucheary et al., 2010;
Parry et al., 2015b). Further research is needed to validate
reproducibility, reliability for clinical, electrophysio-
logic, and pathologic changes as well as to determine
association of ultrasound findings with important
patient-centered outcomes. Ultrasound may also be used
to visualize peripheral nerves, but systematic studies of
patients with ICUAW are not available (Beekman and
Visser, 2004).

Biomarkers may also be of help in diagnosing muscle
or nerve injury in critically ill patients. The ideal bio-
marker should be easy to assess and discriminate
between ICUAWand other causes of weakness and help
to differentiate between CIP and CIM. Although creati-
nine kinase levels in blood are increased in patients with
ICUAW, it is not a good biomarker (De Jonghe et al.,
2002). Plasma neurofilament levels were found to be

increased in patients with ICUAW as compared to
patients without ICUAW but neurofilaments are non-
specific markers of axonal injury and levels can be
increased in many other illnesses (Wieske et al., 2014).

HOSPITAL COURSE ANDMANAGEMENT

ICUAW is associated with a prolonged need for mechan-
ical ventilation and increased length of stay on the ICU
and in the hospital (De Jonghe et al., 2002, 2004,
2007; Ali et al., 2008; Sharshar et al., 2009). Further-
more, mortality is increased in these patients during
and after the ICU admission (Wieske et al., 2015a). As
the exact cause of the weakness is unknown, treatment
remains primarily aimed at the primary critical illness,
such as sepsis or trauma. As soon as the patient stabilizes,
further worsening of theweaknessmight be prevented by
mobilization and muscle exercise through physiotherapy
(Burtin et al., 2009; Calvo-Ayala et al., 2013).

Early mobilization is started as soon as possible,
potentially within 24–48 hours of ICU admission. It is
safe and feasible in critically ill patients while they
remain on the mechanical ventilator (Morris et al.,
2008). Early physical and occupational therapy com-
bined with minimizing sedation shortened duration of
mechanical ventilation and increased the rate of return
to an independent functional status at hospital discharge,
in addition to other favorable outcomes (Schweickert
et al., 2009). Moreover functional status, quality of life,
as well as quadriceps strength improved with bed cycling
in addition to regular physiotherapy (Burtin et al., 2009).
Despite beneficial effects of early rehabilitation, prac-
tices vary and may not be optimal (Barber et al., 2015;
Dafoe et al., 2015).

Next to mobilization by physiotherapists, electric
stimulation of muscles in ICU patients has been investi-
gated (Gerovasili et al., 2009; Kho et al., 2015). Studies
have been small and results were conflicting and rarely
used in ICUs, if ever (Parry et al., 2013).

Critical illness represents a hypercatabolic state.
Additionally, malnutrition occurs rapidly and frequently
in critically ill patients because a dysfunctional gastroin-
testinal tract often hampers adequate enteral feeding.
Moreover, early supplementation of a caloric deficit dur-
ing the first week in ICU did not prevent muscle atrophy,
suggesting that such supplementation cannot avert the
early catabolic state (Hermans et al., 2013). Furthermore,
patients with no supplementation developed less muscle
weakness and recovered more rapidly from weakness.
These findings are in line with the observation that
increased protein delivery during the first weekwas asso-
ciated with more pronounced muscle atrophy, although
the mechanism is not fully understood (Puthucheary
et al., 2013). Full versus trophic enteral feeding in the
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first 6 days of ICU did not result in any functional differ-
ence when assessed up to 12months after ICU admission
(Needham et al., 2013). Optimal time and dosing of
nutrients however remain a matter of debate and require
further study (Casaer, 2015; Casaer and Ziegler, 2015).

Correcting hyperglycemia, identified as a risk factor
for neuromuscular complications in the ICU, resulted
in decreased incidence of electrophysiologic abnor-
malities and need for prolonged mechanical ventilation
in medical and surgical patients in a single center. If con-
firmed, this may be the only available therapeutic inter-
vention (Hermans et al., 2007).

ICUAW is clearly associated with worse outcome and
it independently predicts prolonged weaning, ICU and
hospital stay, as well as ICU and hospital mortality (De
Jonghe et al., 2004; Ali et al., 2008; Sharshar et al.,
2009). This is not surprising given the observation that
sepsis and multiple-organ failure are central risk factors
for ICUAW. ICUAW might contribute to morbidity
(Hermans et al., 2014b). Several mechanisms can be
put forward, including associated respiratory muscle
weakness (Jung et al., 2016), possibly contributing to
recurrent respiratory failure and increased mortality
(Demoule et al., 2013; Supinski and Callahan, 2013).
Swallowing dysfunction is often present in patients with
ICUAWand may result in pneumonia, acute respiratory
distress syndrome (ARDS), respiratory failure, and
other complications that contribute to poor outcome
(Mirzakhani et al., 2013; Ponfick et al., 2015). Func-
tional status at hospital discharge – as measured with
the 6-minute walk distance – is significantly decreased
for weak patients as compared to matched not weak
patients (Hermans et al., 2014b). Similarly, in a matched
set of ICUAWand non-ICUAW patients, hospitalization
costs are higher and disposition is different (fewer
patients discharged to home and more often to rehabili-
tation units). Weakness gradually recovers in weeks to
months. Clinical recovery occurs in the majority of
patients and was present in 86–96% of ARDS patients
at 1-year and 91% at 2-year follow-up, but electro-
physiologic abnormalities may remain for a long time
in a substantial amount of patients (Fletcher et al.,
2003; Fan et al., 2014b; Needham et al., 2014).
Herridge and Tansey (2011) found that limited physical
function and quality of life in relatively young and
previously active ARDS survivors were mainly deter-
mined by ICUAW. Several studies have investigated
the late effects of ICUAW. ICUAW independently con-
tributes to 6-month and 1-year mortality and a decrease
in physical functioning (Hermans et al., 2014b; Wieske
et al., 2015a). Furthermore, ICUAW at any time during
a 2-year follow-up was found to be associated with
reduced functional status and quality of life (Fan
et al., 2014b).

ICUAW is therefore recognized as a crucial compo-
nent in PICS.

CLINICALTRIALSANDGUIDELINES

Besides theclinical trialsonearlyphysical therapyandearly
mobilization as described above, several studies have been
performed aiming at optimal treatment of the underlying
disease. As the specific cause of ICUAW is currently
unclear, optimal treatment of the underlying disease is
thought to possibly limit the development of ICUAW.
ICU treatment strategies aiming at a prevention of ICUAW
development were recently summarized in a Cochrane
review by Hermans et al. (2014a). They included all RCTs
investigating the effect of an intervention on the occurrence
of ICUAW or CIP/CIM. The number of studies available
was limited to five (since this study, two new studies have
been identified) (Van den Berghe et al., 2005; Steinberg
et al., 2006; Hermans et al., 2007, 2013; Schweickert
et al., 2009; Papazian et al., 2010; Yosef-Brauner et al.,
2015). Table 29.1 summarizes these studies.

In December 2014 a guideline of the American Tho-
racic Society on diagnosis of ICUAW in adults was
published (Fan et al., 2014a). Thirty-one studies were
identified, of which 28 were prospective cohort studies
and only three wereRCTs. Themedian number of patients
included in the studies was 43 (interquartile range 25–72),
showing that most studies were relatively small.

Based on the available literature the authors of this
guideline proposed three recommendations:

1. We recommend well-designed, adequately
powered and executed randomized controlled
trials comparing physical rehabilitation or other
alternative treatments with usual care in patients
with ICUAW that measure and report patient-
important outcomes. (strong recommendation,
very low-quality evidence)

2. We recommend clinical research to determine
the role of prior patient disability in the develop-
ment of and recovery from ICUAW. (strong rec-
ommendation, very low-quality evidence)

3. We recommend clinical research that deter-
mines whether or not patients would want to
know if they have ICUAWeven though no spe-
cific therapy currently exists and how patient
preferences influence medical decision-making
or the perception of prognosis. (strong recom-
mendation, very low-quality evidence)

The paucity of clinical material, standardization of out-
comes, and neurologic expertise is obvious and reflected
in these guidelines. Other guidelines on ICUAW from
the European and American societies for critical care
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Table 29.1

Randomized trials to prevent or treat intensive care unit-acquired weakness (ICUAW)

Study Population Intervention
Primary endpoint/relevant
endpoint ICUAW/CIP/CIM diagnosis Effect intervention

Van den
Berghe
et al.
(2005)

Mechanically ventilated
adults: n¼405 (of 1548
in main study)

Strict glucose control
(80–110 mg/dL) versus
conventional care
(180–210 mg/dL)

Death from any cause during
ICU stay/development
of CIP

Electromyography on day 7 at the
ICU, repeated weakly. Definition
CIP: abundant spontaneous
activity such as positive sharp
waves and fibrillation potentials

Reduction of development of CIP, 49%
of population in conventional treatment
group versus 25% in strict glucose
control group: p<0.0001

Steinberg
et al.
(2006)

ARDS patients on
mechanical ventilation
for >7 days: n¼180

Methylprednisolone versus
placebo

Mortality after 60 days/
occurrence of
neuromyopathy

Presence of the terms “myopathy,”
“myositis,” “neuropathy,”
“paralysis,” or “unexplained
weakness” in the medical record

30% of patients in methylprednisolone
group with neuromyopathy versus 22%
in placebo group (not significant)

Hermans
et al.
(2007)

Adult patients admitted to
a medical ICU assumed
to be admitted for
3 days: n¼420 (of 1200
in main study)

Strict glucose control
(80–110 mg/dL) versus
conventional care
(180–210 mg/dL)

Death from any cause in the
hospital/development of
CIP/CIM

Electromyography on day 7 at the
ICU, repeated weakly. Definition
CIP: abundant spontaneous
activity such as positive sharp
waves and fibrillation potentials

Reduction of development of CIP/CIM:
50.5% of population in conventional
treatment group versus 38.9% in strict
glucose control group, p¼0.02

Schweickert
et al.
(2009)

Adults ICU patients on
mechanical ventilation
<72 hours: n¼104

Exercise and mobilization
versus standard care

Return to independent
functional status/ICU-
acquired paresis. Both at
hospital discharge

MRC assessment in three muscle
groups in upper and lower limbs.
ICUAW when total score was
<48

ICU-acquired paresis in 31% of patients in
intervention group versus 49% in control
group (not significant). Median MRC
score not different between groups

Papazian
et al.
(2010)

Adult ARDS patients on
mechanical ventilation:
n¼340

Neuromuscular blocker
(cisatracurium) versus
placebo

Mortality before hospital
discharge and within
90 days/ICU-acquired
paresis and MRC scores at
day 28 and hospital
discharge

ICU-acquired paresis defined as
overall MRC score <48

No difference in development of ICU-
acquired paresis or MRC scores at day
28 or hospital discharge

Hermans
et al.
(2013)

Medical and surgical ICU
patients, NRS >3
n¼600 (of 4640 inmain
study)

Late parenteral nutrition (not in
the first week), versus early
parenteral nutrition (within
48 hours) to complement
insufficient enteral feeding

Duration of dependency on
intensive care/ICUAW
and recovery hereof

MRC sum score<48 at first
measurement (from D8 screened
three times weekly for
awakening)

Reduced incidence of weakness with late
parenteral nutrition (105/305 or 34%)
compared with early parenteral nutrition
(127/295 or 43%), p¼0.030. Also
enhanced recovery of weakness in the
late parenteral nutrition group p¼0.021

Yosef-
Brauner
et al.
(2015)

Mechanical ventilation for
48 hours expected to
need another 48 hours of
mechanical ventilation
and ICUAW: n¼18

Physical therapy twice a day,
conventional physical
therapy once a day

Muscle strength indices MRC sum score<48 Improvement in strength examination with
MRC and dynamometry

CIP, critical illness polyneuropathy; CIM, critical illness myopathy; ICU, intensive care unit; ARDS, adult respiratory distress syndrome; MRC, Medical Research Council; NRS, Nutritional Risk Screening.



(European Society of Intensive Care Medicine and Soci-
ety of Critical Care Medicine) have not been developed.

COMPLEXCLINICAL DECISIONS

Despite the fact that ICUAWis considered themost prev-
alent cause for weakness in ICU patients, other causes
have to be considered (Maramattom and Wijdicks,
2006b). The differential diagnosis is broad and exclusion
of conditions like Guillain–Barr�e syndrome or myasthe-
nia gravis is necessary as this can have therapeutic con-
sequences or prognostic implications. A careful medical
history (when did weakness develop?) and physical
examination (pattern of weakness, focal neurologic def-
icits, and brainstem functions) should eliminate most dif-
ferential diagnoses (Maramattom and Wijdicks, 2006a).
If necessary additional diagnostic tests can be performed
to exclude other causes. ICUAW can only be diagnosed
if weakness develops after the onset of critical illness.
The mnemonic MUSCLES can be used to evaluate
other causes for weakness in the ICU (Table 29.2)
(Maramattom and Wijdicks, 2006a).

OUTCOMEPREDICTION

Different trajectories of recovery from weakness and
functional implications are increasingly being recog-
nized. This heterogeneity is suggested to represent var-
ious clinical phenotypes and results from interaction of
ICUAW with other factors such as age, comorbidities,
pre-existing neuromuscular problems, and ICU length
of stay (Batt et al., 2013a). Also cognitive dysfunction
and patient’s as well as caregiver’s mental state may
affect outcomes. One study of acute lung injury

survivors found that the number of days of bedrest
was the only independent predictor of weakness at
any time during a 2-year follow-up period (Fan et al.,
2014b). Additionally, increasing evidence points to
possible differences in recovery of patientswith neurop-
athy versusmyopathy.Case series indicate that recovery
from CIMmay be faster, more complete, and less likely
to yield severe persisting disability, and coexistent CIP
in patients with CIM may hamper recovery (Guarneri
et al., 2008; Intiso et al., 2011; Koch et al., 2011,
2014). Finally, the likelihood of mortality during the
first year following ICU admission in patients with
ICUAW at awakening is affected by whether or not
patients recovered from ICUAW by the end of ICU dis-
charge as well as by the severity of persisting weakness
at that time (Hermans et al., 2014b).

NEUROREHABILITATION

Does rehabilitation after ICU and hospital discharge
improve the functional recovery and outcome in patients
with ICUAW? In contrast to the many papers that have
been published on the effectiveness of early physical ther-
apy and mobilization in ICU patients, carefully conducted
studies on the effects of physical rehabilitation after hospi-
tal discharge are not available. A Cochrane review on this
topic could not identify one properly conducted RCT,
quasiRCT, or controlled cross-over trial that included
the population of interest (Mehrholz et al., 2015).

A Cochrane review specifically on exercise rehabi-
litation programs initiated after ICU discharge was
reported in 2015 (Connolly et al., 2015). Six trials, five
RCTs and one controlled trial, were included in the review
(Jones et al., 2003; Porta et al., 2005; Salisbury et al., 2010;
Elliott et al., 2011; Batterham et al., 2014). The total
patient population consisted of 483 adult survivors of crit-
ical illness who had receivedmechanical ventilation for at
least 24 hours. The interventions investigated in the
included studies ranged from a 6-week rehabilitationman-
ual without any supervisory input (Jones et al., 2003) to an
8-week physiotherapist-supervised cycle ergometer exer-
cise program (Batterham et al., 2014) to a 12-week reha-
bilitation program consisting of cognitive, physical, and
functional components, supervised by an exercise physi-
ologist, with support from a trained social worker once
at home (Jackson et al., 2012). The outcome measure-
ments used were very diverse. The overall quality of the
evidence was rated as very low.

The authors of the review concluded that they were
unable to determine an overall effect of an exercise-based
intervention after ICU discharge on functional exercise
capacity or health-related quality of life. The effective-
ness of exercise-based rehabilitation after ICU discharge
remains to be studied.

Table 29.2

Differential diagnosis ofweakness on the intensive care unit

Category Example

M Medications Steroids, neuromuscular
blockers

U Undiagnosed
neuromuscular
disorder

Myasthenia, mitochondrial
myopathy

S Spinal cord disease Trauma, ischemia
C Critical illness Critical illness polyneuropathy,

critical illness myopathy,
critical illness neuromyopathy

L Loss of muscle mass Cachectic myopathy,
rhabdomyolysis

E Electrolyte disorders Hypokalemia,
hypophosphatemia

S Systemic illness Vasculitis, paraneoplastic

Reproduced from Maramattom and Wijdicks (2006a).
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Chapter 30

Neurologic complications of transplantation

R. DHAR*
Division of Neurocritical Care, Department of Neurology, Washington University, St. Louis, MO, USA

Abstract

Major neurologic morbidity, such as seizures and encephalopathy, complicates 20–30% of organ and stem
cell transplantation procedures. Themajority of these disorders occur in the early posttransplant period, but
recipients remain at risk for opportunistic infections and other nervous system disorders for many years.
These long-term risks may be increasing as acute survival increases, and a greater number of “sicker”
patients are exposed to long-term immunosuppression. Drug neurotoxicity accounts for a significant pro-
portion of complications, with posterior reversible leukoencephalopathy syndrome, primarily associated
with calcineurin inhibitors (i.e., cyclosporine and tacrolimus), being prominent as a cause of seizures and
neurologic deficits. A thorough evaluation of any patient who develops neurologic symptoms after trans-
plantation ismandatory, since reversible and treatable conditions could be found, and important prognostic
information can be obtained.

INTRODUCTION

Organ and hematopoietic stem cell transplantation
(HSCT) have revolutionized the management of patients
with end-stage organ failure, hematologic malignancies,
and other life-threatening diseases. The last few decades
have witnessed major breakthroughs in transplant tech-
niques and immunosuppression regimens that have
greatly improved graft and patient survival. These inter-
ventions are often life-saving and improve quality of life
for transplant recipients (Tome et al., 2008). However,
they have resulted in an increasing number of unstable
patients with organ dysfunction and multiple comorbid-
ities undergoing complex transplant procedures, fol-
lowed by a prolonged period of immunosuppression.
In fact, over 25 000 transplants occurred in the USA in
2014, with an estimated 110 000 worldwide (White
et al., 2014; Israni et al., 2015). Transplants, broken
down by organ, with common indications and respective
1- and 5-year survival rates are shown in Table 30.1.

Transplant procedures expose sick recipients to
hemodynamic and physiologic perturbations, as well
as multiple potentially toxic medications and infectious
agents. This complex milieu places these patients at high

risk for a variety of neurologic complications, some
occurring primarily in the immediate posttransplant
period, and others developing in a delayed fashion. Acute
morbidity often overlaps with systemic and graft-related
derangements in those with a complicated postoperative
course.Much of this morbidity is shared between various
transplant types, while some are more common with, or
specific to, certain transplant situations (e.g., embolic
cerebrovascular events after heart transplant or central
pontine myelinolysis (CPM) after liver transplantation).
Table 30.1 also summarizes some of these organ-specific
considerations.

HSCT involves transfer of stem cells from either one
person to another (i.e., allogeneic) or, after procure-
ment and storage, back to the donor (i.e., autologous)
(Copelan, 2006). This allows reconstitution of marrow
and immune function after ablation of the native bone
marrow (and hopefully the underlying malignant/disease
process). These toxic myeloablative conditioning regi-
mens vary across centers, consisting of high-dose che-
motherapy, sometimes in combination with total-body
irradiation (TBI). Patients lack immune or hematopoietic
function, and are highly susceptible to infections and

*Correspondence to: Rajat Dhar,MD, FRCP(C), Department of Neurology (Division of Neurocritical Care), CampusBox 8111, 660
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Table 30.1

Details of solid-organ and hematopoietic transplant procedures

Organ Kidney Liver Lungs Heart Intestinal HSCT

Number
transplanted in
2013*

17 654 6455 1946 2554 109 Not reported

Common
indications

ESRD due to:
● Diabetes
● Glomerulonephritis
● Renovascular
● PKD

Hepatitis B/C
Alcoholic
cirrhosis

PBC/PSC
Autoimmune
hepatitis

Malignancy
Amyloidosis
Acute liver failure

COPD including a-1
antitrypsin def.

Cystic fibrosis
Interstitial lung
disease

Primary PH
Sarcoidosis

Idiopathic CM
Ischemic CM
Congenital HD
HOCM (often
after bridging
with LVAD)

TPN-dependent
short-bowel
syndrome due to:

● Mesenteric
thrombosis

● Crohn’s disease
● Radiation
● Neoplasm

Leukemia, MDS
Lymphoma
Aplastic anemia
Myeloma
Sickle cell
Malignancy
SCID

Technical issues Injury to the femoral
nerve or
lumbosacral plexus

Blood loss
Fluid/electrolyte
shifts

Anastomotic leak
or stenosis

Air embolism

Phrenic nerve injury
Reperfusion
pulmonary edema

Hypoxemia; PH
May require bypass

Cardiac bypass
Aortic
cannulation

Manipulation of
the heart (air
embolism)

Arrhythmias

Bacterial
translocation

Malnutrition
Hepatic cholestasis

Toxicity of conditioning
regimens, including
myeloablation and irradiation

GVHD (allogeneic only)

Markers of
posttransplant
organ function

Making urine
Serum creatinine

Making bile
Serum bilirubin
Synthetic function
(e.g., INR)

Oxygenation
Ability to extubate

Off circulatory
support

Cardiac index
Blood pressure

Decreasing G tube
returns

Increasing
ileostomy output

Engrafting, i.e., rising cell counts

Patient survival:
1-year vs.
5-year

95%
82%

88%
74%

83%
54%

88%
75%

89%
58%

Varies with disease (10–85%)

Specific
neurologic
complications

Hypertension-related
stroke or ICH

CPM, HE
Coagulopathy-
related
bleeding

HIE
Phrenic nerve injury

Embolic stroke
HIE

Wernicke’s
encephalopathy

Early infections
Coagulopathy-related bleeding

Adapted from Dhar and Human (2011).

*Numbers from Israni et al. (2015).

CM, cardiomyopathy; CPM, central pontine myelinolysis; COPD, chronic obstructive pulmonary disease; ESRD, end-stage renal disease; GVHD, graft-versus-host disease; HD, heart disease; HE, hepatic

encephalopathy; HIE, hypoxic-ischemic encephalopathy; HOCM, hypertrophic obstructive cardiomyopathy; HSCT, hematopoietic stem cell transplantation; ICH, intracranial hemorrhage; INR, inter-

national normalized ratio; LVAD, left-ventricular assist device; MDS, myelodysplastic syndrome; PKD, polycystic kidney disease; PBC, primary biliary cirrhosis; PH, pulmonary hypertension; PSC,

primary sclerosing cholangitis; SCID, severe combined immunodeficiency; TPN, total parenteral nutrition.



bleeding in the period before engraftment of new stem
cells occurs.

EPIDEMIOLOGY

A number of studies have attempted to ascertain the fre-
quency and spectrum of neurologic complications after
various types of organ transplantation (Table 30.2)
(Graus et al., 1996; Antonini et al., 1998; Goldstein
et al., 1998; Vecino et al., 1999; Bronster et al., 2000;
Mayer et al., 2002; Lewis and Howdle, 2003; Sostak
et al., 2003; Perez-Miralles et al., 2005; Denier et al.,
2006; Saner et al., 2007; Siegal et al., 2007; Zierer
et al., 2007; Dhar et al., 2008; van de Beek et al.,
2008; Yardimci et al., 2008; Zivkovic et al., 2009,
2010; Mateen et al., 2010; Munoz et al., 2010; Vizzini

et al., 2011; Kim et al., 2015). However, many of these
studies limit their evaluation to the acute period, use ret-
rospective ascertainment which may miss subtle neuro-
logic manifestations, and do not always have rigorous
definitions of each complication and how underlying eti-
ology was determined. Therefore, these are at best
approximations of incidence, and most likely underesti-
mate the true frequency. Older studies were omitted from
this list, as most contemporary studies have demon-
strated that complications have decreased in frequency
over the past two decades. This may be attributed mainly
to more careful initiation and titration of drug regimens
that used to contribute to a high incidence of seizures
and mental status alterations (Vizzini et al., 2011).
A recent study of liver transplant recipients employed
serial prospective evaluation of 134 adult recipients by

Table 30.2

Contemporary studies evaluating the incidence of neurologic complications (by type of transplant)

Organ Studies Numbers Encephalopathy Seizures Cerebrovascular
Total
rate

Heart Mayer et al. (2002)
Perez-Miralles et al. (2005)
Zierer et al. (2007)
Van de Beek et al. (2008)
Munoz et al. (2010)

191
322
200
313
384

2%
n/a
5%
9%
1%

7%
2%
7%
2.6%
2%

7.3%
3.5% ischemic; 0.6% ICH
3.5% ischemic; 2% ICH
2.2% stroke; 0.6% ICH
5% stroke; 1.6% ICH

36%a

14%
23%
19%
20%

Lung Goldstein et al. (1998)
Zivkovic et al. (2009)
Mateen et al. (2010)

100
132
120

3%
25%
24%

10%
8%
6%

5%
5% stroke; 1.5% ICH
10.8%

26%
68%
79%

Liver Vecino et al. (1999)
Bronster et al. (2000)
Lewis and Howdle (2003)
Saner et al. (2007)
Dhar et al. (2008)
Vizzini et al. (2011)
Kim et al. (2015)

43
463
711
168
101
395
791

16%
12%
10%
19%
28%
5%
3%

7%
8%
6%
5%
4%
1%
2%

9%
0.6% ischemic; 1.5% ICH
1.7% ischemic; 2% ICH
2.4%
None
1.3% ischemia; 2% ICH
2.1% ischemic; 1.3% ICH

53%b

20%
26%
27%
31%
16%
8%

Intestinal Zivkovic et al. (2010) 54 43% 17% 4% 85%b

Renal Yardimici et al. (2008) 132 1% 2% 1.5% 14%b

HSCT Graus et al. (1996)
Antonini et al. (1998)
Sostak et al. (2003)
Denier et al. (2006)
Siegal et al. (2007)

425c

115c

71
361
302

3%
7%
3%
3%
15%d

4%
7%
1%
5%e

9%

0.5% ischemic; 3.8% ICHf

0.9% ICH
4% ischemic; 2.8% ICHf

1.7% ICH
0.3%

11%
56%a

18%
16%
23%g

Adapted from Dhar and Human (2011).
aIncludes polyneuropathy (in Antonini: rate of major complications was 24%).
bIncludes headache.
cAll had leukemia.
dPosterior reversible leukoencephalopathy syndrome in 7%.
eMainly due to infections.
fMainly subdural hematoma.
g9% at 30 days.

Note: all studies were retrospective except Vecino, Antonini, Sostak, and Siegal. Most studies had extended follow-up but the following focused

only on the acute time period: Mayer, Zierer, Van de Beek, Lewis, Dhar, Antonini.

ICH, intracranial hemorrhage; HSCT, hematopoietic stem cell transplantation.
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a neurologist (Bernhardt et al., 2015). Central nervous
system (CNS) complications were seen in 44 (33%)
cases, including a 6% incidence of seizures. Most com-
plications (84%) were ascribed to toxic-metabolic etiol-
ogies, which were reversible and associated with low
mortality. However, structural pathologies (primarily
cerebrovascular in origin with rare fungal infections),
although less common, were associated with high rates
of death.

Incidence and distribution of complications may also
vary in pediatric populations; most studies focus on adult
recipients, while a few include both adult and pediatric
patients. Rates of complications do appear to vary based
on transplanted organ, with kidney transplants being the
most common procedure, but harboring a relatively low
rate of neurologic morbidity. Conversely, liver and lung
transplants are extremely complex surgical procedures
often performed in unstable recipients, and pose a high
rate of acute neurologic complications. Overall, serious
complications occur in 10–30% of transplant recipients,
and are associated with (though not necessarily indepen-
dently causative of ) a higher mortality rate (Senzolo
et al., 2009; Pustavoitau et al., 2011).

Timing of complications can inform the differential
diagnosis. In the early postoperative period, encephalop-
athy is the most frequent syndrome, and drug toxicity is
the major etiology. In contrast, opportunistic infections
(OI) tend to occur 1 month or more after transplant, when
the effects of immunosuppression have had time to set in.
The spectrum of complications may be shifting, with
fewer acute complications related to improved operative
techniques and lower-intensity drug regimens. However,
as transplant patients survive longer (e.g., 5-year survival
of liver transplantation now exceeding 70%), the inci-
dence of OI and posttransplant malignancies is likely to
rise further. Beyond timing, morbidity can best be catego-
rized by clinical syndrome (encephalopathy, seizures,
focal deficits), and then by etiology. However, many
events are multifactorial, with patient- and organ-specific
factors contributing in tandem.

Morbidity after HSCT is common and harbors some
distinct features. OI and bleeding complications are more
likely than with organ transplantation. Allogeneic HSCT
poses greater risk than autologousHSCT, especially given
the need for longer-term immunosuppression and the
ongoing risk of graft-versus-host disease (GVHD). Com-
plication rates are also higher with unrelated HSCT
donors and in thosewith underlying chronicmyelogenous
leukemia (Graus et al., 1996; de Brabander et al., 2000;
Denier et al., 2006).

Risk factors for neurologic complications include pre-
morbid and perioperative factors, as well as drug expo-
sure and intensity. Some conditions leading to organ
failure may predispose to postoperative complications;

for example, those with alcoholic cirrhosis and preoper-
ative hepatic encephalopathy are felt to be at higher risk
for complications such as delirium and encephalopathy
postoperatively (Buis et al., 2002; Dhar et al., 2008;
Vizzini et al., 2011). Those undergoing repeat transplan-
tation tend to be sicker and are also at higher risk
(Bernhardt et al., 2015).

NEUROPATHOLOGY

Autopsy studieswere excluded from this summary of inci-
dence as they are, by their very nature, biased towards the
most severe complications and likely find a higher inci-
dence of abnormalities in this sick subpopulation than
in a representative cohort. However, the variety of neuro-
pathology seen in patients dying after organ transplanta-
tion is diverse and speaks to the serious complications
that can occur. Many autopsy studies find a higher rate
of osmotic demyelination, OI, and ischemic changes.
Hypoxic-ischemic brain injury may be especially com-
mon in those dying of graft and multiorgan failure, or in
those with terminal sepsis and shock (Blanco et al.,
1995; Prayson and Estes, 1995; McCarron and Prayson,
1998; Idoate et al., 1999).

CLINICAL PRESENTATION

Acute encephalopathy

Alterations in consciousness and/or cognition remain the
most common complications inmost series. Thesemay be
termed delirium when primarily associated with fluctuat-
ing level of consciousness and impairment in attention.
Such patients may have reduced level of consciousness
or present with psychomotor agitation and hallucinations.
Encephalopathy tends to occur mainly in the early postop-
erative period (i.e., prior to initial hospital and even inten-
sive care unit (ICU) discharge) and may be significant in
both extending hospital length of stay and, in some cases,
as a risk factor for increased mortality (Bronster et al.,
2000). Rates as high as 30–40% have been reported, espe-
cially in series involving liver, small bowel, and lung
transplantation. These exhibit the greatest potential for
perioperative metabolic derangements and complex post-
operative courses. Encephalopathy is an important marker
that a systemic or CNS derangement has developed, and is
therefore important to recognize and evaluate.While find-
ings are frequently nonfocal and related to diffuse brain
dysfunction, multifocal CNS disorders such as strokes
and infections can cause similar encephalopathy and
mimic a toxic-metabolic process. Presentations may be
divided into cases that present immediately postopera-
tively with failure to reawaken to normal mentation and
acute confusional states that develop in the days after.
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Failure to awaken

This is perhaps themost feared neurologic complication of
any major surgery, but is fortunately relatively rare, even
after transplant procedures. The CNS basis for such acute
severe encephalopathy is usually either intraoperative
global hypoxia-ischemia or multiple vascular events.
The operative record should be reviewed for signs of
hypotension (e.g., excess blood loss, cardiac arrhythmias/
cardiac arrest, time on bypass); a particular postreperfu-
sion syndrome can occur in liver transplantation after
reanastomosis that can precipitate acute hypotension.
Pulmonary dysfunction can lead to arterial desaturation
and cerebral hypoxia. The resultant hypoxic-ischemic
encephalopathy (HIE)withwidespread damage to suscep-
tible brain regions most often presents with failure to
awaken, or severe encephalopathy after surgery, although
immediate brain imaging with computed tomography
(CT) may be unrevealing (Singh et al., 1994). Magnetic
resonance imaging (MRI) may reveal diffusion-weighted
signal restriction in a cortical laminar, patchy, or some-
times subcortical pattern. A subset of patients with failure
to awaken after transplant are found to have serious graft
dysfunction (i.e., primary nonfunction), resulting in hyp-
oxemia (lung), hypotension (heart), or hepatic or uremic
encephalopathy. This will usually be apparent and take
precedence over the neurologic presentation, which may
be missed amidst the need for stabilization, sedation,
and even retransplantation (Pokorny et al., 2000; Varotti
et al., 2005; Marasco et al., 2010). Not only does this
second surgery have an even higher rate of neurologic
complications, but cerebral damage from the initial HIE
may only be detected many days later (and may have oth-
erwise tempered the expediency of transplanting a second
organ into a neurologically devastated recipient).

Vascular insults causing severe encephalopathy are
almost always multifocal and therefore usually embolic
in origin. Air embolism can occur during organ or vascu-
lar manipulation, and may be accompanied by seizures
and even cardiovascular collapse (Starzl et al., 1978);
brain imaging may reveal intracranial air. Multiple
strokes from cardioembolic or aortic sources can occur
with cardiac or pulmonary transplantation. As with
HIE, immediate CT imaging may be negative or reveal
multiple subtle hypodensities (Fig. 30.1), whileMRIwill
usually reveal the underlying ischemic insults. Brainstem
injury can occur in cases of CPM, primarily after liver
transplantation and usually in association with preopera-
tive hyponatremia and perioperative fluid and osmotic
shifts. This can result in a locked-in or comatose state,
but is fortunately relatively rare (estimated as < 1%).

While global and multifocal ischemic insults account
for the core of serious and even irreversible causes of
encephalopathy immediately after transplant, reversible
systemic effects can mimic this syndrome. Patients with
hepatic or renal dysfunction may exhibit delayed clear-
ance and accumulation of anesthetic or sedative drugs
(e.g., benzodiazepines, opioids, barbiturates) given
intraoperatively or in the ICU, contributing to impaired
awakening. Neuromuscular blocking agents can also
have persistent effects if hepatic and renal clearance is
impaired, resulting in prolonged paralysis lasting a day
or more postoperatively (Watling and Dasta, 1994). Lack
of motor response to pain should trigger train-of-four
testing (applying peripheral nerve stimulation to the
median, ulnar, or facial nerves). Neostigmine (given
along with glycopyrrolate) can be administered to
reverse the action of such agents. In recipients with evi-
dence of hepatic dysfunction (e.g., liver allograft failure
or hepatic dysfunction after HSCT), measuring ammonia

Fig. 30.1. Multiple hypodense regions (arrows) representing subacute infarcts on head computed tomography of a patient 4 days

after cardiac transplant. Patient was confused and had mild aphasia. (Reproduced from Dhar and Human, 2011, with permission.)
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levels may be helpful. Elevation in ammonia, while not
predictive of severity or outcome, may point to hepatic
encephalopathy as a contributing factor in cases of unex-
plained postoperative neurologic dysfunction (Ge and
Runyon, 2014). Idiopathic hyperammonemia after
HSCT is described later. Uremia, either from delayed
graft function (occurring in 20–40% of renal transplants)
or from acute kidney injury after cardiac, liver, or other
transplants (often a sign of perioperative hypotension,
medication effect, or sepsis), may be treated with dialy-
sis, resulting in improvement in mental status. A distinct
syndrome related to allograft rejection may occur, sepa-
rate from the direct adverse consequences of graft dys-
function. The term rejection encephalopathy has been
proposed to encapsulate this situation and has been
described in patients with rejection after renal transplan-
tation. It is hypothesized to occur secondary to cytokine
release (Gross et al., 1982). Finally, nonconvulsive sei-
zures can lead to failure to awaken and (unless a result

of massive HIE or strokes) represents an important
reversible etiology of coma.

Evaluation of transplant recipients with failure to
awaken (Fig. 30.2) normally should begin with thorough
assessment of clinical history, including: (1) premorbid
status (e.g., pre-existing encephalopathy or neurologic
disease); (2) intraoperative cardiovascular stability and
notable surgical complications; (3) postoperative graft
dysfunction (see Table 30.1 for signs in each organ set-
ting) or rejection; (4) renal and hepatic function, and
other metabolic derangements (e.g., hyponatremia);
(5) sedative administration; and (6) signs of sepsis or
multiorgan failure syndrome in the ICU (Young et al.,
1990a). In particularly complex cases, this may best be
accomplished by direct conversation and collaboration
with the transplant surgeon, anesthesiologist, and ICU
team (including pharmacist). Specific attention should be
focused on any reversible etiologies and evaluation of
catastrophic neurologic insults. If head CT is unrevealing

Post-Operative Encephalopathy /
Failure to Awaken

Premorbid status
(neurologic, medical)

Review operative notes, medications
and current organ function, cultures,

electrolytes, ammonia, etc.

Hypotension or
Cardiac Arrest
Possible HIE

Consider testing
(EEG, SSEP, MRI)

Persistent
Sedation

or
Paralysis

Check
Train-of-

Four

Organ
Failure;
Sepsis

Head CT

Focal lesion
Perioperative stroke
including ICH; air

embolism

Diffuse Edema
HIE, Hepatic Failure

Meningitis

Lumbar
Puncture

EEG

Status Epilepticus
Treat seizures

NB: myoclonic status
may be marker of

severe HIE

Slowing / Triphasic Waves
Metabolic encephalopathy

Sepsis (RO meningitis)

Suppression
Marker of HIE or

other severe
brain insult vs.
sedative effect

Focal Abnormality
Or asymmetry on
neurologic exam

Brain MRIStroke including
ICH and CVST,

CPM, RPLE
Brain Abscess 

Fig. 30.2. Algorithm for the evaluation of postoperative encephalopathy or failure to awaken after transplant surgery. HIE,

hypoxic-ischemic encephalopathy; EEG, electroencephalogram; SSEP, somatosensory evoked potential; MRI, magnetic reso-

nance imaging; CT, computed tomography; ICH, intracranial hemorrhage; RO, rule out; CVST, cerebral venous sinus thrombosis;

CPM, central pontinemyelinolysis; RPLE, reversible posterior leukoencephalopathy. (Adapted fromDhar andHuman, 2011, with

permission.)
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then an electroencephalogram (EEG) should be per-
formed; this may uncover nonconvulsive seizures but
can also point to focal abnormalities, triphasic waves as
markers of metabolic encephalopathy, or severe suppres-
sion confirming diffuse brain injury or persistent sedative
effect.

Postoperative encephalopathy and delirium

The spectrum of postoperative encephalopathy encom-
passes reduced levels of arousal (including stupor and
coma) to alterations in awareness and content of cogni-
tion (i.e., delirium). Some of these presentations include
a component of agitation and hallucinations, but others
with encephalopathy are hypoactive and may not mani-
fest as obviously (Beresford, 2001). Screening for delir-
ium may be accomplished by the transplant team or
bedside nurse using tools like the Confusion Assessment
Method for the Intensive Care Unit (CAM-ICU) or Inten-
sive Care Delirium Screening Checklist (ICDSC)
(Bergeron et al., 2001; Ely et al., 2001).

A breakdown of common etiologies for encephalop-
athy is listed in Table 30.3; however, in many real-life
cases, encephalopathy is multifactorial. Even preopera-
tive factors may play a role: e.g., alcohol or drug with-
drawal, including relating to cessation of prolonged
sedation given to critically ill patients immediately

preoperatively. Identification of likely etiologies is
important, as both reversibility and prognosis are primar-
ily determined by cause. Patients with remediable meta-
bolic derangements or drug toxicity (each accounting for
approximately one-third of cases) usually do well once
the offending abnormality is removed or reversed. How-
ever, for those in whom encephalopathy heralds underly-
ing CNS infection, HIE, osmotic demyelination, stroke,
or other serious cerebral insult, prognosis is often
guarded. No specific treatments for delirium have been
proven effective beyond reversing or removing the
offending etiology, if possible. Psychoactive medica-
tions that can exacerbate delirium (e.g., opiates, antihis-
tamines, anticholinergics) should be avoided, while
antipsychotic medications to control agitation should
be reserved for severe cases where injury to self or others
is a concern. Benzodiazepines should only be used in
cases where encephalopathy is felt to result from alcohol
or sedative withdrawal, or in the presence of concomitant
seizures. There is also greater risk for medication interac-
tions and impaired elimination in transplant patients with
hepatic/renal dysfunction and polypharmacy.

Alterations in consciousness are particularly common
after liver transplantation.Many such patients have a his-
tory of hepatic encephalopathy, which can present with
confusion, inattention, apathy, and asterixis. Hepatic
encephalopathy is related to not only excess ammonia,

Table 30.3

Differential diagnosis and evaluation of posttransplant encephalopathy

Cause of encephalopathy Timing Testing

Drug toxicity
(especially cyclosporine and tacrolimus)

Usually acute (days
to weeks)

Serum drug levels: may be elevated or normal
MRI may show changes consistent with PRES

Metabolic: organ/graft failure, sepsis, electrolyte
disturbance, medication effect (e.g., opiates,
benzodiazepines)

Variable, often acute Organ function panels (renal, hepatic, ABG)
Electrolytes, glucose, calcium, ammonia level
Cultures for infection

Stroke: ischemic or hemorrhagic, CVST, HIE Perioperative
(delayed in renal
transplant)

Brain imaging (CT, MRI)
MR venography if CVST suspected

Opportunistic infections and malignancies
(especially PTLD)

Usually delayed Brain imaging (CT, MRI)
CSF analysis (cryptococcal antigen, fungal and
AFB culture, PCR for viruses)

Osmotic demyelination syndrome (including
central pontine myelinolysis)

Acute perioperative MRI (but findings may be delayed up to 1 week)

Wernicke’s encephalopathy First few weeks
postoperatively

Ataxia, ophthalmoplegia (absent caloric responses)
Malnutrition; MRI has characteristic changes
(mammillary bodies, periaqueductal)

Nonconvulsive seizures Variable, usually
acute

EEG

Adapted from Dhar and Human (2011).

ABG, arterial blood gas; AFB, acid-fast bacilli (e.g., Ziehl–Neelsen stain); CSF, cerebrospinal fluid; CT, computed tomography; CVST, cerebral

venous sinus thrombosis; EEG, electroencephalogram; HIE, hypoxic-ischemic encephalopathy; MRI, magnetic resonance imaging; PCR, poly-

merase chain reaction; PRES, posterior reversible encephalopathy syndrome; PTLD, post-transplant lymphoproliferative disorder.
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but a multifactorial failure to detoxify chemicals in
the failing liver (Butterworth, 2003). This may alter the
blood–brain barrier (BBB) and render these patients more
susceptible to encephalopathy and drug neurotoxicity
after liver transplantation. Interestingly, although acute
liver failure (e.g., from acetaminophen overdose) can
result in diffuse cerebral edema and coma, these patients
often recoverwell neurologically if they receive transplan-
tation before herniation has occurred (Dhar et al., 2008).
Toxicity of myeloablative regimens in HSCT can lead
to veno-occlusive disease of the liver, resulting in hepato-
megaly, jaundice, and hepatic encephalopathy (Baglin
et al., 1990; MacQuillan and Mutimer, 2004).

Akinetic mutism

Some transplant recipients develop a state of impaired ver-
bal and motor responsiveness; they appear awake but do
not speak or move spontaneously or to command (Starzl
et al., 1978). While this syndrome has primarily been
reported as a reversible complication of calcineurin inhib-
itors (i.e., cyclosporine and tacrolimus), it may also occur
in cases of HIE or osmotic demyelination (Laureno and
Karp, 1997). A similar picture was reported with ampho-
tericin treatment of HSCT patients who received irradia-
tion as part of their conditioning (Devinsky et al., 1987;
Walker and Rosenblum, 1992). Radiation was postulated
to open the BBB and facilitate drug toxicity in these cases.
There was also a case of akinetic mutism in a heart trans-
plant recipient after receiving the monoclonal antibody
OKT3, which resolved once the drug was discontinued
and CD3+ lymphocyte levels returned to normal
(Pittock et al., 2003). Mutism without akinesia has been
reported in 1%of liver transplant recipients within the first
10 days after surgery (often in association with seizures)
and was responsive to discontinuation of calcineurin
inhibitors (Bronster et al., 1995; Bianco et al., 2004).
Finally, any patient with mutism should be evaluated for
neuroleptic malignant syndrome, which can be rapidly
fatal if not recognized. This syndrome is related to neuro-
leptic exposure and usually has associated fever, muscle
rigidity, elevated creatine kinase, and dysautonomia
(Garrido and Chauncey, 1998).

Seizures

Convulsive seizures are disturbing to patients, their fam-
ilies, and healthcare providers. They can lead to injury,
hemodynamic instability, aspiration, and dislodgement
of catheters and monitoring devices. They are also
important warning signs of a serious CNS or metabolic
derangement. Contemporary series suggest that seizures
occur in 5–10% of transplant patients, with most clus-
tered around the first weeks postoperatively (Bronster
et al., 2000). The differential diagnosis of seizures

overlaps that of encephalopathy and those developing
seizures often exhibit prodromal or postictal encephalop-
athy in conjunction. As with encephalopathy, distin-
guishing benign reversible etiologies (e.g., metabolic/
drug-related) from either primary CNS disorders or seri-
ous systemic disorders (e.g., organ/graft dysfunction) is
imperative in determining prognosis. Systemic disorders
typically present with generalized seizures, while focal-
onset seizures signal an underlying CNS lesion (e.g.,
infection, stroke). However, focal features at onset of a
seizure are often missed, so distinguishing based on
semiology is unreliable. The most common cause of
postoperative seizures is drug toxicity, which is often
preceded by subtle behavioral andmental status changes.
Nonetheless, drug levels are often not elevated in the face
of probable drug-induced seizures. In these cases, the
diagnosis rests on excluding other etiologies, but is
supported by normalization of encephalopathy, and ces-
sation of seizures, after drug discontinuation. A rapid rise
in drug levels may contribute as much as raised absolute
levels (Lane et al., 1988; Wijdicks et al., 1994,
1995, 1996b).

Nonconvulsive seizures can present primarily as
unexplained and/or fluctuating encephalopathy and
require EEG for diagnosis. Nonconvulsive status epilep-
ticus (NCSE) should be considered in any patient with
failure to awaken, even if a likely etiology has been
revealed by initial evaluation. CNS or systemic dysfunc-
tion can cause encephalopathy, but presentation can be
dramatically worsened if NCSE supervenes. Fortunately,
NCSE is relatively rare, but if a patient remains unre-
sponsive after apparent cessation of convulsive seizure
activity, an urgent EEG should be obtained (Junna and
Rabinstein, 2007). Status epilepticus can be the present-
ing mode of seizures and was reported as more common
in pediatric series (Cordelli et al., 2014). In fact, 16 of
22 cases of seizures in this series of pediatric HSCT pre-
sented with status epilepticus; drug toxicity accounted
for over half these seizures.

EEG can also be useful in differentiating epileptic
from nonepileptic movements such as tremors or
myoclonus, both of which can occur as a result of med-
ication or metabolic toxicity. Multifocal myoclonus can
mimic seizures in a comatose patient, but is a reliable
marker of metabolic (i.e., nonepileptic) encephalopathy
(Mahoney and Arieff, 1982). Conversely, actual myo-
clonic status epilepticus (where jerking is generalized
rather than migratory, and corresponds to epileptic dis-
charges on EEG) is a nearly uniform negative prognostic
marker after HIE (especially if there is also a nonreactive
EEG and poor neurologic exam) (Young et al., 1990b).
Some patients develop myoclonic movements on emer-
gence from anesthesia (especially with propofol), which
can be mistaken for seizures (Walder et al., 2002).
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An algorithm for the evaluation of seizures is shown
in Figure 30.3.

TREATMENT

After stabilization of cardiopulmonary status and cessa-
tion of acute seizures, the priority of seizure management
is rapid evaluation and reversal of underlying etiology.
Hypoglycemia should be ruled out with bedside testing
in all cases. First-line acute therapy for convulsions
should be benzodiazepines. Many transplant patients
will not require prolonged anticonvulsant therapy if a
cause is found and removed. Administration of an anti-
epileptic drug (AED) can be considered while workup
and general management are under way to prevent recur-
rent seizures. While phenytoin has traditionally been
employed, as it is readily available in most hospital

locations and can be given intravenously, it has signifi-
cant limitations in this setting. It has a number of signif-
icant drug interactions, most seriously induction of
cyclosporine metabolism (necessitating higher doses
and active titration to maintain therapeutic levels) and
high degree of protein binding (often altered in these sick
patients, resulting in higher free and active drug levels
than reflected in the commonlymeasured total phenytoin
levels) (Keown et al., 1984; Glass et al., 2005). In
patients with hepatic impairment, metabolism of phenyt-
oin may be further impaired. Further, rapid administra-
tion of intravenous phenytoin can result in arrhythmias
and hypotension, likely accentuated in hemodynamically
susceptible transplant patients.

Given the limitations of phenytoin, newer AEDs are
now preferred for seizures in transplant recipients. Both

New-onset seizure

Seizure Management
ABCs, lorazepam if still seizing

Check serum glucose
Load with AED (levetiracetam, lacosamide)

Persistent Seizures
Or not waking up

Seizures Controlled
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EEG
Metabolic Workup

Electrolytes, Organ Function
Drug levels, Cultures

Movements of
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CNS lesion (ICH, air embolism)

Unclear Etiology and/or Focal
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Obtain MRI with Gadolinium
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Cerebrovascular
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Cryptogenic Seizure
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recurrent spells or
fluctuating / reduced LOC
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Fig. 30.3. Algorithm for evaluation andmanagement of seizures after transplantation. ABCs, airway, breathing, circulation; AED,

antiepileptic drug; EEG, electroencephalogram; CT, computed tomography; CNS, central nervous system; ICH, intracranial hem-

orrhage; MRI, magnetic resonance imaging; LP, lumbar puncture; RPLE, reversible posterior leukoencphalopathy; LOC, level of

consciousness. (Adapted from Dhar and Human, 2011, with permission.)
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levetiracetam and lacosamide are attractive alternatives:
they can be loaded rapidly by intravenous route, are free
of significant drug interactions, do not undergo hepatic
metabolism, and lack major relevant toxicities (Trinka,
2011). AED therapy can usually be safely discontinued
after the period of risk has subsided; this may vary from
days to weeks in cases of acute reversible derangements
to longer/indefinitely in those with structural CNS
lesions or epileptiform EEG findings. Prognosis of sei-
zures is good if a reversible cause is found and corrected
(with recurrence being rare), while it is poor if seizures
herald a serious CNS process or a systemic illness, in
whom seizures may simply be part of an agonal decline
(Wijdicks et al., 1996b).

DRUGTOXICITY

Transplant patients are exposed to a number of poten-
tially toxic medications as part of their management.
These include immunosuppressive agents that have

revolutionized graft survival by minimizing rejection
(Calne et al., 1978). The first calcineurin inhibitor intro-
duced was cyclosporine, although tacrolimus (formerly
FK506) is now more frequently used due to lower rates
of acute rejection, hirsutism, and hypertension (Webster
et al., 2005; Hachem et al., 2007; Penninga et al., 2010).
Induction agents may be added to the immunosuppres-
sive regimen immediately after transplant to inhibit acute
rejection: these include thymoglobulin, OKT3, basilixi-
mab, or daclizumab. A calcineurin inhibitor, along with
corticosteroids and often mycophenolate mofetil, then
constitute maintenance therapy, at least to discharge,
after which corticosteroids may be tapered.Most of these
agents have narrow therapeutic windows and many
have significant potential for neurotoxicity (as outlined
in Table 30.4). For example, busulfan is used in some
TBI-sparing induction regimens for HSCT, but can
precipitate seizures in as many as 10% of patients
(De La Camara et al., 1991). OKT3 has been associated
with encephalopathy and seizures (Parizel et al., 1997;

Table 30.4

Drug toxicities: differential diagnosis classified by symptomatology

Symptom or
syndrome Medications Management

Headache CNI, MMF, sirolimus
OKT3 and ATG (aseptic meningitis)

Consider change to other CNI
Try abortive agents (e.g.,
sumatriptan)

Exclude underlying CNS lesion
Tremor
Myoclonus

CNI, steroids, sirolimus
Cephalosporins, ketamine

Observe/may resolve over time

Psychiatric
disturbances

CNI, steroids, MMF Reduce dose if possible

Delirium/
encephalopathy

CNI, OKT3, steroids, ganciclovir
May be multifactorial (consider
concomitant benzodiazepines, opioids, etc.)

Hold CNIa

Seizures CNI, busulfan, OKT3 (rare), other medications (imipenem,
beta-lactams, metronidazole, theophylline)

Hold CNIa

See Fig. 30.3
Akinetic mutism CNI, OKT3,

amphotericin (with TBI)
Hold CNIa

Consider CPM, HIE, or other
structural etiology if not resolve

PRES CNI Hold CNI*
See Table 30.5

Paresthesias/
neuropathy

CNI, chemotherapy for HSCT, GVHD, thalidomide,
triazole antifungals

Minimize drug exposure
Consider CIP

Myopathy Steroids,
GVHD (polymyositis)

Wean steroids if possible

Epidural lipomatosis Steroids May require surgical decompression

Adapted from Dhar and Human (2011).
*Consider restarting at lower dose or changing to another agent once symptoms resolve.

ATG, antithymocyte globulin; CIP, critical illness polyneuropathy; CNI, calcineurin inhibitors; CNS, central nervous system;CPM, central pontine

myelinolysis; GVHD, graft-versus-host disease; HIE, hypoxic-ischemic encephalopathy; HSCT, hematopoietic stem cell transplantation; MMF,

mycophenolate mofetil; PRES, posterior reversible leukoencephalopathy syndrome; TBI, total body irradiation.
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Pittock et al., 2003). Newer induction agents like dacli-
zumab may be associated with a lower rate of complica-
tions (Munoz et al., 2010). Ganciclovir for herpesvirus
therapy or prophylaxis has been associated with en-
cephalopathy that is reversible on discontinuation
(Sharathkumar and Shaw, 1999; Sakamoto et al.,
2013). In fact, a significant proportion of delirium and
seizures after transplantation can be attributed to drug
toxicity. Incidence peaks in the immediate postoperative
period, when drugs are loaded and used in combination.

Calcineurin inhibitors are the leading cause of drug-
related neurotoxicity in transplant recipients. These
agents work by binding to proteins called immunophilins
to form a complex that inhibits calcineurin (Ho et al.,
1996). This results in inhibition of calcium-dependent
signaling pathways that release interleukin-2 and acti-
vate T cells. Their neurotoxicity may also be mediated
through their effects on calcineurin, a critical regulator
of neuronal function and excitability (Gijtenbeek et al.,
1999). Specifically, calcineurin inhibitors may affect
regulation of the BBB and alter sympathetic activation
and impair vasoconstriction of blood vessels in the
brain (Dawson, 1996; Bechstein, 2000). Contributing
factors such as pre-existing hepatic encephalopathy
and perioperative hypotension may disrupt the BBB,
allowing more drug to reach brain tissue and accentu-
ate their effects. Low cholesterol facilitates higher
unbound circulating drug levels to diffuse into the
brain (de Groen et al., 1987). Drug effects include
endothelial disruption and formation of vasogenic
edema (Bunchman and Brookshire, 1991). Neuropath-
ologic studies have confirmed such endothelial damage
with vasogenic edema in the absence of infarction
(Lavigne et al., 2006).

Calcineurin inhibitor toxicity may present with a myr-
iad of symptoms ranging from minor complaints (e.g.,
headache, paresthesias, tremor – seen in up to half of trea-
ted patients) to neuropsychiatric disturbances (e.g.,
insomnia, anxiety, agitation). These symptoms may
occur in isolation or precede the development of more
overt delirium with hallucinations and delusions that
may culminate in seizures and persistent encephalopathy
if not detected. The radiographic correlate of calcineurin
inhibitor toxicity inmany cases is the posterior reversible
encephalopathy syndrome (PRES), also known as
reversible posterior leukoencephalopathy (RPLE).

PRES is a syndrome with many causes, but calci-
neurin inhibitor toxicity is perhaps second only to hyper-
tension as a trigger in large observational studies
(Hinchey et al., 1996). The acronym was developed
based on a distinctive pattern of imaging findings: a
white-matter predominant abnormality with a predilec-
tion for the posterior aspects of the cerebral hemispheres
(Fig. 30.4). The pathologic hallmark is vasogenic

cerebral edema thought to result from disruption of
the BBB with capillary leakage. White-matter involve-
ment is usually bilateral, fairly symmetric, and, if
caught early, reversible. However, as it is increasingly
diagnosed with the advent of MRI, more variants and
heterogeneity in its pattern are being recognized: for
example, PRES may affect the frontal lobes and other
regions of the cortex, may be asymmetric in some
cases, and a brainstem and cerebellum-predominant
variant may cause obstructive hydrocephalus and prom-
inent mental status disturbances (Fig. 30.5) (Kumar
et al., 2012). Typically, PRES presents with acute or
subacute headache, confusion, and visual disturbances.
In its severe form, it can lead to focal deficits, coma,
and irreversible hemorrhage or stroke. Seizures are also
common as the syndrome evolves; they can be a pre-
senting symptom or later complication (Furukawa
et al., 2001; Lee et al., 2008).

One large series found PRES in 0.5% of 4222 solid-
organ transplant recipients, while another reported an
incidence of 1.6% in HSCT (Wong et al., 2003;
Bartynski et al., 2008). These numbers are likely under-
estimates, as there is no prospective study of transplant
patients that evaluated each recipient with potential

Fig. 30.4. Magnetic resonance imaging showing marked

T2-weighted hyperintensities representing vasogenic edema

associated with the use of calcineurin inhibitors (i.e., posterior

reversible encephalopathy syndrome). (Reproduced from

Wijdicks and Hocker, 2014, with permission.)
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symptoms using MRI. For example, a prospective series
in HSCT found PRES in 7% by 1 year, with most cases
being diagnosed within the first 30 days (Siegal et al.,
2007). PRES likely accounts for many seizures and other
neurologic abnormalities in the acute phase after trans-
plantation. One older series found PRES in 4 of
17 patients with drug-induced seizures after liver trans-
plant, but a contemporary study found MRI changes of
PRES in all 4 patients with tacrolimus-induced seizures
(Wijdicks et al., 1996b; Emiroglu et al., 2006). Half of
the seizures seen in one series of heart transplant patients
were attributed to PRES (Navarro et al., 2010).While the
majority of cases of PRES occur within 30–90 days of
transplant, late cases have been reported, especially
in renal transplant recipients and in association with
hypertension (Bartynski et al., 2008). Liver transplant
recipients may be at particular risk, even in the absence
of hypertension, since the BBB may become dis-
rupted from portosystemic encephalopathy. PRES may
also result from causes other than calcineurin toxicity.
For example, sepsis, renal failure, and other medications
(e.g., rituximab) may cause a similar syndrome (Jaiswal
et al., 2015).

Prompt diagnosis of PRES is critical, as it is eminently
reversible if caught early and calcineurin therapy is mod-
ified or discontinued. Diagnosis requires a high index
of suspicion, even when manifestations are subtle. CT
scan may be negative or only show subtle white-matter
hypodensity. MRI is the preferred diagnostic tool, with
fluid-attenuated inversion recovery sequences typically
showing prominent signal abnormality (representing cere-
bral edema) in the white matter. These regions are

typically diffusion weighted imaging-negative, showing
increased, not decreased, diffusion, which differentiates
these from acute infarction. They may sometimes involve
the cortical ribbon, frontal lobes, or deeper white matter.
Brainstem involvement in PRES may mimic central pon-
tine demyelination, while hemispheric white-matter
involvement can be confusedwith extrapontine demyelin-
ation in osmotic demyelination syndrome (ODS) or with
demyelination fromprogressivemultifocal leukoencepha-
lopathy (PML). Human herpesvirus-6 (HHV-6) encepha-
litis (especially after HSCT) has also been reported to
mimic PRES, with symmetric white-matter signal abnor-
mality on MRI, but will also typically have systemic
symptoms; cerebrospinal fluid (CSF)will harbor virus that
can be detected by polymerase chain reaction (Gewurz
et al., 2008). An approach to the differential diagnosis
of white-matter diseases in transplant recipients is shown
in Table 30.5.

Other particular neurologic deficits have been associ-
ated with calcineurin inhibitors. For example, internuc-
lear ophthalmoplegia that was reversible on tacrolimus
discontinuation has been reported (Oliverio et al.,
2000; Lai et al., 2004). A rare pain syndrome involving
the feet and legs has been described – the calcineurin
inhibitor-induced pain syndrome (Grotz et al., 2001).
Although the exact pathophysiology remains unclear,
some feel it may represent a variant of reflex sympathetic
dystrophy, as it can be accompanied by signs of limb (and
marrow) edema, albeit with fewer trophic changes or
vasomotor instability. Pain can be debilitating, but often
resolves with reduction in drug dosage, and may be ame-
nable to calcium channel-blocking medications.

Fig. 30.5. Fluid-attenuated inversion recovery magnetic resonance imaging (MRI) (left) with extensive posterior but also asym-

metric deep subcortical and basal ganglia edema in patient with seizures; follow-up MRI 6 days later (right) shows partial

resolution.
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RISK FACTORS FOR TOXICITY

Uncontrolled comparisons of cyclosporine vs. tacro-
limus have not found higher rates of neurotoxicity
with one drug compared to the other (Saner et al.,
2007). One study found a neurotoxicity rate of 25%
with both agents after liver transplant (Lewis and
Howdle, 2003). However, there is significant varia-
bility in drug kinetics between individuals, as well
as significant potential for drug–drug interactions;
for example, tacrolimus bioavailability is increased
in cases of diarrhea, since normal secretion of drug
into the intestinal lumen is impaired by colonic epi-
thelial dysfunction (Asano et al., 2004). Concurrent
metoclopramide administration may increase motility
and drug bioavailability, thereby precipitating toxicity
(Prescott et al., 2004). Systemic factors such as hypo-
cholesterolemia and hypomagnesemia, as well as
hypertension, have been proposed as predisposing

to toxicity despite normal drug levels. The incidence
of toxicity appears to be decreasing in recent years, with
delayed loading and more cautious drug dosing. A
recent series evaluating liver transplant patients found
an incidence of PRES at less than 1% (Vizzini
et al., 2011).

MANAGEMENT OF SUSPECTED TOXICITY

Once neurotoxicity is suspected, investigations (such as
MRI) to confirm the diagnosis should be planned, but
dose reductions (or, in severe cases, drug discontinua-
tion) should be considered immediately (Bechstein,
2000). However, this places the allograft at risk for
rejection while therapy is interrupted, such that there
should be a plan for reinstitution, rechallenge, or con-
version to a new regimen (Guarino et al., 2006). Most
commonly, one calcineurin inhibitor is substituted for

Table 30.5

White-matter diseases affecting transplant recipients

Posterior reversible encephalopathy
syndrome Osmotic demyelination syndrome

Progressive multifocal
leukoencephalopathy

Timing after
transplant

Majority occur acutely (<4 weeks) Acute (<2 weeks), mainly after
liver transplantation

Delayed (6 months–few
years)

Location Posterior predominant (although
may also involve frontal lobes,
brainstem, cerebellum)

Central pons (i.e., CPM)
Basal ganglia
External capsule

Subcortical white matter
Cerebellar peduncles

Pattern Usually symmetric Trident-shaped lesion in pons Asymmetric, multifocal
MRI signal T2: high

DWI: negative
T2: high
DWI: variable

T2: high
DWI: negative

Enhancement Nonenhancing Nonenhancing Nonenhancing
Imaging vs.
clinical

Imaging more sensitive Imaging may lag behind clinical

Etiology Calcineurin inhibitor toxicity,
hypertension

Shifts in serum sodium and
osmolality, brain water shifts

Reactivation of JC virus

Pathology Disruption of BBB, vasogenic
edema

Myelin edema, demyelination Oligodendrocyte infection
resulting in demyelination

Clinical
presentation

Headache, encephalopathy, seizures
Cortical blindness

Quadriparesis, pseudobulbar
state, locked-in syndrome, EPS

Confusion/behavioral
change

Focal and visual deficits
Onset Acute Acute Subacute (weeks)
Diagnosis High drug levels (variable)

Reversible on stopping agent
Characteristic location, timing,
and clinical context

PCR for JC virus in CSF
(70%)

Brain biopsy
Prognosis Reversible, generally favorable

unless hemorrhage has occurred
Some improvement possible in
survivors

Progressive, often fatal

Treatment Stop or reduce drug levels
Control of hypertension

Supportive, reinstitution of
hyponatremia (if acute)

Reduce immunosuppression
Cytarabine?

Adapted from Dhar and Human (2011).

BBB, blood–brain barrier; CPM, central pontine myelinolysis; CSF, cerebrospinal fluid; DWI, diffusion-weighted imaging; EPS, extrapyramidal

syndrome; MRI, magnetic resonance imaging; PCR, polymerase chain reaction.
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another, or the same agent is restarted at a lower dose
once symptoms have resolved; recurrence rates are
low with either paradigm (Wijdicks et al., 1995). In
cases of severe unequivocal toxicity, switching to other
regimens may be preferred. Lack of neurotoxicity asso-
ciated with newer agents (e.g., mTor inhibitors such as
sirolimus, everolimus) makes them appealing alterna-
tives to calcineurin inhibitor therapy, either in cases
with toxicity or as first-line agents (Maramattom and
Wijdicks, 2004; van de Beek et al., 2009; Bilbao
et al., 2014). Sirolimus may be used either as replace-
ment therapy, or in combination with low-dose calci-
neurin inhibitors (Sevmis et al., 2007; Vivarelli et al.,
2010). Isolated cases of sirolimus-associated PRES
have been reported, but only in association with hyper-
tension (Bodkin and Eidelman, 2007; Moskowitz et al.,
2007). Neurologic symptoms are generally reversible
after discontinuation of calcineurin inhibitors, except
in cases where permanent brain injury (i.e., stroke or
hemorrhage) has occurred due to late detection. Symp-
toms and neurologic deficits usually resolve within a
few days, but radiographic abnormalities may take
weeks to fully disappear (Singh et al., 2000). Diagnos-
tic criteria for calcineurin inhibitor neurotoxicity are
shown below.

DIAGNOSTICCRITERIA FOR
CALCINEURIN INHIBITOR

NEUROTOXICITY
The development of seizures and/or encephalopathy in a
patient receiving cyclosporine or tacrolimus, associated
with:

1. High serum trough levels of the drug at time of
symptom onset

2. Rapid rise in drug levels prior to symptoms
3. Imaging features of PRES
4. Reversibility with discontinuation or dose reduction

of offending agents

Stroke syndrome

The acute development of focal neurologic deficits (e.g.,
hemiparesis, aphasia) in a transplant recipient may signal
a cerebrovascular or infectious CNS process. However,
focal deficits may also be seen in the context of Todd’s
paresis after seizures, with drug neurotoxicity (e.g.,
asymmetric PRES), and even due to peripheral nerve
dysfunction (e.g., perioperative compressive neuropa-
thy). Conversely, focal CNS processes in transplant
patients are actually often multifocal and present with
nonspecific mental status changes and/or seizures

(Kim et al., 2015). Brain imaging is critical to evaluate
for focal lesions in most cases of neurologic symptoms
after transplantation.

Transplant patients may be at higher risk for cere-
brovascular complications, both ischemic and hemor-
rhagic. Thrombocytopenia is common with HSCT and
may result in spontaneous intracerebral or subdural
bleeding. Coagulopathy may also occur with hepatic
dysfunction, or in association with anticoagulation
(Fig. 30.6). Conversely, a hypercoagulable state can
occur in the context of chemotherapy, which may trig-
ger cerebral venous sinus thrombosis; this should
be suspected in the presence of multiple simulta-
neous hemorrhagic lesions. Embolic strokes are partic-
ularly common after heart and lung transplantation
(Fig. 30.1), as is global or watershed ischemic injury
from hypotension, hypoxemia, or cardiac arrest (Sila,
1989). Hemorrhagic stroke can also occur after cardiac
transplant relating to reperfusion of brain that was
adapted to a low cardiac output state. One series of
384 heart transplant patients found stroke in 7% (mostly
ischemic, with a few hemorrhagic strokes and HIE)
(Munoz et al., 2010). The majority of these were
detected immediately postoperatively. Infectious pro-
cesses like varicella-zoster virus can cause cerebral vas-
culitis, and a similar picture can occur with GVHD
(discussed subsequently). Transplant patients also often
harbor significant vascular risk factors, like diabetes
mellitus and hypertension, and may develop stroke
related to these traditional triggers (e.g., after renal
transplant).

Neuromuscular syndromes

Weakness due to neuromuscular disorders is less com-
mon than deficits due to CNS processes. However,
certain nerve and muscle disorders may be unique or
more common in transplant recipients. Postoperative
mononeuropathies are usually related to nerve traction
or compression during surgery (e.g., femoral neuro-
pathy in 2% after kidney transplantation) (Sharma
et al., 2002). Brachial or lumbosacral plexopathies
may also result from operative positioning (Katirji,
1989; Dhillon and Sarac, 2000). Phrenic or recurrent
laryngeal nerve injury can occur after heart or lung
transplants and may impair respiratory/cough mecha-
nisms and ventilator weaning (Maziak et al., 1996;
Mateen et al., 2009).

More diffuse weakness may be attributed to cri-
tical illness myopathy or polyneuropathy in those
recipients with complicated postoperative courses;
this was described in 7% of one series after liver
transplantation (Campellone et al., 1998). Cases of
Guillain–Barr�e syndrome have been described after
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transplantation, possibly in association with cytomeg-
alovirus (CMV) infection or rejection (Amato et al.,
1993; El-Sabrout et al., 2001). Severe electrolyte
disorders such as hypophosphatemia, hypokalemia,
or hypo/hypermagnesemia can also lead to general-
ized weakness. Inflammatory myopathies may occur
with an increased incidence after HSCT, either in con-
junction with GVHD or in isolation (Ruzhansky and
Brannagan, 2015). Polymyositis has also been descri-
bed in association with tacrolimus therapy (Vattemi
et al., 2014). This must be differentiated from steroid
myopathy, usually by elevated creatine kinase levels
and electromyogram findings.

NEURODIAGNOSTICSANDIMAGING

Neuroimaging should be obtained for almost all acute
neurologic symptoms in transplant recipients, even if
associated with clear metabolic precipitant; this is espe-
cially true for focal deficits or seizures with focal semi-
ology. CT of the head is a reasonable and rapidly
available first-line investigation, which will reveal
major lesions such as intracranial hemorrhages, brain
abscesses, or cerebral edema, but will often miss acute
ischemia and other subtle or evolving lesions (e.g.,
CPM, HIE). MRI is much more sensitive to ischemia
and smaller lesions, and should be performed in the
presence of persistent focal deficits or unexplained
mental status changes. Contrast administration is pref-
erable, as this will enhance detection of infectious and
inflammatory disorders, but should be avoided in the
presence of renal insufficiency (for both CT and MR
contrast). MRI may also not be possible immediately

after cardiac procedures if pacing wires are still in
place. Notably, inflammatory/infectious lesions may
not enhance as avidly in transplant recipients as in nor-
mal patients.

Neuroimaging may be diagnostic in many disor-
ders relevant to this population. For example, changes
of PRES (as discussed above) are usually character-
istically posterior-predominant, affect white matter,
and do not enhance. Osmotic demyelination has char-
acteristic locations and patterns (i.e., central pons
with CPM, with classic trident or bat-shaped lesion –

Fig. 30.7A). PRES and osmotic demyelination are
toxic-metabolic disorders that highlight the usually
symmetric nature of systemic disorders affecting the
brain (Fig. 30.7B), while focal infectious or vascular
lesions are more likely asymmetric (e.g., PML, lym-
phoma). Pre-existing abnormalities may also be seen:
for example, lesions due to organ failure (e.g., bilateral
globus pallidus lesions in liver failure) (Fernandez-
Rodriguez et al., 2010).

Electrophysiologic evaluation for nonconvulsive sei-
zures (i.e., EEG) should be performed in thosewith unex-
plained encephalopathy after imaging and systemic
studies have been unrevealing, or if subtle signs are seen
(e.g., nystagmus, eye deviation, twitching). However,
myoclonus, especially when multifocal, is more often a
sign of metabolic derangement such as uremia than a
marker of seizures. Similarly, urgent EEG should be
obtained in any patient with convulsive seizures who
has not awoken, or is not returning at least toward base-
line mentation within a few hours. It should also be per-
formed if no explanation is found for failure to awaken
after transplant surgery.

Fig. 30.6. Computed tomography scan (left) with acute intraparenchymal hemorrhage in a patient who presented with confusion

and facial droop in the first month after bilateral lung transplant; he was on anticoagulation for venous thromboembolism and had

negative cerebral angiogram. Susceptibility-weighted magnetic resonance imaging (right) confirms hematoma. Other infarcts

were seen and this likely represents hemorrhagic transformation of embolic strokes.
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Nerve conduction studies and electromyography may
be useful for unexplained or unclear neuromuscular
symptoms or deficits. It can differentiate diffuse weak-
ness due to demyelinating disorders like Guillain–Barr�e
syndrome from critical illness polyneuropathy, which
has an axonal pattern. CSF testing should be per-
formed in any cases with suspected CNS infections
(Table 30.6).

OUTCOME

CNS complications may be a byproduct of serious sys-
temic illness such as sepsis or a consequence of drug
toxicity. They may also result from brain disorders such
as strokes, tumors, or infections. The underlying etiology
for the symptoms is critical in determining prognosis.
Many neurologic complications in transplant recipi-
ents are transient and reversible, especially those

related to drugs and metabolic disturbances (Bernhardt
et al., 2015). However, graft failure may result in brain
dysfunction and be associated with poor, or even fatal,
outcomes. Similarly, catastrophic neurologic injury
(e.g., HIE, osmotic demyelination, large intracranial
hemorrhage) may similarly be associated with long-term
morbidity and death.

CENTRAL PONTINEMYELINOLYSIS

CPM is a pathologic syndrome of pontine demyelination,
initially described in malnourished alcoholics who expe-
rienced rapid rises in serum sodium and osmolality
(Adams et al., 1959). It is now categorized under the
broader rubric, ODS (King and Rosner, 2010) as brain
imaging has now demonstrated that it can involve other
brain regions, including the basal ganglia, external cap-
sule, thalamus, as well as cerebellum (i.e., extrapontine

Fig. 30.7. (A) Central pontine myelinolysis (left is T2-weighted and right is diffusion-weighted image). (B) Extrapontine mye-

linolysis (left is T2-weighted and right is fluid-attenuated inversion recovery image) with symmetric involvement of cerebellar

hemispheres. (Reproduced from Huq et al., 2007, with permission.)
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Table 30.6

Opportunistic infections affecting transplant recipients: overview of presentation, diagnosis, and treatment

Disease Organism Source Primary site Presentation Diagnosis Treatment

Listeriosis Listeria
monocytogenes

(Gram-positive
bacillus)

Contaminated
milk or cheese

GI tract Meningitis
Rhombencephalitis

Cultures: CSF, blood Ampicillin
� gentamicin

Nocardiosis Nocardia asteroides
(Gram-positive
branching rod)

Inhalation Lung Brain abscess Culture/acid-fast stain of sputum,
skin or brain abscess

TMP-SMX
� third-generation

cephalosporin
Aspergillosis Aspergillus

fumigatus/flavus
(angioinvasive
fungus)

Inhalation Lung Abscesses, multiple
infarcts/bleeds

Galactomannan test (serum),
histology of lung or brain, culture

Voriconazole

Candidiasis Candida albicans/
other species

(pseudohyphae)

Nosocomial/skin Disseminated
(lungs, skin)

Abscesses, meningitis Blood culture, histology/culture of
lungs, skin, brain

Amphotericin

Cryptococcus Cryptococcus
neoformans

(encapsulated yeast)

Inhalation Lung (skin, soft
tissue)

Meningitis, abscess
Hydrocephalus

Antigen – CSF, blood Amphotericin and
flucytosine

CMV, EBV,
VZV,
HHV-6

Herpesviruses Reactivation or
primary
infection

Lungs, liver, skin
(retinitis with
CMV)

Meningitis +
encephalitis

PTLD with EBV

Viral PCR in CSF
(CSF pleocytosis may be minimal/
absent)

Acyclovir
Ganciclovir or foscarnet

(for CMVand HHV-6)
West Nile WNV

(flavivirus)
Donor-derived or
outbreak

Systemic/lung Meningitis/encephalitis,
flaccid paralysis
(poliomyelitis)

Serology (WNV-specific antibodies)
in serum or CSF, PCR

Polyclonal
immunoglobulin,
ribivarin, interferon*

PML JC virus
(polyomavirus)

Reactivation Brain White-matter lesions,
subacute

PCR for JC virus
Brain biopsy

Reduce immune
suppression

Cytarabine*
Toxoplasma Toxoplasma gondii

(parasite)
Reactivation
Donor-derived

Heart (donor) Multiple small
abscesses, meningitis

Response to empiric therapy vs.
biopsy

Serology in blood should be positive
PCR for viral DNA

Pyrimethamine
+ sulfadiazine
+ folinic acid

TB Mycobacterium
tuberculosis

Primary or
reactivation

Lung Basilar meningitis,
tuberculoma(s)

AFB stain of sputum or CSF, PCR,
and culture (delayed), low CSF
glucose

INH + rifampin
+ pyrazinamide
+ ethambutol; consider
steroids

Adapted from Dhar and Human (2011).
*All experimental without solid evidence for benefit.

AFB, acid-fast bacilli; CMV, cytomegalovirus; CSF, cerebrospinal fluid; EBV, Epstein–Barr virus; GI, gastrointestinal; HHV-6, human herpesvirus 6; INH, isoniazid; PCR, polymerase chain reaction; PML,

progressive multifocal leukoencephalopathy; PTLD, posttransplant lymphoproliferative disorder; TB, tuberculosis; TMP-SMX, trimethoprim-sulfamethoxazole; VZV, varicella-zoster virus; WNV, West

Nile virus.



demyelination) (Huq et al., 2007). Shifts in sodium and
brain water are theorized to result in a noninflammatory
oligodendrocyte injury resulting inmyelin loss in vulner-
able brain regions (Wright et al., 1979). Due to predom-
inant involvement of the basis pontis, CPM classically
presents with quadriparesis, pseudobulbar palsy, and var-
iable mental status alterations. If horizontal eye move-
ments are abolished from involvement of the pontine
tegmentum, then it may result in a locked-in syndrome
where the patient is fully awake, but cannot move or
respond to stimuli (except with vertical eye movements
or blinking), so can be mistaken for coma (Messert et al.,
1979). Extrapyramidal involvement in ODS can result in
tremor, myoclonus, or an akinetic-rigid state.

CPM has been reported in the transplant population
almost exclusively after liver transplantation, although
a single case in a child after intestinal transplant has
been reported (Starzl et al., 1978; Estol et al., 1989;
Idoate et al., 1999). Large series of liver transplant
recipients have estimated its incidence at 1–2%
(Bronster et al., 2000; Lewis and Howdle, 2003).
Two recent studies found 3 of 791 patients (0.4%)
and 2 of 395 (0.5%) were diagnosed with CPM (pre-
senting with encephalopathy) after liver transplant
(Vizzini et al., 2011; Kim et al., 2015). Another retro-
spective review found 11 cases among 997 transplants
(1.1%), including a majority with extrapontine
involvement (Crivellin et al., 2015). As in other situ-
ations, it is felt to occur when there are large periop-
erative osmotic shifts (e.g., the rapid correction of
hyponatremia that may occur in cirrhotic patients after
transplantation) (Wszolek et al., 1989; Abbasoglu
et al., 1998). Larger perioperative sodium shifts were
found in one case-control study (17 vs. 10 mEq/L)
(Crivellin et al., 2015). Such brain water shifts may
be accentuated by the depletion of myo-inositol that
occurs with pre-existing hepatic encephalopathy, as
this is a known mediator of cerebral osmotic homeo-
stasis (Haussinger et al., 1994).

However, not all patients who develop CPM have
experienced large fluctuations in serum sodium. Sim-
ilarly, the spectrum and severity of ODS after trans-
plant are likely broader than severe quadriparetic
forms of CPM. Some may instead present with nonfo-
cal postoperative alterations in level of consciousness
(Wijdicks et al., 1996a). Such encephalopathy can
progress over a few days after transplant, or can pre-
sent with failure to awaken immediately after surgery.
Head CT is an insensitive test for detecting subtle
demyelination, especially early on, while MRI may
reveal the classic trident or bat-shaped increase in
T2 signal in the central pons within a few days of sym-
ptom onset (Fig. 30.8) (Miller et al., 1988; Bronster
et al., 2000).

CPM was initially thought to be a catastrophic com-
plication when it was only detected in autopsy series
or in those with locked-in state. However, with detection
of the full spectrum of ODS now possible with MRI,
newer series have demonstrated potential for significant
recovery, although some patients may be left with resid-
ual motor and/or cognitive deficits (Menger and Jorg,
1999). There are no established treatments for CPM,
although reintroduction of hyponatremia in the acute
phase has been proposed in cases where it is associated
with a sudden rapid rise in osmolality/sodium (Soupart
et al., 1999). Whether this can prevent myelin injury is
unclear. Other series have proposed the use of plasma-
pharesis and/or immunoglobulin (Zhang et al., 2009;
Ludwig et al., 2011). Prevention of CPM is eminently
preferable, primarily through closemonitoring of sodium
and osmolality, and minimization of fluid shifts in the
perioperative period.

GRAFT-VERSUS-HOST DISEASE

Allogeneic HSCT can be helpful in eradicating re-
fractory neoplasms, as allogeneic stem cells may
exhibit potent graft-versus-tumor effects. However,

Fig. 30.8. Trident-shaped signal abnormality on fluid-

attenuated inversion recovery magnetic resonance imaging

characteristic for central pontine myelinolysis. (Reproduced

from Dhar and Human, 2011, with permission.)
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allogeneic exposure may also result in GVHD
(Perreault et al., 1983). This multiorgan disorder
results from immune-mediated attack by donor leuko-
cytes on recipient tissues, and most commonly
involves the skin, oral mucosa, lungs, intestinal tract,
and liver (elevated bilirubin) (Deeg and Storb, 1984).
Acute GVHD occurs in 20–40% of allogeneic HSCT,
and forms the basis for prophylaxis with potent
immunosuppression, typically methotrexate or myco-
phenylate early after HSCT, and maintenance therapy
with a calcineurin inhibitor, plus antithymocyte glob-
ulin in particularly high-risk cases (Chao and Chen,
2006). If it develops, acute GVHD can be treated with
high doses of corticosteroids, much like solid-organ
rejection. Bowel involvement can induce thiamine
deficiency, precipitating Wernicke’s encephalopathy
with subacute mental status changes and ophthalmo-
plegia (Bleggi-Torres et al., 2000; Choi et al., 2010).
This may also be seen in intestinal recipients, who
often have significant nutritional deficiencies pre-
transplant. GVHD is not seen after autologous HSCT,
and these patients are generally at lower risk of com-
plications once engraftment occurs and cell counts
normalize.

The peripheral nervous system may be involved in
chronic GVHD, with inflammatory myopathies being
the most frequent manifestation (Stevens et al., 2003;
Ruzhansky and Brannagan, 2015). CNS involvement
is more controversial and should only be diagnosed after
exclusion of other potential etiologies for neurologic
symptoms, such as OI (Grauer et al., 2010). A few cases
presenting with features of CNS vasculitis or immune-
mediated encephalitis have been described (Sostak
et al., 2010). Patients may develop cognitive and/or focal
deficits months to years after HSCT, often following
reduction in immunosuppression. To further substantiate
the diagnosis of CNS GVHD, there should be evidence
of involvement in other organs and a clear response to
immunosuppressive therapy (e.g., pulse corticosteroids).
CSF may show elevated protein concentration, oligo-
cloncal bands, and variable pleocytosis. MRI may show
white-matter lesions, not dissimilar to those seen in mul-
tiple sclerosis (Matsuo et al., 2009). Brain biopsy may be
required if infectious etiologies cannot be excluded by
imaging, serology, or CSF testing.

IDIOPATHICHYPERAMMONEMIA

Idiopathic hyperammonemia is a rare but highly fatal
syndrome that is seen in less than 1% of HSCT recipients
during the period of severe neutropenia (Davies et al.,
1996). It may begin with lethargy, confusion, and tachyp-
nea (with respiratory alkalosis) progressing to seizures and
coma. Ammonia levels are characteristically elevated

(often > 200 mmol/L), while liver enzymes are normal
or onlymildly elevated. Brain imagingmay revealmarked
cerebral edema, similar to Reye syndrome (Metzeler et al.,
2009). There may also be signal change in the insular and
cingulate cortices, with sparing of the occipital cortex (in
contrast to posterior and white-matter-predominant PRES
pattern on MRI) (Bindu et al., 2009).

Urea cycle defects including ornithine transcarbamy-
lase deficiency should be excluded by measurement of
urinary amino acids and orotic acid, as these can present
in a similar manner. High ammonia levels may also be
seen with liver failure, multiple myeloma, or valproate
drug therapy (Clay and Hainline, 2007). Effective treat-
ments are lacking (hemodialysis or sodium benzoate to
trap/remove ammonia have been attempted) but mortal-
ity remains high (del Rosario et al., 1997).

CNS INFECTIONS

The use of potent immunosuppressive regimens has
reduced the risk of graft rejection and prolonged survival
for transplant recipients. However, this success now
exposes patients to long-term immunosuppression and
longer survival, both of which result in higher risk of
OI (Fishman, 2007). Recipients of heart and intestinal
transplants are generally most heavily immunosup-
pressed, and may be more prone to these complications.
In addition, as the host’s immune response is blunted, and
many offending organisms are less pathogenic, these
potentially life-threatening infections can present in sub-
tle, nonspecific ways, without acute or fulminant symp-
toms. For example, headache and low-grade fever
(usually in the absence of neck stiffness) may be the only
signs of CNS infection, while mental status changes
comprise the most frequent presentation of even those
with focal or multifocal brain abscesses (van de Beek
et al., 2007). Any patient with such features more than
a month after transplantation should be evaluated for
CNS infection. Any CNS unexplained lesion should be
assumed to be potentially infectious.

CNS infections may be broadly categorized into those
transmitted from the organ donor, those representing
reactivation of a pre-existing quiescent infection, those
with CNS involvement as part of a new systemic infec-
tion, and those with direct CNS involvement. OIs are
uncommon in the early posttransplant period, when nos-
ocomial infections like pneumonia and wound infections
predominate. The period of highest risk is typically
between 1 and 6 months, when maximal immunosup-
pression has been achieved (except with HSCT, where
it is earlier). Intensity of immunosuppression may be
reduced after 6 months if rejection or GVHD has not
occurred, minimizing subsequent risk of infection. Those
requiring persistent high-dose immunosuppression and
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repeated courses of corticosteroids for rejection or
GVHD remain at risk for infections. Transplant recipi-
ents are also at higher risk of contracting infections dur-
ing local outbreaks, or when in endemic areas (Yango
et al., 2014). Therefore, minimizing exposure is an
important preventive measure for such patients. Com-
mon infections, modes of presentation, and means of
diagnosis/treatment are outlined in Table 30.6.

Donor-derived infections

A number of serious infections can be acquired inadver-
tently from the organ donor. These include cases where
the donor died of cryptogenic encephalitis or hemor-
rhage, which has been reported with rabies, West Nile
virus, and lymphocytic choriomeningitis virus
(Iwamoto et al., 2003; Srinivasan et al., 2005; Fischer
et al., 2006; Basavaraju et al., 2014; Winston et al.,
2014). Transmission of amebic (Balamuthia mandril-
laris) encephalitis has also been recently reported
(Gupte et al., 2014). For this reason, undiagnosed or sus-
picious cases of encephalitis usually represent exclusion-
ary factors for organ donation. Such infections most
commonly present in the first month after transplant,
such that a careful history of the donor may be essential
when recipients (especially clusters in the same region)
present with unusual CNS symptoms. Other infections
that can occur in this early period include those related
to pretransplant colonization, or nosocomial infections
acquired postoperatively while in the hospital.

Reactivation

Herpesviruses and the JC virus are commonly latent in
the brain or cell ganglia. These can reactivate in periods
of immune deficiency, causing herpes zoster (sometimes
without skin lesions), encephalitis, or, in the case of JC
virus, PML. Reactivation may also trigger Guillain–
Barr�e syndrome (El-Sabrout et al., 2001). HHV-6 is
increasingly recognized as a cause of limbic encephalitis
in transplant recipients (especially after HSCT), and may
present with cognitive dysfunction and seizures (Singh
et al., 2000; Bollen et al., 2001). In fact, the acronym
PALE (posttransplant acute limbic encephalitis) was
coined to describe the syndrome of amnesia with limbic
abnormalities onMRI associated with HHV-6 (Fig. 30.9)
(Seeley et al., 2007; Vinnard et al., 2009). This study
found an incidence of 1.5% among 584 patients undergo-
ing allogeneic HSCT, with a median onset of 29 days
posttransplant. GVHD and hyponatremia due to syn-
drome of inappropriate antidiuretic hormone production
were common, and many patients also had seizures (with
temporal-lobe EEG abnormalities). CSF pleocytosis was
mild, and polymerase chain reaction (PCR) testing for

HHV-6 was diagnostic. Treatment can be with valganci-
clovir or foscarnet.

Toxoplasmosis is the most common protozoal infec-
tion in transplant recipients. It is usually related to pri-
mary infection, and occurs more often in heart
transplant recipients, where cysts can be found in the
myocardium (Munoz et al., 2010; Fernandez-Sabe
et al., 2012). It usually presents with multiple enhancing
brain abscesses in the first year after transplant. Toxo-
plasmosis is treatable and carries a relatively low mortal-
ity rate once identified. Amebic meningoencephalitis, in
contrast, is a less common protozoal infection, but is
almost uniformly fatal (Satlin et al., 2013).

PML is a subacute demyelinating disorder caused by
reactivation of the JC polyomavirus in immunocompro-
mised hosts (Fig. 30.10). The virus infects astrocytes and
oligodendrocytes, resulting in loss of myelin. White-
matter lesions are typically multifocal, asymmetric,
and nonenhancing. PML remains fairly rare, with an esti-
mated incidence of 1.2 per 1000 posttransplantation
years, and is seen after both solid-organ and HSCT
(Mateen et al., 2011). Symptoms (e.g., cognitive decline,
aphasia, and motor deficits) usually develop gradually
over weeks to months, and occur in a delayed fashion
(on average 17 months) after transplant. The gold stan-
dard for diagnosis is brain biopsy, but positive PCR for
JC virus in CSF can now confirm PML without need

Fig. 30.9. Fluid-attenuated inversion recovery magnetic reso-

nance imaging with bilateral hyperintensity in medial tempo-

ral lobes consistent with limbic encephalitis related to human

herpesvirus-6 infection. (With permission from John Wiley

and Sons.)
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for biopsy. While there is no specific therapy for PML,
reducing immunosuppression is often attempted, and
cytosine arabinoside or cidofovir may be administered.
However, mortality is extremely high (approximately
80%), with a median survival of 6 months.

The spectrum of infections after transplant has been
shifting with increased use of prophylaxis for specific
common pathogens. For example, sulfa prophylaxis
has reduced rates of Listeria, toxoplasmosis, and Nocar-
dia, while CMV screening and pre-emptive treatment
have reduced the consequences of CMV reactivation.

Lungs are constantly exposed to environmental path-
ogens and comprise a common portal for new infections
that can access and involve the CNS; lung transplant
recipients may be particularly at risk. For example, sys-
temic Nocardia infection has a predilection for lung
transplant recipients but now occurs rarely (less than
1%) with sulfa prophylaxis (Clark et al., 2013). CNS
infection occurs as a complication of pulmonary involve-
ment, and typically presents with solitary or multifocal
brain abscesses, which may be diagnosed either by cul-
ture of brain or sputum.

Listeria monocytogenes meningitis is more likely in
immunocompromised hosts and is transmitted from
unpasteurized dairy products or undercooked meats. It
may produce only low degree of CSF cell pleocytosis
(without typical neutrophil predominance) and is slow
to culture (in both blood and CSF). Listeriosis tends to
involve the brainstem (i.e., rhombencephalitis), present-
ing with fever, headache, cranial nerve palsies, and
pyramidal/cerebellar findings. Coverage of suspected
meningitis in a transplant patient should include intrave-
nous ampicillin for Listeria until cultures are all negative.
Another cause of basal meningitis to be considered is
tuberculosis, which can also presentwithmultiple cranial
nerve palsies and often hydrocephalus.

Fungal infections may be catastrophic in transplant
recipients and occur at a higher rate than in nonimmuno-
suppressed populations. CNS infection by Cryptococcus
neoformans is the most common cause of fungal menin-
gitis, and may present subacutely with headache, neck
rigidity, or signs of hydrocephalus and raised intracranial
pressure (e.g., sixth cranial nerve palsy, papilledema).
One series found that 0.5% of over 5000 transplant recip-
ients developed cryptococcal meningitis, with a higher
incidence in heart recipients (2%). Mortality was high,
especially in those with liver transplant (Wu et al.,
2002). Immune reconstitution syndrome (IRIS; see later
section) may occur when cryptococcosis is treated (Sun
et al., 2015). Candida usually involves the CNS, usually
as a result of disseminated infection (with fungemia), and
may present with chronic meningitis or with abscesses.
Cerebral aspergillosis usually occurs in combination
with invasive pulmonary infection, has earlier onset post-
transplant, and is more likely after lung transplantation
(Singh et al., 2009). It most often presents with multiple
brain abscesses (which may be hemorrhagic due to its
angioinvasive nature) and such advanced infection har-
bors an extremely high mortality. Survivors have been

Fig. 30.10. Fluid-attenuated inversion recovery (A) and

T2-weighted magnetic resonance imaging (B) showing multi-

focal bilateral asymmetric hyperintense white-matter lesions

in the periventricular and subcortical regions corresponding

to progressive multifocal leukoencephalopathy. These lesions

did not exhibit mass effect or contrast enhancement

(not shown). (With permission from John Wiley and Sons.)
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reported with prompt voriconazole therapy. Travel his-
tory may aid in identifying risk for other specific fungal
pathogens (Kauffman et al., 2014).

CSF evaluation is important, but not always diagnos-
tic. CSF proteinmay be elevated but cell counts may only
be minimally elevated or even normal with encephalitis.
Imaging findings may be less dramatic for brain
abscesses, with less enhancement and edema than typical
(especially with HSCT and total immune failure).

Immune reconstitution inflammatory
syndrome

IRIS occurs when the immune response becomes dys-
regulated and exaggerated as a shift occurs from an immu-
nosuppressed to proinflammatory state. This has primarily
been described with antiretroviral treatment of human
immunodeficiency virus (HIV) patients, but is increas-
ingly recognized in immunocompromised transplant
recipients (Sun and Singh, 2011). This occurs when
pathogen-induced and iatrogenic immunosuppression is
reversed during treatment of OI, with concomitant reduc-
tion in immunosuppressive medications. IRIS has been
observed with effective treatment of fungal, mycobacte-
rial, andCMVinfections after transplant.Neurologic signs
of IRIS may include clinical or radiologic evidence of
inflammation (e.g., contrast enhancement of leptome-
ninges and CSF pleocytosis with negative cultures) and
can otherwise mimic recurrent infection or meningitis.
A recent series of 89 patients with posttransplant crypto-
coccosis found that 13 (14%) developed IRIS (Sun et al.,
2015). Predictors of IRIS were CNS involvement by OI
and discontinuation of calcineurin inhibitors. Half of
patients with both these risk factors developed the syn-
drome. Neuroimaging findings of cryptococcal disease
were also associatedwith IRIS. Falling titers of cryptococ-
cal antigen suggest IRIS, rather than recurrence of initial
infection. This syndrome may also be associated with
higher risk of graft rejection, and is usually treated with
corticosteroids (Singh et al., 2005).

POSTTRANSPLANTATION
LYMPHOPROLIFERATIVE

DISORDER (PLTD)

Systemic PTLD is typically associated with B-cell lym-
phoma and, even though CNS involvement is not fre-
quent, represents the most common brain tumor seen
in transplant recipients. The CNS may also rarely be
the primary site of involvement (Buell et al., 2005). Most
cases of PTLD are associated with Epstein–Barr virus
infection and proliferation of donor B lymphocytes in
the face of T-cell suppression. Incidence ranges from 1
to 8% (higher in heart, lung, and intestinal recipients)
and peaks a few years after transplantation (Cavaliere
et al., 2010; Evens et al., 2013). Tumor involvement is
typically parenchymal, a pattern similar to acquired
immunodeficiency syndrome (AIDS) patients, but dif-
ferent from nonimmunocompromised hosts, who often
have leptomeningeal involvement. Multiple periventri-
cular enhancing lesions are typical and may mimic
toxoplasmosis (Fig. 30.11). Increased uptake on single-
photon emission CT (SPECT) may suggest PTLD
over infectious etiologies. Presentation is more often
subacute in onset with headache, confusion, and some-
times focal deficits and seizures. CSF cytology is often
negative and Epstein–Barr virus PCR can also be
negative in some cases (Hamadani et al., 2007). Cortico-
steroids should be held, if possible, prior to biopsy, as
their administration may induce tumor cell lysis and
compromise histopathologic diagnosis (and lead to
radiographic “vanishing tumor” transiently). They can
be started after diagnosis to reduce edema pending
irradiation/chemotherapy. If possible, reduction in im-
munosuppression should also be instituted concurrently.
Primary glial neoplasms are much less common,
although transmission of high-grade gliomas from organ
donors has been rarely described (Schiff et al., 2001;
Fatt et al., 2008). This could be accentuated in the
setting of systemic spread due to CSF shunting or recent
neurosurgical procedures.

Fig. 30.11. Contrast-enhanced T1-weighted magnetic resonance imaging shows multifocal periventricular and subcortical

enhancing masses representing primary central nervous system lymphoma. An incidental pituitary adenoma is also seen.
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GUIDELINES

The European Federation of Neurological Societies pre-
pared guidelines addressing the management of neuro-
logic complications after liver transplantation (Guarino
et al., 2006). They recommended minimizing drug neu-
rotoxicity by cautious dosing of calcineurin inhibitors
and strict monitoring of drug levels, as well as correction
of systemic factors such as magnesium levels and blood
pressure. MRI was the diagnostic tool recommended for
evaluation of toxicity. It was also recommended for eval-
uation of seizures and possible osmotic demyelination
(with serial or delayed imaging recommended to capture
the latter). No other systematic guidelines were found in
the literature.
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Abstract

This chapter will provide an overview of the major neurologic complications of common cardiac and
vascular surgeries, such as coronary artery bypass grafting and carotid endarterectomy. Neurologic
complications after cardiac and vascular surgeries can cause significant morbidity and mortality, which
can negate the beneficial effects of the intervention. Some of the complications to be discussed include
ischemic and hemorrhagic stroke, seizures, delirium, cognitive dysfunction, cerebral hyperperfusion
syndrome, cranial nerve injuries, and peripheral neuropathies. The severity of these complications can
range from mild to lethal. The etiology of complications can include a variety of mechanisms, which
can differ based on the type of cardiac or vascular surgery that is performed. Our knowledge about
neuropathology, prevention, and management of surgical complications is growing and will be discussed
in this chapter. It is imperative for clinicians to be familiar with these complications in order to narrow the
differential diagnosis, start early management, anticipate the natural history, and improve outcomes.

INTRODUCTION

Patients undergoing cardiac or vascular surgeries are
considered to be at high risk for various perioperative
complications, in part due to coexisting comorbidities.
Neurologic complications have long been associated
with these types of surgery. Management of cardiac
and vascular patients should be initiated preoperatively
by risk stratification based on factors such as age, ath-
erosclerotic burden, and other comorbidities. This
should be followed with careful intraoperative manage-
ment by the surgeon and anesthesiologist targeted
toward minimizing neurologic complications with
specific attention to the patient’s hemodynamic para-
meters. Postoperative management requires familiarity
and a high level of suspicion by the clinician for the
early diagnosis and management of common compli-
cations for each specific surgery. The combination of
optimal management in pre-, intra-, and postoperative
phases maximizes the benefits of surgery. This chapter
will review various neurologic complications that are

associated with cardiac and vascular surgeries, with
specific focus on coronary artery bypass grafting
(CABG), carotid endarterectomy (CEA), extracorpo-
real membrane oxygenation (ECMO), and aortic
surgery.

CABG is a revascularization procedure that can
improve survival in patients with presence of triple-
vessel coronary artery disease, left main coronary artery
disease (�50% stenosis), and two-vessel disease with
proximal involvement of the left anterior descending
artery (Hillis et al., 2011). CABG is also preferred in
patients with severely depressed left ventricular systolic
function, and for patients who need surgery for cardiac
conditions in addition to coronary artery disease, such
as replacement of valves (Shekar, 2006). Access for
the procedure is through a midline sternotomy, which
is performed either with on-pump or off-pump tech-
niques. During on-pump surgery, the heart is stopped
and perfusion is maintained through a cardiopulmonary
bypass machine. During off-pump procedures, the heart
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continues to beat and graft suturing can be performed
using stabilizing devices. Studies have shown that
patients with multiple comorbidities and severe cardiac
disease have better outcomes with surgery compared to
maximal medical management (Ferguson et al., 2002),
but their outcome is significantly affected if periope-
rative neurologic complications occur (Hannan et al.,
2005; Malenka et al., 2005). Major neurologic complica-
tions associated with CABG include ischemic stroke,
delirium, and cognitive dysfunction (Table 31.1).

CEAor carotid artery stenting (CAS) should be consid-
ered for patients with symptomatic carotid stenosis
(50–99%), and for those with asymptomatic stenosis of

70–99% (Brott et al., 2011). CEA can be performed under
general or regional anesthesia, and involves a longitudinal
neck incision along the anterior border of the sternocleido-
mastoid muscle, with exposure of the common and inter-
nal carotid arteries. The carotid artery is cross-clamped,
and a shunt may be placed to bypass the clamped portion
to preserve blood flow to the brain. After endarterectomy
is completed, patch angioplasty may be performed to pre-
vent restenosis. Significant improvement in outcomes
after CEA, as well as carotid stenting, is highly dependent
on low perioperative complication rates, especially stroke
(Eckstein et al., 2008). Major neurologic complications
associated with CEA include ischemic and hemorrhagic

Table 31.1

Epidemiology of major neurologic complications after vascular and cardiac surgeries

CABG CEA

Complication Incidence Etiology Incidence Etiology

Ischemic stroke 1.6% Embolization (atheroma, air,
thrombus)

Hypotension
Atrial fibrillation

1.6% (0.3–7%) Embolization
Local thrombus or

reocclusion
Prolonged carotid

cross-clamping
ICH <0.1% Hemorrhagic transformation

Spontaneous (e.g., with
antithrombotics)

0.3% Hemorrhagic
transformation

Spontaneous
CHS-related

Seizures 0.5–3.5% Subtherapeutic AEDs
New structural lesion
(stroke, ICH)

Acute metabolic derangement
Medication-induced

0.8% Same

Delirium 10% Inflammatory
Metabolic/infectious
Neurotransmitter imbalance, etc.

19–39% Same

Cognitive deficit 24% at
6 months

42% at 5 years

Hypotension
Stroke/microemboli
Exacerbating prior dementia

Cerebral hyperperfusion
syndrome

1–3% Increased CBF with
cerebral
dysautoregulation

Prolonged retraction
Cranial Nerve deficits 8.6% (2–15%) Stretching

Compression
Peripheral neuropathies:
Brachial plexus
Phrenic
Recurrent laryngeal
Saphenous nerve

13% Retraction
Stretching
Compression
Hypothermia (phrenic nerve)

AED, antiepileptic drug; CABG, coronary artery bypass grafting; CBF, cerebral blood flow; CEA, carotid endarterectomy; ICH, intracerebral

hemorrhage.
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stroke, cerebral hyperperfusion syndrome (CHS), cranial
nerve (CN) deficits, seizures, and delirium (Table 31.1)
(Greenstein et al., 2007).

ECMO or extracorporeal life support is a rescue ther-
apy that provides temporary mechanical respiratory
and/or cardiac support in patients with severe and poten-
tially reversible cardiopulmonary failure. The use of
ECMO in adults has continued to increase over the past
decade, with improvement in survival rate (Sauer et al.,
2015). ECMOworks by drainage of venous blood, which
then circulates in an external system where hemoglobin
oxygenation and carbon dioxide removal occur. The
filtered blood returns to the patient either through venous
(venovenous) or arterial (venoarterial) cannulation.
Venovenous ECMO provides only respiratory support,
whereas venoarterial ECMO also provides hemo-
dynamic support in patients with cardiac failure. Neuro-
logic complications occur in about 15% (range of
10–50%) of patients undergoing ECMO. The main com-
plications include stroke, intracerebral hemorrhage
(ICH), seizures, and brain death. Other possible compli-
cations are encephalopathy (typically hypoxic-ischemic)
and subarachnoid hemorrhage (Mateen et al., 2011; Nasr
and Rabinstein, 2015; Lorusso et al., 2016).

EPIDEMIOLOGY

Ischemic stroke

The stroke rate after CABG has decreased steadily since
the early 1980s to less than 2% (Tarakji et al., 2011).
However, the rate of ischemic stroke may be underesti-
mated, since clinically silent strokes can often only be
detected using magnetic resonance imaging (MRI)
(Selnes et al., 2012). Intraoperative stroke accounts for
up to 40% of cases. Randomized trials demonstrate that
the postoperative stroke rate does not vary significantly
between the off- and on-pump techniques (Selnes et al.,
2012). In comparison to CABG, percutaneous coronary
intervention has been associated with significantly lower
stroke rate within 30 days (Korn-Lubetzki et al., 2013;
Palmerini et al., 2013).

With valve replacement surgery, there is a higher risk
for an ischemic stroke compared to CABG. The most
common procedures involve the mitral and aortic valves
(Hogue et al., 2001). In a study using Society of Thoracic
Surgeons data from 2002 to 2006, the risk for ischemic
stroke after mitral or aortic valve replacement and mitral
valve repair was about 3–4% within 30 days of surgery
(O’Brien et al., 2009).

Periprocedural stroke can occur in about 0.3–7% of
patients following CEA, when defined as a stroke within
30 days of surgery. In the Carotid Revascularization End-
arterectomy versus Stenting Trial (CREST), the peripro-
cedural incidence of any ischemic stroke within 30 days

after CEA and CAS was 1.6% and 4.1%, respectively.
When assessed for severity, the incidence of a major
stroke after CEA and CAS was 0.3% and 0.9%, respec-
tively, with major stroke being defined as having a
National Institutes of Health stroke scale (NIHSS)�9
(Hill et al., 2012).

Periprocedural stroke rate in ECMO can vary due
to factors such as the underlying etiology, duration of
treatment, age, and other risk factors. Overall, ECMO-
associated stroke has been reported to occur in 5–8%
of patients (Lan et al., 2010; Mateen et al., 2011;
Cheng et al., 2014; Nasr and Rabinstein, 2015).

Spinal cord infarction (SCI) can occur perioperatively
in both cardiac and aortic surgeries, typically leading to
paraparesis or paraplegia. Aortic surgery is required for
treatment of aortic aneurysms or dissection. The risk for
SCI is highly associatedwith operations involving the tho-
racic and thoracoabdominal regions (from the left subcla-
vian branch to the aortic bifurication). Overall, there is a
trend toward higher rates of SCI with open surgery com-
pared to thoracic endovascular aortic repair (TEVAR),
although data are inconclusive (Messe et al., 2008;
Hiratzka et al., 2010). Patients undergoing type I or II aor-
tic aneurysm treatment (Crawford classification) are par-
ticularly susceptible to SCI (Greenberg et al., 2008).

SCI is also a rare complication of CABG. There have
been only 31 cases of paraplegia related to CABG in the
literature, of which almost all were due to either intra-
aortic balloon pump or aortic dissection (Sevuk et al.,
2016). There is a paucity of data on management of
SCI, but patients may benefit from keeping mean arterial
pressure (MAP) above 90 mmHg and using cerebrospi-
nal fluid drainage to improve spinal cord perfusion
(Romagnoli et al., 2012).

Cardiac surgery may also cause ophthalmologic
complications. One prospective study from almost
30 years ago reported that a large proportion of patients
(25%) developed ophthalmologic concerns that could be
detected with careful bedside evaluation (Shaw et al.,
1987). The most common complication was retinal
infarction (more than 65%), but many patients were
asymptomatic and did not have any lasting symptoms.
There have been other reports of ophthalmic condi-
tions (e.g., impaired saccadic and smooth-pursuit eye
movements) after CABG and valvular heart surgery,
but they are relatively rare (Devere et al., 1997;
Solomon et al., 2008).

Intracerebral hemorrhage

ICH is an uncommon complication of cardiac surgery,
accounting for only 1% of strokes (Likosky et al.,
2003). The incidence of ICH is higher in patients under-
going urgent percutaneous coronary intervention due to
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the need for antiplatelet and anticoagulation therapy, and
accounts for 8–46% of per-procedural strokes (Brown
and Topol, 1993; Fuchs et al., 2002; Dukkipati et al.,
2004). The ICH occurrence within 30 days of CEA
has been reported to be at about 0.3–1.8%, and can be
due to hemorrhagic transformation of an infarct or devel-
opment of CHS (Rockman et al., 2000; Henderson et al.,
2001). In the CREST trial, the incidence of ICH after
CEA and CAS was 0.3% and 0.4%, respectively (Hill
et al., 2012). The risk factors for development of ICH
after CEA are recent ipsilateral stroke, greater than
90% stenosis of the ipsilateral ICA, and postoperative
hypertension (Russell and Gough, 2004).

ICH occurs in about 1.8–3.6% of patients undergoing
ECMO (Nasr and Rabinstein, 2015; Lorusso et al.,
2016). Similar to other ECMO-related neurologic com-
plications, ICH rate has declined over the past decade,
most likely due to improved supportive medical manage-
ment (Kasirajan et al., 1999; Lorusso et al., 2016).

Seizures

The incidence of postoperative seizures in patients
undergoing CABG is about 0.5–3.5% (Roach et al.,
1996). In patients undergoing CEA, the incidence of
seizures has been reported to be approximately 0.8%
within 30 days from the procedure. The majority of these
patients developed seizures in the setting of high blood
pressure due to the CHS (Naylor et al., 2003). Seizures
can also occur during ECMO in about 1.8–4.1% of
patients (Lorusso et al., 2016).

Delirium

Delirium occurs in about 10% of patients after CABG
surgery in most large series. The incidence has been
reported to be as high as 47% in smaller studies due to
variability in assessment and diagnosis (Bucerius et al.,
2004; Gottesman et al., 2010). Risk factors for the devel-
opment of delirium after both cardiac and vascular
surgeries include advanced age, previous cognitive
impairment or depression, history of previous stroke,
regular alcohol consumption, peripheral vascular dis-
ease, and renal failure (Veliz-Reissmuller et al., 2007;
Groen et al., 2012). Post-CABG delirium can last for
weeks and sometimes overlaps with cognitive impair-
ment, which is discussed below.

The incidence of postoperative delirium in patients
undergoing vascular surgery (including CEA, aortic
and peripheral artery surgeries) is 19–39%, and these
patients typically have a longer intensive care unit stay
(Bohner et al., 2000; Ellard et al., 2014).

Cognitive impairment

Postoperative cognitive impairment is common,
although the specific incidence varies depending on
the criteria used for diagnosis (Selnes et al., 2006). Many
of the studies investigating cognitive decline after CABG
did not use any control group and may have overesti-
mated the actual incidence. In one large prospective
study, cognitive decline occurred in 53% of patients at
discharge, 36% at 6 weeks, 24% at 6 months, and 42%
at 5 years (Newman et al., 2001; Stygall et al., 2003).
More recently, in two prospective studies, with inclusion
of cardiovascular patients with or without intervention,
there was similar cognitive decline when patients were
assed with neuropsychologic tests (Sweet et al., 2008;
Selnes et al., 2009).

Cerebral hyperperfusion syndrome

CHS occurs after carotid revascularization, and is char-
acterized by ipsilateral headaches, seizures, and focal
neurologic deficits with an increased cerebral blood flow
(CBF) of more than 100% compared to baseline (van
Mook et al., 2005). The first case of CHS following
CEA was described in 1975 (Sundt et al., 1975). CHS
occurs in 1–3% of patients following CEA, and usually
presents 3–7 days after the surgery, but can occur up to
28 days postoperatively (Moulakakis et al., 2009). It
should be noted that most patients develop increased
CBF immediately after CEA, but it only lasts for a few
hours and patients remain asymptomatic (Jorgensen
and Schroeder, 1993).

Cranial nerve deficits

CN injuries are the most common neurologic complica-
tion of CEA, occurring in 2–15% of cases. CN VII, IX,
X, andXII aremost commonly affected. The incidence of
CN deficits in the North American Symptomatic Carotid
Endarterectomy (NASCET) and European Carotid
Surgery Trial (ECST) was 8.6% and 5.1%, respectively
(Ferguson et al., 1999; Cunningham et al., 2004). In
NASCET, the most common CN injury was the hypo-
glossal (XII) (3.7%), followed by vagus (X) (2.5%),
and facial (VII) nerves (2.2%). In ECST, operation time
longer than 2 hours was the only factor indepen-
dently associated with increased risk of CN injury
(Cunningham et al., 2004). In other studies, aside from
the duration of the procedure, general anesthesia, intrao-
perative hematoma, and repeat CEA were also factors
associated with increased risk of CN injury (Hye et al.,
2015). The risk of cranial or peripheral nerve injury in
CAS is negligible.
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Peripheral neuropathies

Peripheral neuropathies can occur in about 10–15% of
patients undergoing CABG. The most common neurop-
athies involve the brachial plexus, with incidence rang-
ing from 1.5% to 24%, phrenic nerve (26%, with range
of 10–60%), and, less frequently, the recurrent laryngeal
and saphenous nerves (Vander Salm, 1984; Efthimiou
et al., 1991; O’Brien et al., 1991; DeVita et al., 1993;
Sharma et al., 2000). In one study, the incidence of saphe-
nous neuropathy was as high as 90% immediately after
surgery (Nair et al., 1988). The wide range of peripheral
neuropathy incidence could be due to different diagnos-
tic criteria, and difficulty identifying patients with mild
symptoms. For instance, phrenic injury in some studies
was diagnosed based on diaphragmatic elevation on
chest radiography, thus overestimating the incidence
since other etiologies (e.g., atelectasis, pneumonia, or
pleural effusion) may cause the same radiographic
finding.

NEUROPATHOLOGY

Ischemic stroke

The mechanism of ischemic stroke post-CABG is
usually due to embolization, cerebral hypoperfusion
(e.g., watershed stroke), and an increased inflammatory
response postoperatively (Gottesman et al., 2006; Raja
and Berg, 2007). Most of the surgical technique modifi-
cations (e.g., off-pump CABG) have focused on mini-
mizing intraoperative embolization. However, this has
not led to significant reduction in the incidence of ische-
mic stroke or cognitive decline in randomized trials
(Hernandez et al., 2007; Selnes et al., 2012). Arterial
embolization is by far the predominant cause of intrao-
perative stroke, accounting for more than 60% of strokes,
followed by hypoperfusion-related strokes at about 9%
(Likosky et al., 2003). The thrombus or atheroma can
be embolized due to clamping or unclamping of the
ascending aorta, construction of coronary artery anasto-
moses, or during high turbulence within the diseased
aortic segment. In the case of valvular surgeries, the
source may also be from diseased and calcified aortic
and mitral valves. Air embolization may also occur dur-
ing CABG, but is relatively rare. Another important
cause of delayed postoperative stroke is new-onset atrial
fibrillation, which occurs in 20–50% of patients after car-
diac surgery (Echahidi et al., 2008). The mechanism is
most likely multifactorial and includes perioperative
pericardial inflammation, catecholamine surge, and
autonomic dysfunction (Echahidi et al., 2008). Global
hypoperfusion can result from hypotension, typically
from reduced cardiac output. This can directly lead to
an ischemic stroke within the watershed areas along

major vascular territories between middle cerebral artery
and either posterior cerebral artery or anterior cerebral
artery. There is some evidence that impaired clearance
of emboli also contributes to the burden of watershed
stroke (Caplan and Hennerici, 1998). The predisposing
risk factors for perioperative ischemic stroke include
aortic atherosclerotic burden, older age, diabetes melli-
tus, renal failure, peripheral artery disease, hypertension,
recent myocardial infarction, history of previous ische-
mic stroke, and severe left ventricular dysfunction
(Hogue et al., 1999).

Stroke etiology after CEA can be due to embolization,
local thrombosis, or reocclusion within the surgical site,
and to a lesser extent, prolonged carotid artery cross-
clamping. As expected, patients with baseline extra- and
intracranial vascular lesions and poor cortical collaterals
are at higher risk for stroke. In patients with poor cortical
collaterals or low carotid stump pressure, a temporary
intra-arterial shunt can be used during the cross-clamping
of the carotid artery to minimize stroke occurrence
(Aburahma et al., 2010). Delayed strokes are typically
due to embolization from the surgical site, or new-onset
atrial fibrillation.

Stroke etiology during ECMO is typically embolic
(clot or air) or due to hemodynamic instability (water-
shed stroke). The embolic stroke could be due to forma-
tion of thrombus or air within the nonbiologic surface of
ECMO circuit or due to cardiac failure (i.e., blood stasis).
There are no clear data to indicate a difference in stroke
rate in relation to route of cannulation (venoarterial
versus venovenous) in adults (Mateen et al., 2011;
Luyt et al., 2016).

Spinal cord ischemia during aortic surgery can be due
to mechanisms such as aortic cross-clamping, hypoten-
sion, stent-related blockage of aortic branches (collateral
segmental arteries supplying the spinal cord), dislodge-
ment of atherosclerotic emboli due to catheter manipula-
tion, and injury to the hypogastric collateral network
related to complicated groin puncture access (Ullery
et al., 2011). The cervical and upper thoracic spinal cord
is usually spared from complications since it is predom-
inantly perfused through the vertebral arteries that supply
the anterior and posterior spinal arteries. However, the
spinal cord caudal to the upper thoracic region becomes
increasinglymore reliant on collateral perfusion from the
aorta due to attenuation or discontinuation of anterior
(and, to a lesser degree, posterior) spinal arteries
(Shamji et al., 2003). More specifically, the aorta gives
rise to the segmental arteries that ultimately branch off
into anterior and posterior radicular arteries, which in
turn form a collateral network with the attenuated ante-
rior and posterior spinal arteries. The artery of Adamkie-
wicz (an anterior radicular artery, arising from intercostal
and lumbar segmental arteries) is the predominant
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supplier of blood within the thoracolumbar spine, pro-
viding about 68% of blood flow, and thus patients under-
going aortic surgeries can be susceptible to SCI if this
artery is compromised. Generally, the watershed areas
within the thoracolumbar spine include T1, T5, T8,
and T9 levels (Chakravorty, 1971; Ullery et al., 2011).

Intracerebral hemorrhage

Postsurgical ICH is typically secondary to hemorrhagic
transformation of an initially ischemic stroke (Likosky
et al., 2003). Hemorrhagic transformation occurs once
there is restoration of blood flow to the stroke territory,
which has abnormal vasculature due to disruption of
the blood–brain barrier. Risk factors may include
large-volume ischemic stroke, use of anticoagulation
within 12 hours of stroke onset, and older age (Yatsu
et al., 1988). ICH can also be spontaneous, possibly
due to systemic anticoagulation during cardiopulmonary
bypass or CHS.

In patients receiving ECMO, the mechanism of
spontaneous ICH is typically primarily due to anticoagu-
lation, with renal failure, low fibrinogen level, and throm-
bocytopenia also being potential factors (Kasirajan
et al., 1999).

Seizures

Causes for seizure can be variable, but in the periopera-
tive setting, seizures are most likely due to prior history
of epilepsy with subtherapeutic antiepileptic medica-
tions, new or old structural brain lesions (e.g., stroke
or brain tumor), hypoxic-ischemic encephalopathy, met-
abolic derangements such as hyponatremia or hypogl-
cyemia, or certain medications, such as aminocaproic
acid or tranexamic acid. With CEA, seizures may also
be due to CHS.

Delirium

Delirium is likely attributable to multiple mechanisms,
such as increased inflammation, neurotransmitter im-
balance, metabolic dysfunction, hemodynamic instabil-
ity, and underlying genetic factors (Brown, 2014). The
aforementioned mechanisms are further affected by
patients’ baseline cognitive reserve, choice of sedatives,
poor cerebral perfusion, microembolic strokes, and in-
fections (Siepe et al., 2011).

Cognitive impairment

Short-term cognitive decline has been attributed to vari-
ous factors, such as general anesthesia, medications,
sleep disturbances, and the inflammatory response.
Short-term cognitive decline is not unique to cardiac
and vascular surgery, and may also occur with general

anesthesia for other types of surgery (Monk et al.,
2008). The most important predisposing factor of long-
term cognitive decline is patients’ underlying cerebro-
vascular disease, rather than the initial cardiac surgery,
which was previously assumed to be the culprit. This
has been demonstrated in recent studies that included
control groups, showing similar cognitive decline among
patients with or without cardiac surgery that had similar
cerebrovascular risk factors (Selnes et al., 2012). Impor-
tant intraoperative risk factors include severe hypoten-
sion or microembolic burden during aorta and heart
manipulation, as shown with transcranial Doppler (Liu
et al., 2009).

Cerebral hyperperfusion syndrome

CHS occurrence is related to chronic cerebral hypoperfu-
sion prior to revascularization, and can be explained by a
few contributing mechanisms. First, the sudden increase
in CBF after recanalization is not compensated due to
impaired CBF autoregulation. The autoregulatory curve
is shifted, such that cerebral vasoconstriction cannotmain-
tain constant flow. The impairment is due to endothelial
injury from a combination of chronic small-vessel disease
as well as oxygen free radicals produced during CEA
(Skydell et al., 1987; Ogasawara et al., 2004). Rapid
changes in systemic blood pressure are also not buffered
owing to dysfunction and denervation of baroreceptor
reflex incurred during CEA. These factors can lead to
hydrostatic cerebral edema, especially in the vertebrobasi-
lar territory, due to transudation of fluid into the instersti-
tium and astrocytes (van Mook et al., 2005). Some of the
risk factors for CHS development include high-grade ipsi-
lateral stenosis, bilateral carotid disease, and uncontrolled
perioperative hypertension. Furthermore, the type of anes-
thesia may be a predisposing factor. For instance, isoflur-
ane has been implicated as contributing to impaired
autoregulation (Skydell et al., 1987).

Cranial nerve deficits

CN injuries that occur during CEA are due to prolonged
retraction and transection, as well as inadvertent stretch-
ing and clamping of the CNs that are in the vicinity of the
surgical field. The hypoglossal nerve (CN XII) is parti-
cularly prone to injury during retraction, as the exposure
of the internal carotid artery may require inadvertent
manipulation or mobilization. This nerve exits the skull
through the hypoglossal canal, runs behind the carotid
artery, and crosses the external and internal carotid arter-
ies distal to the bifurcation. The risk for CN XII injury is
increased in patients with a high carotid bifurcation
(Bademci et al., 2005). The facial nerve (CN VII) does
not lie within the surgical field, but can be injured due
to prolonged retraction at the angle of the jaw. This is
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because the marginal mandibular branch of the facial
nerve (the common site of injury) emerges from the
parotid gland and is anterior to the masseter muscle,
which is in close proximity to retraction instruments.
The vagus nerve (CN X) exits the skull via the jugular
foramen and courses between the internal carotid artery
and the jugular vein. Vagus nerve injury occurs during
the dissection of the carotid artery from the internal jug-
ular vein, thus leading to stretching, inadvertent clamp-
ing, or transection. The glossopharyngeal nerve (CN
IX) follows a similar course to the vagus nerve. CN IX
injury is uncommon, since it is typically outside the
surgical field, but this nerve can be mechanically injured
when the posterior belly of the digastric muscle is mobi-
lized for additional field exposure.

Sympathetic nerve injury (Horner’s syndrome) is
another rare complication of CEA. It occurs due to either
ischemic or direct injury of the postganglionic sympa-
thetic fibers within the carotid plexus (Perry et al.,
2001). Direct injury of the superior cervical ganglion
(or its postganglionic fibers) occurs during cases requir-
ing a wide surgical field, with the exposure of the digas-
tric muscle (similar to the CN IX injury). An ischemic
injury causing Horner syndrome is due to compromised
vascular supply of the superior cervical ganglion, due to
compromised perforators from ascending pharyngeal
and carotid arteries.

Peripheral neuropathy

In cardiac surgeries requiring sternotomy, sternal retrac-
tion, internal mammary artery (IMA) dissection, or
hypothermia-related injuries are the common mecha-
nisms leading to peripheral neuropathies. The brachial
plexus anatomy involves joining of C5–T1 spinal nerves
to become brachial plexus roots, which then join to
become trunks (superior, middle, inferior) as they pass
over the first rib and under the clavicle. The brachial
plexus is susceptible to injury because it is superficial,
its roots are fixed proximally and distally (making it
susceptible to stretch injury), and its trunks pass
through the narrow space between the first rib and
clavicle (Kirsh et al., 1971).

The most common cause of brachial plexopathy is
superior rotation of the first rib and subsequent down-
ward displacement of the clavicle during the sternotomy
procedure, thereby stretching and injuring the brachial
plexus, most often the lower roots, C8–T1). Posterior
fractures of the first rib can also lead to direct brachial
plexopathy. Patients who undergo IMA grafting are at
higher risk of developing brachial plexopathy (10.6%
vs. 1% without) (Roy et al., 1988). This is because
IMA grafting requires a larger sternotomy for better
visualization. The phrenic nerve is formed by the ventral

roots of the C3–C5 spinal cord segment. The left phrenic
nerve runs lateral to the aortic arch and pericardium. The
right phrenic nerve is lateral to the superior vena cava,
right atrium, and inferior vena cava as it courses towards
the diaphragm. Phrenic nerve injury is mainly due to
topical hypothermia commonly used during CABG for
myocardial protection. At temperatures below 5°C, there
can be complete nerve conduction block, and the
hypothermia-induced neuropathy can range from focal
demyelination to axonal degeneration, depending on
the temperature and duration (Denny-Brown et al.,
1945; Basbaum, 1973). The left phrenic nerve is the most
commonly affected due to its close proximity to the
cooled myocardium. Another risk factor for phrenic
nerve injury is the use of an IMA graft, which is due
to either direct surgical damage or ischemia, since
IMA branches supply the phrenic nerves. Bilateral
phrenic nerve injury is rare, and is typically diagnosed
in patients who are difficult to wean from mechanical
ventilation.

Recurrent laryngeal nerve injury during CABG can
occur either due to hypothermic injury or during IMA
dissection, similar to phrenic nerve injury (Tewari and
Aggarwal, 1996). This is because left recurrent laryngeal
nerve is within proximity of the parietal pleura and
pericardium as it circles around the aortic arch.

Saphenous nerve injury may occur during saphenous
vein harvesting for CABG. The saphenous nerve is a sen-
sory branch of the femoral nerve (L2–L4) that supplies
the anteromedial region of the leg.

CLINICAL PRESENTATION

Patients undergoing vascular or cardiac surgeries require
a pre- and postoperative focused neurologic examination
to screen for any acute neurologic deterioration. Early
detection and management of time-sensitive diagnoses
such as stroke (ischemic or hemorrhagic) and seizure
can significantly minimize morbidity and mortality. In
a noncomatose patient, there should be an assessment
of mental status (orientation, attention, and concentra-
tion), language, visual field, CNs, and lateralizing motor
signs. In a comatose patient, an assessment of level of
consciousness andmotor examination must be done with
loud verbal or noxious stimuli, as well as a CN/brainstem
examination. Patients should be inspected for facial, oral,
or limb twitching, as well as gaze deviation.

Typically, clinical presentation of stupor and coma is
due to processes affecting bilateral cerebral hemispheres,
thalami, or the brainstem. Unilateral lesions can also
cause coma if there is sufficient mass effect to produce
significant midline shift or compress the brainstem.

Metabolic disorders can impair consciousness by
affecting both the reticular formation and the cerebral
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cortex. The various clinical presentations of stroke
(ischemic or hemorrhagic) and seizures are discussed
in relevant chapters.

Stroke

Ischemic and hemorrhagic stroke following cardiac and
vascular surgery present in a similar fashion to strokes
occurring in other settings, with focal motor, sensory,
or CN deficits, as well as aphasia, hemianopia, and hemi-
spatial neglect. Patients with embolic showers may
develop infarction in multiple vascular territories and
manifest with failure to awaken postoperatively. Water-
shed territory infarcts are usually bilateral, and may
manifest with impaired consciousness, bilateral visual
loss, and predominantly proximal upper-limb weakness
(“man in the barrel” syndrome).

In SCI related to aortic surgery, clinical deficits become
apparent within minutes to hours. Thoracic and lumbar
spinal infarction can lead to paraplegia/paraparesis or dis-
tal weakness of legs, respectively. When the predominant
blood supply of the thoracolumbar spine is compromised
(i.e., aortic collaterals), the most common clinical presen-
tation is anterior spinal artery syndrome (ASAS).ASAS at
the level of the thoracic spine can cause partial or complete
weakness of the lower extremities, impaired sensation of
pain and temperature because of involvement of the spi-
nothalamic tract, and preserved sensation of position
and vibration due to sparing of the dorsal columns. Other
symptoms include hypotension and impaired function of
bowel and bladder, abnormal thermoregulation, sexual
dysfunction, and eventual spasticity (except with concur-
rent lower motor neuron injury, as with infarcted anterior
horn cells).

Seizures

Seizure manifestations can range from psychosis to focal
or generalized tonic and/or clonic activity of limbs
(Table 31.2). In patients undergoing CEA, seizures
may present as one of the features of CHS, together with
headache and elevated blood pressure. CHS-related
seizures typically start as focal motor convulsions, orig-
inating in the cortex ipsilateral to the CEA, with possible
secondary generalization into tonic-clonic seizures
(Kieburtz et al., 1990; Naylor et al., 2003).

Delirium

As per the fifth edition of Diagnostic and Statistical
Manual of Mental Disorders (DSM-5: American
Psychiatric Association, 2013), delirium is defined as
an impairment of attention and awareness, which
develops over a short period of time (hours to days),
and fluctuates in severity. There must also be an

additional cognitive disturbance (i.e., memory, orienta-
tion, language, visuospatial ability, or perception)
(Lawlor and Bush, 2014).

Cognitive impairment

Cognitive impairment presents as dysfunction in one or
more cognitive domains that are typically tested during
neuropsychologic evaluation. These domains include
memory, language, executive functions, attention, and
motor functions. Thorough evaluation of cognitive
impairment is most helpful if it can be performed and
compared pre- and postoperatively.

Cerebral hyperperfusion syndrome

CHSmay present with an ipsilateral headache, hyperten-
sion, seizures, focal neurologic deficits, or encephalopa-
thy. In severe cases, patients may develop cerebral
edema. Failure to treat CHS in a timely fashion may lead
to ICH.

Table 31.2

Clinical presentation and differential diagnosis of seizure

Clinical manifestations of seizure
Cognitive Memory loss

Altered mental status:
Fluctuating or persistent
Severity: confusion to coma

Echolalia, aphasia, and perseveration
Psychosis, hallucinations, and catatonia
Crying and laughter

Motor Tonic and/or clonic activity
Posturing
Eye deviation, blinking, facial twitching,

and nystagmus
Autonomic Tachycardia, bradycardia, nausea,

vomiting, miosis, mydriasis,
Seizure mimics
Movement
disorders

Chorea, dystonia, tics, myoclonus, and
asterixis

Stroke Ischemic or hemorrhagic:
“Limb shaking” due to severe carotid

stenosis
Posterior-circulation stroke
Brainstem hemorrhage

Herniation
syndromes

Posturing (extensor and/or flexor)

Syncope Cardiogenic or cataplexy (narcolepsy-
related)

Other Psychogenic, delirium, shivering, and
tremor
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Cranial nerve deficits

The hypoglossal nerve (CNXII) supplies motor function
to the tongue, with injury manifesting as deviation
towards the site of injury, as well as dysarthria and
dysphagia due to tongue weakness.

Facial nerve (CN VII) injury results in an ipsilateral
facial droop, due to weakness of the orbicularis oris
muscle, typically without major clinical consequences.
Vagus nerve (CN X) injury can lead to ipsilateral paral-
ysis of the soft palate, pharynx, and larynx, in turn
causing hoarseness, dysphagia, and ipsilateral vocal
cord paresis. The two at-risk branches of the vagus
nerve are the superior laryngeal nerve (leading to
changes in voice quality) and the recurrent laryngeal
nerve, which supplies all the intrinsic muscles of the
larynx, except the cricothyroid muscles, leading to
hoarseness and vocal cord paresis. Glossopharyngeal
nerve (CN IX) injury, an uncommon complication,
can lead to loss of gag reflex, dysphagia, as well as bra-
dycardia and hypotension due to its innervation of the
carotid sinus. Damage to the sympathetic chain can also
occur during CEA, which will lead to either Horner’s
syndrome (miosis, ptosis, and anhydrosis) or, rarely,
the “first-bite syndrome” (unilateral pain in the parotid
region after the first bite of each meal). This latter diag-
nosis is exceedingly rare, and may potentially be treated
with local injection of botulinum toxin (Wang
et al., 2013).

Peripheral neuropathy

Diagnosis of brachial plexopathy requires high clinical
suspicion followed by a thorough motor, sensory, and
reflex examination of the upper extremities. The brachial
plexus innervates almost all muscles of the upper extrem-
ities except the trapezius and scapulae (Leffert, 1974).
Typically, post-CABG brachial plexopathy involves
the C8–T1 nerve roots (Ben-David and Stahl, 1997),
with clinical presentation of weakness and/or sensory
deficits in the affected myotome/dermatome of the upper
extremities. Phrenic nerve injury, especially if unilateral,
is relatively asymptomatic, as other respiratory muscles
compensate for the ipsilateral diaphragmatic paresis (i.e.,
accessory, abdominal, and intercostal muscles). Phrenic
nerve injury may cause exertional dyspnea or nocturnal
orthopnea (Dimopoulou et al., 1998). More severe injury
can lead to atelectasis and prolonged mechanical ventila-
tion. Phrenic nerve injury occurs more commonly on the
left, due to proximity of the left phrenic nerve to the top-
ically cooled pericardium. Saphenous neuropathy usu-
ally presents with paresthesias and pain along the
medial aspect of the calf and foot.

NEURODIAGNOSTICSANDIMAGING

All patients with acute neurologic deficits postopera-
tively should undergo head computed tomography
(CT) and laboratory evaluation. Subsequent neurodiag-
nostic testing should be tailored based on patients’
history, medications, type of surgery, and, most impor-
tantly, the neurologic examination (Fig. 31.1). Important
diagnoses not to be missed are ischemic stroke, ICH,
seizure, or CHS, due to the time-sensitive management
of these conditions. In a comatose patient with an unre-
markable head CT, if there are CN or brainstem deficits,
the next neurodiagnostic study should assess for an
arterial occlusion (e.g., CT angiography of head and
neck) to rule out a posterior-circulation stroke. On the
other hand, if a patient has rhythmic tonic/clonic activi-
ties of extremities, then continuous electroencephalo-
gram (EEG) would be the next appropriate test after
initial administration of antiepileptic drugs. If the
diagnosis remains elusive, MRI of the brain is usually
the next modality of choice, which should include, as
a minimum, the following sequences: diffusion-weighted
imaging, apparent diffusion coefficient, susceptibility-
weighted imaging, and fluid-attenuated inversion
recovery.

In patients with a high clinical suspicion for seizures,
continuous EEG should be performed for at least 12–24
hours in noncomatose patients and 24–48 hours in coma-
tose patients (Claassen et al., 2004). It should be noted
that scalp EEG could be falsely negative, as it detects
seizures only when a relatively large area of cortex
(>10 cm2) is affected (Tao et al., 2005). Patients with
CHS may have abnormal CT or MRI findings, such as
diffuse or patchy vasogenic edema in the white matter
(typically in the parieto-occipital region) and ipsilateral
petechial hemorrhage or ischemic strokes. Transcranial
Doppler or a perfusion study (CT perfusion or
perfusion-weighted MRI) may be helpful to confirm
the diagnosis (Hingorani et al., 2002).

Delirium and cognitive dysfunction can be diagnosed
with evaluation of attention and cognitive domains by
neuropsychologic testing before and after surgery. Neu-
roimaging is often necessary to screen for contributory
structural lesions. The laboratory workup may include
evaluation of electrolytes, endocrine, hepatic and renal
dysfunction, and vitamin deficiencies.

In order to minimize CN injury in complex CEA
cases, intraoperative monitoring can help with localiza-
tion of CNs within the surgical field. This has been suc-
cessfully performed with nerve conduction studies
(NCS) of both the vagus and hypoglossal nerves
(Driscoll and Chalmer, 2002; Tomonori et al., 2012).

As for peripheral neuropathies, intraoperative moni-
toring with somatosensory evoked potentials of the
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median and ulnar nerves has been shown to be sensitive
in the diagnosis of brachial plexopathy (Hickey et al.,
1993). Intraoperative monitoring of phrenic nerve func-
tion can also be performed. Phrenic nerve injury may be
suspected based on chest radiography, and confirmed
with real-time fluoroscopy (“sniff test”), diaphragmatic
sonography, and NCS of the phrenic nerve. Chest radio-
graphs alone have a high false-positive rate, since a find-
ing of an elevated hemidiaphragm can also be due to
other etiologies, such as pleural disease, atelectasis,
and ileus. Fluoroscopy and sonography both enable
direct visualization of diaphragmatic hypokinesis or
paradoxic movement. However, these tests require the
patient to be breathing spontaneously (DeVita et al.,
1993). The gold-standard neurodiagnostic study is
phrenic NCS, which typically shows an increased
latency period (>9 ms) and decreased amplitude of
compound muscle action potentials (Dimopoulou
et al., 1998). Electromyography can also be helpful in
assessing the severity of axonal injury in the phrenic
nerve through evaluation of diaphragmatic spontaneous
activity (e.g., fibrillation or positive sharp waves), motor
unit recruitment, amplitude, duration, and morphology
(DeVita et al., 1993).

HOSPITAL COURSE ANDMANAGEMENT

In order to reduce the risk of periprocedural neurologic
complications, pre-, intra-, and postoperative neuropro-
tective strategies are required (McKhann et al., 2006).
Preoperatively, high-risk patients should be identified,
especially those with significant cerebrovascular disease.
In some cases, alternative or modified surgical pro-
cedures should be considered, although it remains
unclear whether off-pump procedures reduce the risk
of stroke. Neurologic concerns should be discussed with
the anesthesiologist, such that appropriate intraoperative
monitoring and care can be planned in advance. Postop-
erative care should begin with a focused neurologic
examination, and include optimal blood pressure targets
tailored for the individual patient, arrhythmia control,
and efforts to minimize the chance of delirium.

ISCHEMIC STROKE

In patients undergoing CABG, recent American Heart
Association (AHA) guidelines recommend that aspirin
(100–325 mg/day) should be started preoperatively, or
at the latest within 6 hours postoperatively to reduce
saphenous vein graft closure, and for secondary stroke

If inconclusive

Seizure presentation
-eg tonic, clonic
movements

-continuous EEG
-MRI head

Stroke presentation
-Focal deficits
-Comatose with 

  brainstem findings

CHS presentation
 -eg unilateral HA,
 seizure
 -High blood pressure

TCD or Perfusion study
 -CT or MR perfusion
 EEG if needed

Repeat neurologic
examination

Head CT

Labs

Immediate management:Immediate management:
ABC (Airway, Breathing, Circulation)
 -Monitor O2, HR, BP, EKG

Glucose, CBC, BMP, LFT, Calcium,
Magnesium, Phosphate, Troponin,
Toxicology, etc.

Neurologic examination 

Labs

Head/Neck vessel study
-CT or MR angiography
MRI head if needed

Fig. 31.1. Proposed neurodiagnostic studies for acute neurologic deficits after vascular or cardiac surgeries. BMP, basicmetabolic

profile; BP, blood pressure; CBC, complete blood count; CHS, cerebral hyperperfusion syndrome; CT, computed tomography;

EEG, electroencephalogram; EKG, electrocardiogram; HA, headache; HR, heart rate; LFT, liver function test; O2, oxygen;

MRI, magnetic resonance imaging; TCD, transcranial Doppler.
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prevention. Moreover, all patients should be on statins,
unless contraindicated, to reduce the low-density lipo-
protein concentration by at least 30% and to a level below
100 mg/dL (<70 mg/dL in high-risk patients) (Hillis
et al., 2011), although it is unclear whether this reduces
the risk of early postoperative stroke. Similarly, patients
undergoing CEA are recommended to be started on an
antiplatelet agent and statin preoperatively (Engelter
and Lyrer, 2003). Beta-blockers started 24 hours before
CABG may reduce the incidence of new-onset atrial
fibrillation. In patients with symptomatic carotid artery
stenosis, or with high-grade bilateral stenosis, it may
be appropriate to perform CEA or CAS prior to CABG.

Intraoperatively, caution should be exercised to avoid
hypotension. In one study, patients with a drop of MAP
by at least 10 mmHg were four times more likely to
sustain watershed strokes (Gottesman et al., 2006). In
another study, patients with an MAP of 80–100 mmHg
had fewer neurologic complications, including ischemic
stroke, compared with patients in whom blood pressure
was maintained at a lower level (Gold et al., 1995).
Intraoperative transesophageal echocardiography aids
in optimal placement of aortic cross-clamps, to avoid
disrupting atheromatous plaques. Transcranial Doppler
of the middle cerebral artery can detect microemboli,
although the specific relationship to stroke risk remains
unclear.

Patients who are found to have an acute ischemic
stroke postoperatively should be evaluated immediately
by a neurologist and may be considered for intra-arterial
thrombolysis or thrombectomy, since intravenous tissue
plasminogen activator (tPA) is not recommended within
14 days of major surgery (Powers et al., 2015). Other
neuroprotective management includes maintenance of
euglycemia and euthermia (Hogue et al., 2006). Fever,
defined as temperature greater than 38°C, can contribute
to secondary neurologic injury through various mecha-
nisms, including increasing levels of excitatory neuro-
transmitters, free radicals, and lactic acid, as well as
increased ischemic depolarization and blood–brain bar-
rier breakdown (Greer et al., 2008). Similarly, hypergly-
cemia can lead to local brain tissue acidosis, free-radical
generation, and blood–brain barrier injury (Bruno et al.,
2002; Parsons et al., 2002). The recommended target
glucose level is in the range of 140–180 mg/dL
(Powers et al., 2015).

In aortic surgeries, identifying high-risk patients (e.g.,
treatment requiring large stent coverage and prior history
of aortic aneurysms) preoperatively may help reduce the
risk of spinal cord ischemia. In such cases, clinicians can
plan for lumbar drain placement, intraoperative neuro-
monitoring, minimization of sedation, and frequent
neurologic examination postoperatively (Cheung et al.,
2002; Khoynezhad et al., 2007; Schlosser et al., 2009;

Hiratzka et al., 2010; Erbel et al., 2014). Intraoperative
neuromonitoring with modalities such as somatosensory
evoked potential and motor evoked potential has been
shown to help in identifying SCI earlier. However,
management of SCI continues to be predominantly
supportive, with appropriate volume repletion, goal
MAP�90 mmHg, mild hypothermia, and maintenance
of spinal cerebrospinal fluid pressure�10 mmHg to
improve spinal cord perfusion pressure (Hiratzka et al.,
2010). Unfortunately, patients are typically not candi-
dates for intravenous tPA. However, those undergoing
TEVAR may be considered for intra-arterial thrombe-
ctomy if SCI is diagnosed early (within 6 hours from
onset), especially with a femoral sheath already in place
for arterial access.

INTRACEREBRAL HEMORRHAGE

Patients with postoperative ICH should be treated as per
recent AHA guidelines. The role for reversal of antip-
latelet agents is uncertain. The blood pressure can be tar-
geted to less than 140 mmHg, as this has shown to be safe
and may improve functional outcome (Hemphill et al.,
2015). As with ischemic stroke, euglycemia and euther-
mia should be maintained.

SEIZURES

As in other settings, timely detection of seizures
and appropriate treatment are critical (Kapur and
Macdonald, 1997). First-line agents are benzodiaze-
pines. If the patient does not return to baseline,
second-line drugs should be tailored to the patient
according to their side-effect profile. Phenytoin and
lacosamide are not preferred in patients with significant
cardiac issues, as they may cause arrhythmias. Alterna-
tives include valproate and levetiracetam, especially
because these can be given intravenously.

DELIRIUM

Therapy for delirium includes both pharmacologic and
nonpharmacologic interventions. Preoperatively, some
studies suggest that statins may reduce the incidence of
delirium, which could be due to its effect on inflamma-
tory response (Rothenhausler et al., 2005). One study
suggested that use of resperidone may reduce the inci-
dence of delirium after cardiac surgery (11% vs. 32%)
(Prakanrattana and Prapaitrakool, 2007). However, there
are currently insufficient data to support the routine use
of antipsychotics to prevent delirium. Use of dexmedeto-
midine, which is an alpha-2 agonist, has been postulated
to prevent delirium, due to improvement of sleep struc-
ture and analgesic effects that help minimize opioid
requirements (Hsu et al., 2004). In multiple studies,
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dexmedetomidine was shown to improve the delirium
rate in relation to other sedation strategies; however, this
was not supported by a large meta-analysis (Maldonado
et al., 2009; Shehabi et al., 2009). Other pharamacologic
agents that have been assessed for the prevention of
delirium include ivastigmine, ketamine, propofol, and
clonidine (Mu et al., 2015). Nonpharmacologic strate-
gies include minimization of medications that may
contribute to delirium, such as benzodiazepines, opioids,
and anticholinergic drugs. Other techniques include
cognitive interventions (e.g., orientation protocol with
schedule, name board, and discussion of current events),
sleep–wake cycle maintenance (e.g., warm drink, relax-
ation tape, and noise reduction to promote sleep), early
mobilization, visual and hearing interventions (i.e., use
of adaptive devices or communication techniques to
aid with vision/hearing impairment), and adequate
hydration (Bogardus et al., 2003). In a meta-analysis
of 14 large studies, nonpharmacologic interventions
were associated with a reduction in delirium incidence,
falls, and length of stay in a heterogeneous population
of patients (Hshieh et al., 2015). Four of those studies
were randomized trials, in which the delirium incidence
was reduced by 44% with the use of nonpharmacologic
interventions.

COGNITIVE IMPAIRMENT

Minimization of the risk of perioperative ischemic stroke
also helps prevent cognitive impairment. A variety of
pharmacologic strategies for preventing cognitive
impairment have been assessed in small, single-center
randomized controlled trials.

In one study, the intraoperative choice of anesthesia
with sevoflurane was associated with improved cogni-
tive outcome in four different cognitive tests when com-
pared to propofol. This may be due to neuroprotective
properties of sevoflurane, as shown previously in vitro
in animal studies (Schoen et al., 2011).

Intraoperative use of lidocaine and piracetam has also
been associatedwith lower rates of cognitive decline after
CABG (Szalma et al., 2006; Ghafari et al., 2012). Lido-
caine is a sodium channel blocker, whichmay potentially
work by reducing the cerebralmetabolic rate and decreas-
ing excitotoxicity in the setting of cerebral ischemia.
Piracetam may work by reducing microemboli, as it
decreases platelet aggregation and blood viscosity.

Another intraoperative measure is the monitoring
of regional cerebral oximetry in the frontal lobes using
near infrared spectroscopy, which helps to detect and
respond to low brain tissue oxygenation (Slater et al.,
2009). In two randomized trials, post-CABG cognitive
decline was significantly lower among patients with
intraoperative cerebral oximetry monitoring within a

7-day follow-up period (Slater et al., 2009; Colak
et al., 2015).

Postoperatively, acetylcholinesterase inhibitors (e.g.,
donepezil) have shown promise in reducing cognitive
dysfunction. In a small trial, patients with cognitive
dysfunction a year after CABG were randomized to
12 weeks of either donepezil or placebo (Doraiswamy
et al., 2007). Patients in the donepezil group had signifi-
cantly greater memory improvement; however, compo-
site cognitive performance was not significantly
different between groups.

Anothermedication,memantine (N-methyl-D-aspartate
antagonist), has shown small benefits in cognition of
patients with vascular dementia; however, there is paucity
of evidence for its efficacy in patients with post-CABG
cognitive decline. In a meta-analysis of five randomized
trials, efficacy of memantine, galantamine, and rivastig-
mine was evaluated in patients with mild to moderate vas-
cular dementia over a 6-month period. In all of the trials,
patients on the study drug scored significantly better on
the Alzheimer Disease Assessment Scale (cognitive) than
the control group. However, cholinesterase inhibitors
(galantamine and rivastigmine) had a significantly
increased risk of gastrointestinal adverse events (i.e.,
anorexia, nausea, vomiting, and diarrhea) (Kavirajan and
Schneider, 2007).

Cognitive decline post-CABG may also be improved
through nonpharmacologic approaches, such as inten-
sive physical therapy. In a small trial, patients random-
ized to three physical therapy session per day had a
significantly smaller decline in their cognitive function,
as assessed by four different cognitive assessment scales
(Cavalcante et al., 2014). This may be due to neuroplas-
ticity, with physical activity stimulating not only the
motor and sensory pathways, but also the neurocognitive
system. In another randomized study, patients undergo-
ing 6 weeks of attention and memory training post-
CABG had a significant improvement in the trained
cognitive domains (de Tournay-Jette et al., 2012).

Cerebral hyperperfusion syndrome

Since most patients are discharged early after the CEA
surgery, they should be instructed to look out for certain
symptoms. Preoperatively, treatment with edaravone
immediately prior to internal carotid artery clamping
appeared to reduce the incidence of CHS in one single-
center, matched-cohort study. This drug is a free-radical
scavenger that is thought to work through inhibition
of lipid peroxidation and reduced endothelial injury.
However, further trials are needed to support the routine
use of this medication (Ogasawara et al., 2004).

The most important method of CHS prevention is
through strict postoperative blood pressure control.

584 K.N. SHETH AND E. NOUROLLAHZADEH



Labetalol is amixed alpha and beta antagonist, which can
be administered intravenously, and has no direct effect
on CBF (Jorgensen and Schroeder, 1993). Esmolol is
an alternative intravenous beta-blocker which can be
considered in an intensive care unit setting, with the
advantage that it is very short acting and can be admini-
stered as an intravenous infusion. Clonidine is a central-
acting sympatholytic drug, which may be useful since
CHS is associated with catecholamine surges, although
it is not available as an intravenous preparation in North
America (Tietjen et al., 1996). Nitroprusside is a very
effective, short-acting, intravenous antihypertensive,
but may produce cerebral vasodilatation. Nicardipine is
an alternative that may achieve more stable blood pres-
sure control (Halpern et al., 1992; Dorman et al., 2001).

The duration of strict blood pressure control depends
on the rate of normalization of autoregulation, which can
be variable among patients. Some clinicians continue
with tight blood pressure control up to 6months, whereas
others use transcranial Doppler and continue with strict
blood pressure control until there is normalization of
CBF velocity within the middle cerebral artery
(Dalman et al., 1999). In patients with severe cerebral
edema, osmotherapy with mannitol or hypertonic saline
may be necessary.

Cranial nerve deficits and peripheral
neuropathy

Most periprocedural CN deficits and peripheral neurop-
athies are transient and management is conservative.
Intraoperative measures, such as use of NCS to further
delineate the pertinent CNs during CEA, or use of peri-
cardial insulation pads to minimize hypothermic injury
to the phrenic nerve, are some of the possible preventive
approaches. Patients with failed conservative manage-
ment of vagus nerve injury can be assessed for surgical
options. For instance, patients with vocal cord paralysis
can undergo Teflon injection to increase tension and fur-
ther support the vocal fold. Dysphagia can sometimes be
treated with cricopharyngeal myotomy, as it can relieve
the persistent spasm from the cricopharyngeus muscle
(Buchholz and Neumann, 1997). The recovery of unilat-
eral vocal cord dysfunction due to recurrent laryngeal
neuropathy can take up to 1 year (Shafei et al., 1997).
Patients with severe phrenic nerve injury may be candi-
dates for diaphragm plication. This procedure can be per-
formed with an open or minimally invasive approach, in
which the diaphragm dome is flattened to provide larger
expansion volume for the lungs. If plication fails to
improve conditions, the diaphragm can be repaired or
reinforced with synthetic or bioprosthetic mesh
(Bowen et al., 1982; Tsakiridis et al., 2012).

CLINICALTRIALSANDGUIDELINES

Relevant guidelines from the AHA include management
recommendations relevant to acute ischemic stroke, ICH,
CABG, CEA, and thoracic aortic disease (Hiratzka et al.,
2010; Hillis et al., 2011; Hemphill et al., 2015; Powers
et al., 2015).

COMPLEXCLINICAL DECISIONS

One of the complex decisions may involve the optimal
timing of CABG in patients with recent ischemic stroke.
Unfortunately, there is a paucity of data to guide clinical
decisions. Considerations in the timing of CABG should
be based on the urgency of CABG, stroke etiology, and
infarct volume, along with other comorbidities. A related
topic is the role of preoperative carotid artery screening
and revascularization prior to CABG. As per the most
recent AHA guidelines, a multidisciplinary approach is
recommended in patients with significant carotid artery
stenosis. Those with a previous history of transient ische-
mic attack or stroke are reasonable candidates for revas-
cularization. In addition, revascularization may be
considered in the presence of bilateral severe carotid
stenosis (70–99%) or unilateral severe stenosis with a
contralateral occlusion (Hillis et al., 2011). Lastly,
patients with new postoperative acute ischemic stroke
(including spinal cord ischemia) should be evaluated
immediately by a vascular neurologist and may be
considered for intra-arterial thrombolysis or thrombec-
tomy, as intravenous tPA is not recommended within
14 days of major surgery (Powers et al., 2015).

OUTCOMEPREDICTION

Ischemic and hemorrhagic stroke

Patient with post-CABG stroke have higher morbidity
and mortality in comparison to those without (Braxton
et al., 2000). The mortality risk at 10-year follow-up
can be three times higher in those with stroke, with the
greatest risk of death being in the first year (Dacey
et al., 2005). However, overall mortality after CABG
has continued to decrease since the early 1990s. In one
study, in-hospital mortality during the 1990s was 7%
compared to 3% in early 2000s (Maganti et al., 2009).
Risk factors associated with higher stroke rates include
older age, previous history of stroke, hypertension, dia-
betesmellitus, and smoking. The risk of amajor ischemic
stroke (NIHSS>9) after carotid revascularization is
relatively low, at 0.9% and 0.3% after CAS and CEA,
respectively. However, these strokes were associated
with significant morbidity and a threefold increase in
mortality during 4 years of follow-up of patients in the
CREST study (Hill et al., 2012).
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The mortality rate in adult patients undergoing
ECMO is dependent on selection criteria. In one cohort
study, it was 44% at 1 month compared to approximately
100% mortality for comparable patients when ECMO
was not offered (Mateen et al., 2011). Patients who
develop neurologic complications (specifically ischemic
stroke and ICH) during ECMO have significantly higher
rates of morbidity and mortality (Lan et al., 2010; Nasr
and Rabinstein, 2015; Luyt et al., 2016). In one study,
ischemic stroke and ICH were determined to be one of
the six independent predictors of mortality at discharge,
with others being age, dialysis, infection, hypoglycemia,
and alkalosis (Lan et al., 2010). In another study, neuro-
logic complications were most common when ECMO
was used subsequent to initiation of cardiopulmonary
resuscitation. They also found that those with neurologic
complications (stroke, ICH, seizure, and brain death)
experienced significantly higher in-hospital mortality
compared to those without them, at 89% and 57%,
respectively (Lorusso et al., 2016). Lastly, there is a pau-
city of data regarding cognitive dysfunction in adult
patients receiving ECMO. In the neonatal/pediatric
population, rates of moderate to severe cognitive delay
can be as high as 50% (Hamrick et al., 2003; Lequier
et al., 2008).

In spinal cord ischemia, morbidity and mortality are
influenced by the severity of initial impairment, older
age, peripheral vascular disease, and underlying etiol-
ogy. In one study, patients with SCI due to various eti-
ologies (70% due to aortic surgeries) continued to have
improved motor function when followed over an aver-
age of 3 years. The percentage of wheelchair-bound
patients at onset compared to the follow-up was 81%
and 35%, respectively (Robertson et al., 2012). In
another study, aortic surgery-related SCI was signifi-
cantly associated with mortality when compared to
patients without that complication (39% vs. 14%)
(Messe et al., 2008).

Seizures

Patients who develop post-CABG seizures, without a
stroke, have similar outcomes compared with patients
who do not develop seizures. However, in patients with
seizures and concomitant acute stroke, morbidity and
mortality rates are significantly increased (Ivascu et al.,
2015). This suggests that seizure may not be a significant
independent prognostic determinant. Alternatively, the
lack of association with poor outcomes could also be
due to small sample size or the self-limiting nature of
post-CABG seizures. As for CEA-related seizures, there
is a paucity of literature regarding the implications on
outcome. Prompt detection and management of seizures
are generally associated with improved outcome in

critically ill patients (Treiman et al., 1998). In a retrospec-
tive study, patients who developed seizures after CEA
were more likely to have a poor outcome. However,
the majority of patients had CHS, rather than an isolated
seizure, making the results difficult to interpret (Naylor
et al., 2003).

Delirium

Delirium has been associated with worse functional
outcome and cognitive decline at 1 month, as well as
increased risk of mortality at 10-year follow-up
(Hudetz et al., 2011). The death rate in patients with
and without delirium was 16 and 7 per 100 person-years,
respectively (p<0.0001) (Gottesman et al., 2010;
Rudolph et al., 2010). In one study, postoperative delir-
iumwas significantly associated with a higher likelihood
of developing cognitive impairment at 6 months relative
to patients without delirium (40% and 24%, respectively)
(Saczynski et al., 2012). Delirium is also associated with
longer length of stay (McKhann et al., 2002).

Cognitive impairment

It is important to note that a significant number of candi-
dates for CABG (ranging from 20% to 46%) already
have some degree of cognitive impairment (Jensen
et al., 2006). These patients typically have an increased
burden of lacunar infarcts and evidence of small-vessel
disease on MRI, which puts them at a higher periopera-
tive stroke risk (Maekawa et al., 2008). Cognitive impair-
ment after CABG has a pattern of early improvement
followed by progressive decline. Perioperative cognitive
impairment typically resolves within 3 months. Over the
long term, the rate of cognitive decline appears to be
similar between CABG and nonsurgical patients, when
adjusted for cardiovascular risk factors (Selnes et al.,
2008, 2009). Elderly patients with multiple cardiovas-
cular risk factors are at higher risk of cognitive decline,
and early cognitive decline at discharge is a significant
predictor of long-term function (Hammon et al., 1997;
Newman et al., 2001). Another factor that can be associ-
ated with cognitive decline is the perioperative stroke
burden that can be visualized on MRI, especially using
diffusion-weighted imaging (Barber et al., 2008;
Hogan et al., 2013). Other predisposing factors include
perioperative hypotension, exposure to general anesthe-
sia, hypoxemia, and hyperthermia (Grocott et al., 2002;
Gottesman et al., 2007; Hogan et al., 2013). As men-
tioned earlier, aggressive control of modifiable risk
factors may be the key to minimizing long-term cogni-
tive deficits in high-risk patients.
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Cerebral hyperperfusion syndrome

Most patients with CHS, especially if diagnosed and trea-
ted early, will recover completely. In patients with severe
CHS and delayed treatment, mortality can be as high as
50%, usually due to ICH (Piepgras et al., 1988; Meyers
et al., 2000).

Cranial nerve deficits and peripheral
neuropathy

Most CEA-related CN injuries resolve spontaneously,
with fewer than 1% of patients having long-term deficits
(Fokkema et al., 2014). In the CREST trial, 34% of CN
injuries resolved within 30 days and more than 80%
within the first year (Hye et al., 2015). Outcome from
brachial plexopathies post cardiac surgery is typically
favorable. In two prospective studies, the incidence of
brachial plexopathy was about 5%, with only 1% having
persistent symptoms beyond 3months (Vahl et al., 1991).
Patients with persistent symptoms should undergo fur-
ther testing with NCS to delineate axonal or myelin
involvement, as axonal injury is associated with longer
recovery. Phrenic nerve injuries are usually asymptom-
atic, and the majority of patients recover within 3–6
months (DeVita et al., 1993). The required time for heal-
ing depends on the type of injury (e.g., demyelination
versus axonal injury) and the regeneration distance.

NEUROREHABILITATION

Previously, the general belief was that regeneration in
an adult central nervous system is very limited after brain
injury. However, studies have shown the neuronal net-
work capacity for adaptation in response to repeated
stimulation; this has been termed neuroplasticity
(Johnston, 2009; Mueller et al., 2009). This principle
is the foundation of neurorehabilitation, which most
likely leads to an actual reorganization of neuronal
networks, thus promoting recovery. Patients and their
caregivers are educated and trained for better adaptive
and compensatory practices, such as assisted ambulation,
transfer, feeding, and language skills. Stroke is one of
the major complications of both vascular and cardiac
surgeries, with patients commonly developing motor
deficits (>70%), aphasia (>20%), and cognitive dys-
function (Hendricks et al., 2002; Dobkin, 2004). Most
stroke recovery occurs within the first 3–6 months, with
disability at 1 month being a reliable indicator of final
recovery (Jorgensen et al., 1999; Ovbiagele et al.,
2010). Intensive stroke rehabilitation should ideally start
within the first 24 hours, and once the patient is able to
participate in physical therapy for at least 3 hours per
day, he or she is transferred to a rehabilitation unit, with
a usual stay of about 2 weeks. Patients unable to

participate in intensive programs are transferred to
subacute rehabilitation settings or skilled nursing facili-
ties. Following discharge home, patients should partici-
pate in home rehabilitation or outpatient programs.

CONCLUSION

Despite best effort by surgeons, anesthesiologists, and
intensivists, postprocedural neurologic complications
are still relatively common following cardiac and vascu-
lar surgery, due to patients’ multiple comorbidities and
the complexity of the procedure. These complications,
especially hemorrhagic and ischemic strokes, have sig-
nificant associated morbidity and mortality. Clinicians’
familiarity with various complications is essential for
early diagnosis and management. Continued investiga-
tion intomechanisms, preventivemeasures, andmanage-
ment of postsurgical complications is warranted to
further improve clinical outcomes.
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Neurology of cardiopulmonary resuscitation
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Abstract

This chapter aims to provide an up-to-date review of the science and clinical practice pertaining to
neurologic injury after successful cardiopulmonary resuscitation. The past two decades have seen a major
shift in the science and practice of cardiopulmonary resuscitation, with a major emphasis on postresuscita-
tion neurologic care. This chapter provides a nuanced and thoughtful historic and bench-to-bedside over-
view of the neurologic aspects of cardiopulmonary resuscitation. A particular emphasis is made on the
anatomy and pathophysiology of hypoxic-ischemic encephalopathy, up-to-date management of survivors
of cardiopulmonary resuscitation, and a careful discussion on neurologic outcome prediction. Guidance to
practice evidence-based clinical care when able and thoughtful, pragmatic suggestions for care where evi-
dence is lacking are also provided. This chapter serves as both a useful clinical guide and an updated, thor-
ough, and state-of-the-art reference on the topic for advanced students and experienced practitioners in
the field.

EPIDEMIOLOGY

Cardiac arrest is defined as a sudden pulseless state due to
cessation of effective cardiac mechanical activity. This
can be further classified as primary cardiac arrest due
to an intrinsic cardiac condition and secondary due to
noncardiac causes such as respiratory, neurologic, meta-
bolic, toxic, asphyxia, drowning, trauma, and resulting
from environmental exposure. Based on the most recent
statistics available in 2016, each year there are over half a
million cardiac arrests in the USA. Approximately
356 000 of these occur in the community and are assessed
and treated by emergency medical personnel, and
another approximately 209 000 cases occur in healthcare
facilities in the USA every year (Mozaffarian et al.,
2016). North American, European, and Asian data esti-
mate the incidence of cardiac arrest to vary widely
between 50 and 110 per 100 000 in the general popula-
tion (Fishman et al., 2010). Current data from the USA

estimate the yearly incidence of out-of-hospital cardiac
arrest (OHCA) at 110.8 individuals per 100 000 popula-
tion (Mozaffarian et al., 2016). Early North American
studies in OHCA showed that overall survival ranged
from 2.1% to 7.3% (Hillis et al., 1993; Westfal et al.,
1996), while ventricular tachycardia (VT)/ventricular
fibrillation (VF) patients who were successfully resusci-
tated in the field and brought to the hospital showed sur-
vival rates ranging from around 8% to 40% (Nichol et al.,
2008). Data from another large North American registry
of OHCA presumed to be of cardiac etiology have shown
a survival rate to hospital admission of 26.3%, and an
overall survival rate to hospital discharge of 9.6%
(McNally et al., 2009). In the USA current overall sur-
vival rates of OHCA are approximately 10.6%
(Mozaffarian et al., 2016).

In-hospital cardiac arrest (IHCA) also displays a sig-
nificant variability in survival and neurologic outcomes.
This is due to a number of not fully understood factors
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and mechanisms, such as the underlying cause, initial
rhythm on electrocardiogram (ECG) (Nadkarni et al.,
2006; Holmgren et al., 2010; Terman et al., 2014), time
to return of spontaneous circulation (ROSC) (Meaney
et al., 2010), location (Gwinnutt et al., 2000), and time
of day (Peberdy et al., 2008), being witnessed or not
(Brady et al., 2011), bystander cardiopulmonary resusci-
tation (CPR) (Wissenberg et al., 2013; Malta Hansen
et al., 2015) and many of the same factors affecting
OHCA (Huang et al., 2002; Brady et al., 2011;
Merchant et al., 2011, 2012; Wallmuller et al., 2012;
N€urnberger et al., 2013). Survival from IHCA histori-
cally ranges from 37% to 42% in VT/VF arrests to as
low as 6.2–12% for asystolic and pulseless electric activ-
ity (PEA) arrests respectively (Gwinnutt et al., 2000;
Meaney et al., 2010). A recent study on outcomes of
IHCA showed that clinically significant neurologic dis-
ability among survivors has decreased over time, with a
risk-adjusted rate of 32.9% in 2000 and 28.1% in 2009
(Girotra et al., 2012). This improvement over time is
thought to be due to improvements in “the chain of
survival,” as well as postresuscitation care, including tar-
geted temperature management (TTM), whereas the
overall improvements in outcomes from IHCA com-
pared to OHCA are usually attributed to shorter times
to initiation of CPR (including bystander CPR), early
defibrillation, and postresuscitation care. Current IHCA
survival to hospital discharge rates in the USA are about
19% (Merchant et al., 2012; Kazaure et al., 2013).
A recent study in the USA based on data from the
2003–2011 Nationwide Inpatient Sample databases of
adult inpatients who underwent CPR analyzed 838 465
patients with IHCA (Kolte et al., 2015). Previous data
estimated the incidence of IHCA in the USA to be
0.92 per 1000 hospital bed days (interquartile range
0.58–1.2) (Merchant et al., 2011). The geographic distri-
bution showed that 19.4% occurred in the Northeast,
19.0% in the Midwest, 37.7% in the South, and 23.9%
were in the West (Kolte et al., 2015). Based on data from
this same study, IHCA incidence in the USAwas 2.85 per
1000 hospital admissions, with significant regional var-
iation in IHCA incidence; it was lowest in the Midwest
and highest in the West (2.33 and 3.73 per 1000 hospital
admissions, respectively) (Kolte et al., 2015). Addition-
ally, risk-adjusted survival to discharge was also highest
in the Midwest (odds ratio, 1.33; 95% confidence inter-
val, 1.31–1.36).

Data from the UK, which included both OHCA and
IHCA, demonstrated that only 28.6% of patients who
achieved ROSC survived to discharge (Nolan et al.,
2007). Study of an Irish registry showed that overall sur-
vival to hospital discharge improved significantly from
2.6% to 11.3% over the time period between 2003 and
2008 (Margey et al., 2011); and results from aNorwegian

trial showed survival to hospital discharge rates to be
between 9.2% and 10.5% (Olasveengen et al., 2009).

Cardiac arrests are believed to account for over half of
all deaths from ischemic heart disease and for approxi-
mately 15–20% of all deaths (Deo and Albert, 2012).
The economic burden imposed by cardiac arrest world-
wide is not known, but likely to be staggering consider-
ing the cost of critical care, rehabilitation, loss of
productivity, and toll on families (Suchard et al., 1999;
Hamel et al., 2002; Burke et al., 2005; Søholm
et al., 2014).

NEUROPATHOLOGY

Cellular injury during cardiac arrest is principally medi-
ated by oxygen deprivation, but additional neurologic
injury is incurred depending on associated factors such
as concomitant toxic exposures such as carbon monox-
ide, metabolic stressors such as hypoglycemia, and
free-radical production after restoration of blood flow
in the so-called reperfusion injury. Based on the study
of animal models, the magnitude of neurologic injury
and the extent of possible recovery are directly related
to the duration of the arrest, with up to 95%of brain tissue
affected at 15 minutes of arrest in a rabbit model (Ames
et al., 1968). The effect of duration of arrest in humans is
intuitively also a significant predictor of the degree of
neurologic injury and potential for recovery; however
there are too many unknowns and potential variables,
especially in OHCA, to predict outcomes solely based
on arrest time.

Cellular hypoxia in the brain results in a decrease of
adenosine triphosphate (ATP) production with resulting
cellular energy starvation as well as a breakdown of
cellular integrity from dysfunction of membrane
ATP-dependent Na-K pumps. This in turn leads to the
uncontrolled release of glutamate, an excitatory neuro-
transmitter which leads to injury from excitotoxicity
(Rothman and Olney, 1986; Vaagenes et al., 1996;
Belousov, 2012) mediated mainly through N-methyl-D-
aspartate (NMDA) receptors (Lipton and Rosenberg,
1994). In this chain reaction of cellular injury, inhibitory
neurotransmitters that normally dampen glutamate exci-
totoxicity, such as g-aminobutyric acid (GABA) and gly-
cine (Gundersen et al., 2005), are also downregulated
(Globus et al., 1991). The glutamate-NMDA excitotoxic
process described results in an intracellular calcium
influx that activates a number of second messengers that
amplify cellular injury by increasing the calcium perme-
ability and increasing glutamate release, leading to a
vicious cycle (Choi, 1994; Zipfel et al., 2000; Kaindl
et al., 2012). This complex chain of events, triggered
by circulatory arrest and leading to intracellular calcium
overload, is almost immediate, and results in the
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activation of neuronal nitric oxide synthase (nNOS). The
production of oxygen free-radical species by nNOS
causes direct cellular injury by direct DNA fragmenta-
tion, protein oxidation, lipid peroxidation (Moore and
Traystman, 1994), and disruption of the mitochondrial
respiratory chain. These reactive oxygen species are
released by calcium-mediated mitochondrial disruption
as well as during reperfusion (Traystman et al., 1991),
when renewed oxygen supplies act as a substrate for
enzymatic oxidative reactions (Rodrigo et al., 2005).
Oxidative stress mediated by the aforementioned mech-
anisms transcends cellular injury to tissue-level injury
through complement activation and subsequent degrada-
tion (van Beek et al., 2003; Yang et al., 2013), cytokine
production (interleukin-1 (IL-1), IL-6, IL-8, and tumor
necrosis factor-a (TNF-a)), expression of leukocyte
adhesion molecules, and microvascular dysfunction
(Donadello et al., 2011). A delayed brain injury results
from cerebral edema with resulting elevations in intra-
cranial pressure, nonconvulsive seizures and blood–
brain barrier disruption, again causing tissue-level dam-
age. Cytotoxic edema is a result of excitotoxicity and
ionic pump failure, as well as cellular water shift across
cell membranes with impaired aquaporin function
(Lo Pizzo et al., 2013).

Ischemia and reperfusion injury result in a breakdown
of the blood–brain barrier, resulting in an influx of proteins
into the brain (Wiklund et al., 2012). Cerebral edema plays
a role in the degradation of the blood–brain barrier, and has
been shown to be regulated by aquaporin-4, a membrane
protein on glia that regulates water transport, and matrix
metalloprotease-9 (Amiry-Moghaddam et al., 2003).
Cardiac arrest leads to upregulation of aquaporin-4, a
process mitigated by hypothermia (Suehiro et al., 2004;
Xiao et al., 2004). Oxidative stress results in both cellular
necrosis and apoptosis, DNA fragmentation, nicotinamide
adenine dinucleotide depletion, p53 activation, and mito-
chondrial disruption (Kataoka and Yanase, 1998; Greer,
2006; Harukuni and Bhardwaj, 2006; Mongardon
et al., 2011).

The areas of the brain responsible for arousal are most
commonly and severely affected, while areas responsible
for cranial nerves (CNs) and sensorymotor reflexes seem
to be more resistant and are affected only in more severe
injuries (Fujioka et al., 1994). The areas of the brain
most affected by a hypoxic-ischemic injury tend to be
those newest in phylogenetic terms and responsible
for consciousness and higher function, whereas those
more primitive and responsive for vegetative functions
appear to be more resistant. To illustrate this concept, cor-
tical projection neurons, the posterior cingulate cortex/
precuneus, medial prefrontal cortex, and bilateral tempor-
oparietal junctions (Hoesch et al., 2008; Norton et al.,
2012), the cerebellar Purkinje cells (Paine et al., 2012)

and the CA-1 area of the hippocampus (Wijdicks et al.,
2001; Sekeljic et al., 2012) are critical to consciousness
and arousal but are some of themost affected. By contrast,
the more phylogenetically “primitive” brainstem appears
to be somewhat more resilient and resistant to hypoxic-
ischemic injury (Brierley et al., 1971), which is probably
why not all arrests compromise the midbrain and lead to
brain death. Animal evidence also points to hypothalamic
activation with increased levels of cerebrospinal fluid,
norepinephrine, and acetylcholinesterase activity
(Wortsman et al., 1987). Injury to basal ganglia structures
and to the cerebellumcan also be incurred and often results
in various movement disorders and ataxia (Barrett
et al., 2007).

On gross pathologic examination, Wijdicks and
Pfeifer (2008) noted that specimens from cardiac arrest
victims display extensive neocortical, diencephalic,
and brainstem necrosis consistent with global hypoxic-
ischemic encephalopathy (HIE). In that study, patients
who died with post cardiac arrest syndrome (PCAS)
displayed the most severe diffuse neuronal damage in
the series, compared to patients with trauma, intracranial
hemorrhage, and stroke with malignant edema. This
leads to the conclusion that post cardiac arrest hypoxic-
ischemic brain injury is likely a different histopathologic
entity than brain injury from other causes, as those find-
ings are consistent with a more recent series (Dragancea
et al., 2012). More recent studies using diffusion tensor
imaging (DTI) also show a difference between hemi-
spheric axonal injury in cardiac arrest as opposed to a
predominance of central myelin damage in traumatic
brain injury (van der Eerden et al., 2014), as well as good
correlation of DTI with histopathology (Gerdes et al.,
2014). DTI showed well-localized evidence of white-
matter injury, macrophage presence, and astrogliosis
of the corpus callosum and bilateral white-matter tracts
of the frontal, parietal, and occipital lobes. Injury to
the temporal lobes, hippocampus, basal ganglia, and
thalamus also correlated well to the histopathologic
examination.

CLINICAL PRESENTATION

The neurologic and systemic presentations and sequelae
of the multisystem injury incurred after a cardiac arrest
have led to the recognition of a distinct syndrome. The
PCAS concept has its roots in the 1972 publication by
Negovsky, who initially coined the phrase “post-
resuscitation disease” for the pathophysiologic process
that followed circulatory arrest and the subsequent multi-
organ ischemia and reperfusion states that ensued. The
modern term of PCAS was defined in 2008 in the Inter-
national Liaison Committee on Resuscitation (ILCOR)
consensus statement on cardiac arrest (Neumar
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et al., 2008), and it defined the following four key com-
ponents: (1) post cardiac arrest brain injury; (2) post car-
diac arrest myocardial dysfunction; (3) systemic
ischemia/reperfusion response; and (4) persistent precip-
itating pathology.

Post cardiac arrest brain injury manifests as a host of
neurologic conditions which during the acute phase cen-
ter mostly on disorders of consciousness. This clinical
spectrum of neurologic disorders correlates well with
the selective vulnerability of the cortex, the arousal sys-
tems, thalamus, and cerebellum, as described above.
Coma and the minimally conscious states are typically
observed. Coma is defined as unresponsiveness to inter-
nal and external stimuli in the absence of arousal,
whereas the minimally conscious states (vegetative
states) may include intermittent arousal and responsive-
ness to stimuli, but lack other features of consciousness
and cognition (Giacino et al., 2002; Huff et al., 2012).
With the selective injury of other neural areas such as
the basal ganglia and cerebellum, movement disorders
and ataxia can be among the neurologic sequelae of car-
diac arrest. Rarely, cardiac arrest survivors can also suffer
from other dyskinesias, including parkinsonism, dysto-
nias, chorea, athetosis, and various tremors, post hypoxic
myoclonus (PHM), and the Lance–Adams syndrome, in
which a cardiac arrest survivor who has regained con-
sciousness develops myoclonus days to weeks after the
cardiac arrest (Shin et al., 2012). In some patients focal
deficits (paresis) may be noted and are related to water-
shed infarcts caused by the abrupt reduction in perfusion,
and can occur anteriorly at the junction of the anterior and
middle cerebral arteries and posteriorly at the junction of
middle and posterior cerebral arteries.

As the care of patients with the PCAS has improved,
and with the presence of more survivors, there is a grow-
ing realization of the lack in the long-term follow-up
of cardiac arrest survivors. The extensive cortical injury
has been shown to cause cognitive deficits mainly
focused on memory, attention, and executive function
(Boyce-van der Wal et al., 2015; Sabedra et al., 2015).
According to some studies, the quality of life of PCAS
survivors is significantly decreased, with only 20% being
able to resume their prior employment (de Vos et al.,
1999). Due to cortical injury, the incidence of seizures
in PCAS survivors can be as high as 40% (Khot and
Tirschwell, 2006).

Post cardiac arrest myocardial dysfunction is the sec-
ond component in the PCAS definition; this may be due
to a variety of factors which may be primary contributors
to the arrest, such as a myocardial infarction (Wolfrum
et al., 2008;McManus et al., 2012), a primary arrhythmia
(Roy et al., 1983; Brady et al., 1995, 1999), or secondary
myocardial dysfunction (Laurent et al., 2002) following
ischemia and reperfusion of the heart. This dysfunction is

characterized by decreased left ventricular function,
which may even manifest as cardiogenic shock or
stress-induced cardiomyopathy (Kurisu et al., 2010).
Respiratory problems encountered in resuscitated car-
diac arrest victims range from pulmonary contusions,
as well as costal and sternal fractures resulting from
CPR (Kim et al., 2011a), leading to hypoxia and alter-
ations in chest wall compliance, aspiration pneumonia/
pneumonitis due to loss of airway reflexes or emergent
intubation (Virkkunen et al., 2007) and pneumothoraces,
all of which may lead to respiratory failure with or with-
out acute respiratory distress syndrome (ARDS). The
PCAS has been described as a “sepsis-like” state
(Adrie et al., 2002), with vasodilatation and cardiode-
pression mediated by cytokine release and chemotactic
factors, as noted in the previous section; this results in
sequestration of activated neutrophils in the lungs that
may be at least partially responsible. There is some indi-
cation that this “sepsis-like” state may be related to intes-
tinal bacterial translocation secondary to ischemic injury
to the intestines, leading to increased serum endotoxin
levels (Korth et al., 2003; Grimaldi et al., 2013). Intesti-
nal ischemia can also complicate the postresuscitation
course by resulting in refractory lactic acidosis or, in
some cases, lead to perforation (Katsoulis et al., 2012)
or even withdrawal of care when the entire bowel is
deemed nonviable.

The kidneys and the liver are two organs commonly
thought to be injured by ischemia-reperfusion or low-
flow states; however, few objective data exist on these
entities in the setting of PCAS. Hypoxic hepatitis or
“shock liver” is not infrequently seen in the PCAS,
and carries a high mortality in survivors of cardiac arrest
(Raurich et al., 2011); on the other hand acute kidney
injury following cardiac arrest seems to have been over-
estimated, particularly if cardiogenic shock is not present
(Chua et al., 2012). Patients suffer multiple endocrine
derangements, including changes in ADH, cortisol, adre-
nocorticotropic hormone, insulin, and glucagon levels
(de Jong et al., 2008; Oshima et al., 2010; Kim et al.,
2011c) as part of their postresuscitation course, and little
is yet known or understood about these conditions and
the role of therapeutic hypothermia (TH) in their course.
Hematologic and coagulation disorders are also recog-
nized; however, they too are not well described or fully
understood. There is activation of coagulation factors as
well as hyperfibrinolysis (Mehta et al., 1972; Adrie et al.,
2005; Sch€ochl et al., 2012). A recent study (Sutherasan
et al., 2015) has looked at the incidence of various forms
of organ failure and complications of care in PCAS
patients and found the following: ARDS 4–7%,
hospital-acquired pneumonias 4–13%, sepsis 3–19%,
cardiovascular failure 19–48%, renal failure 20–30%,
hepatic failure 2–13%.
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NEURODIAGNOSTICSANDIMAGING

The diagnosis of cardiac arrest is clinical based on absent
pulse and unresponsiveness, with electrocardiography
and echocardiography as useful adjuncts in determining
initial management and etiology. For the purposes of this
chapter we will focus on the diagnosis of HIE as part of
the PCAS. After the patient has recovered spontaneous
circulation and respiratory effort, if the patient remains
unresponsive without other clear causes (medications,
toxins, and gross metabolic derangements such as pro-
found hypoxemia or hypercapnea), the clinical exam suf-
fices for the determination of HIE and the initiation post
resuscitative cares targeting HIE.

Clinical examination

The clinical evaluation of a patient successfully resusci-
tated from cardiac arrest calls for a careful appraisal of
neurologic function in the setting of multiple con-
founders. The vast majority of patients will have some
degree of disorder of consciousness and at the same time
will be subjected to physiologic conditions and drugs that
will obscure the neurologic assessment. Sedatives, para-
lytics, hypothermia, and hypoperfusion have to be con-
sidered and corrected for in order to make a valid
neurologic assessment.

The overall goal is to have a full neurologic assess-
ment of the patient using the conventional neurologic
approach. Assessment of level of arousal requires the
patient to be provided with the appropriate stimuli to
elicit a response. If the patient is unresponsive, the exam-
ination focuses on the patient’s “best response.” It is
important to establish whether the patient provided a
meaningful response and if the patient is able to
“follow commands” (i.e., open or close eyes, show
two fingers, give a thumbs up). If this is noted it signifies
cortical and arousal system function and a more detailed
cognitive examination can be undertaken. The absence
of any meaningful response leads to the assessment of
the unresponsive patient by “best response,” which is
based mostly on automatic responses or reflexive
actions. These responses can range from “localizing
and avoiding noxious stimulus,” to reflexive responses
such as flexor or extensor posturing.

The assessment of CNs is undertaken as in a routine
neurologic assessment. It is critical to note these because
they have important implications in prognostication.
Ophthalmoscopy to assess CN II (optic nerve) can be
undertaken, but the evaluation of CN III, the oculomotor
nerve, may be one of themost important. This is tested by
assessing the pupillary light reflex, which assesses the
constriction, shape, and size of the pupils. Ocular move-
ments (CN III, IV, and VI) in the unresponsive may be

assessed by eliciting the doll’s-eyes reflex. The corneal
reflex assesses the trigeminal nerve (CN V) as afferent
and the facial nerve (CN VII) as efferent components.
The corneal reflex is among the critical parameters
assessed in prognostication. CN VIII may be assessed
using cold caloric testing. CN IX and CN X are tested
by gag reflex. CN XI is assessed by the shrug response
and CN XII is assessed by examining tongue move-
ments. The motor assessment in the unresponsive patient
can be incorporated in the sensory assessment, typically
in response to noxious stimulation, such as suctioning or
deep sternal pressure. Assessment of deep tendon
reflexes is done in the usual manner.

Clinical examination tools such as the GlasgowComa
Scale (GCS) (Teasdale and Jennett, 1974; Teasdale et al.,
2014) were developed to rapidly assess the unresponsive
patient. While the GCS has been successful as a tool for
coma, it does not provide the critical details needed to
fully assess the extent of the neurologic injury. The
recently developed FOUR (Full Outline of UnRespon-
siveness) score was introduced to overcome many of
the limitations in the GCS, such as inability to assess ver-
bal function in intubated patients and lack of brainstem
testing (Wijdicks et al., 2005; Iyer et al., 2009). This scale
evaluates ocular, motor, and brainstem responses as well
as respiratory patterns. Despite its slow adoption and
increased complexity, it is more suited to the task.
Though neither of these scales is a substitute for a careful
neurologic evaluation, they certainly have the advantage
of easily and reproducibly conveying a systematic eval-
uation. Currently the most widely accepted measure to
determine HIE and initiate specific post resuscitative
care in the setting of a resuscitated cardiac arrest patient
is a motor GCS (mGCS) score of less than 6 (Callaway
et al., 2015) (Table 32.1).

Blood-based biomarkers

Biochemical markers of brain injury derived from sys-
temic blood in the setting of HIE are not necessary to
make the diagnosis, but have mostly been evaluated
for prognostic performance. As a group of assays they
mostly are markers of brain injury and their values are
generally considered to be proportional to the extent of
the injury. None of these makers are specific to HIE
and can be elevated and of some utility in other neuro-
logic conditions. The most commonly used biomarker
is neuron-specific enolase (NSE), which can be mea-
sured in peripheral blood in the presence of neuronal
damage and disruption of the blood–brain barrier. As
such, it can also be measured in cerebrospinal fluid,
though this is seldom practical or indicated in the setting
of cardiac arrest. Serum S-100B protein can also be mea-
sured after various forms of brain injury, including HIE,
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and it is released from astroglial cells. S-100B is much
less studied and limited in use than NSE. In the modern
postresuscitation era, the first major study investigating
their clinical utility was in 2003 (Tiainen et al., 2003).
While many studies have been undertaken using bio-
markers, many concerns remain regarding their ability
to reliably prognosticate outcomes. These biomarkers
reflect injury to neurons and astroglia in general, and pro-
vide no specific information related to specific functions
of the cell-type injury. The utility of biomarkers for neu-
roprognostication will be discussed later in this chapter.

Neurophysiologic testing

Much like biomarkers, neurophysiologic testing has
little role in the initial diagnosis of HIE, and most of
their clinical utility and use are based on the detection
and diagnosis of potential complications like nonconvul-
sive status epilepticus (NCSE) and in neuroprognosti-
cation. Electroencephalography (EEG), somatosensory
evoked potentials (SSEP), and, most recently, functional

magnetic resonance imaging (MRI) have been evaluated
in the setting of HIE, but again with a focus on neurologic
outcome prediction.

Neuroimaging

Neuroimaging plays a vital role in the early evaluation of
comatose cardiac arrest survivors as part of the diagnos-
tic workup to rule out a neurologic cause for the arrest
(such as a subarachnoid hemorrhage) or to rule out asso-
ciated trauma. Once again, the intent is not to diagnose
HIE per se. Computed tomography (CT) imaging is ide-
ally suited to this task, being rapid and readily available
in emergency departments. Because of this there has
been much interest in the use of this modality, to attempt
to use it to quantify the amount of brain injury and there-
fore as an early predictor of outcome (Kjos et al., 1983;
Yanagawa et al., 2005). MRI is more sensitive to early
cerebral ischemic injury; however it is significantly more
time- and labor-intensive as well as less readily available
in the emergency setting (Wijdicks et al., 2001;Wu et al.,
2009). Like MRI, but with even higher resolution of the

Table 32.1

Comparison of commonly used coma examination scales

The Glasgow Coma Scale (GCS) The Full Outline of UnResponsiveness (FOUR score)

Eye response Eye response
4¼Eyes open spontaneously 4¼Eyes open or opened; tracks or blinks to command
3¼Eyes closed but open to voice 3¼Eyes open but not tracking
2¼Eyes closed but open to pain 2¼Eyes closed but open to loud voice
1¼Eyes closed and do not open 1¼Eyes closed but open to pain

0¼Eyes closed and do not open to painMotor response
Motor response6¼Follows commands
4¼Thumbs up, fist, or peace sign to command5¼Localizes to pain
3¼Localizes to pain4¼Withdraws from pain
2¼Flexor response to pain3¼Flexor response to pain
1¼Extensor response to pain2¼Extensor response to pain
0¼No response to pain or generalizes status myoclonus1¼No response to pain

Verbal response Brainstem reflexes
5¼Conversant and oriented 4¼Pupillary and corneal reflexes intact
4¼Conversant and confused 3¼One pupil is fixed and dilated
3¼Conversant with inappropriate words 2¼Absent pupillary or corneal reflexes
2¼ Incomprehensible sounds 1¼Absent pupillary and corneal reflexes
1¼No verbal response 0¼Absent pupillary, corneal, and cough reflexes

Respiration
4¼Not intubated, regular respiratory pattern
3¼Not intubated, Cheyne–Stokes respirations
2¼Not intubated, irregular respiratory pattern
1¼ Intubated, breathes over set ventilator rate
0¼Apneic or breathes at set ventilator rate

Adapted from Teasdale and Jennett (1974), and Wijdicks et al. (2005), with permission from John Wiley.
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degree of neural damage, DTI promises many advan-
tages; however, at this time it is clinically impractical
in the vast majority of time-critical clinical scenarios
(Gerdes et al., 2014; van der Eerden et al., 2014).

HOSPITAL COURSEANDMANAGEMENT

After ROSC, if not already done, the airway should be
definitively secured with endotracheal intubation and
mechanical ventilation instituted. All patients should
have a 12-lead ECG performed immediately after ROSC;
this is vital to establish the diagnosis of an ST-elevation
myocardial infarct, as this has an immediate bearing on
acute patient management. Acute myocardial infarction
is an important and reversible cause of cardiac arrest,
and early diagnosis and treatment via revascularization
play a crucial role in survival and outcome (Wolfrum
et al., 2008; Callaway et al., 2015). After the airway is
secured in definitive fashion, immediate portable chest
radiography should be obtained to confirm endotracheal
tube placement and placement of central venous lines
and to gain an approximation of cardiopulmonary status
by evaluating for pulmonary infiltrates or edema, cardiac
size, and vascular markings. Enteral access should be
obtained via orogastric tube, gastric contents emptied,
and the tube placed on low intermittent suction.

After confirmation of adequate peripheral intrave-
nous access, central venous access should be obtained.
The indications for central access are for administration
of vasopressors, additional access, hemodynamic mon-
itoring, and endovascular temperature management,
when available and applicable. Arterial access should
also be obtained expeditiously to enable hemodynamic
monitoring and serial arterial blood gas measurements.
Immediate echocardiography should be performed as
well to evaluate for left ventricular size, shape, and
function; to rule out pericardial tamponade, evaluate
for right ventricular strain, and evidence of massive
pulmonary embolus; and to assess for regional wall
motion abnormalities or stress-induced cardiomyop-
athy (Volpicelli, 2011). In cases of ongoing resuscita-
tion emergent transthoracic echocardiography may
aid in the decision to proceed with resuscitative efforts
or not (Tarmey et al., 2011; Cureton et al., 2012;
Oren-Grinberg et al., 2012).

Transthoracic echocardiography should suffice for
the initial emergent evaluation and should be combined
with an extended focused assessment with sonography
for trauma (EFAST) exam to rule out pneumothoraces
missed on radiography, pleural effusions, and intra-
abdominal fluid. Of note, once stabilized and in the inten-
sive care unit, all patients should have a complete formal
transthoracic echocardiogram. Finally patients should
have an initial emergency cranial CT, as this serves to

rule out complicating conditions with potential to alter
immediate management, such as subarachnoid or intra-
parenchymal hemorrhage, ischemic stroke, and cerebral
herniation or conditions that may affect the use of anti-
platelet agents or anticoagulants, if there is a concomitant
myocardial infarction (K€urkciyan et al., 2001; Inamasu
et al., 2009; Naples et al., 2009; Prout and Nolan,
2009; Cocchi et al., 2010; Skrifvars and Parr, 2012).

Once life support devices are in place and basic diag-
nostic workup, including laboratory evaluation, is under
way, the decision to initiate TH – nowadays more often
referred to as TTM –must bemade. The decision-making
process will be discussed in detail later in this chapter in
the section on complex clinical decisions; however, most
comatose cardiac arrest survivors generally undergo
TTM when in experienced centers.

Assuming the patient is to undergo TTM, the next step
is to induceTH togoal temperature,which can range from
32 to36°C.This variationwill alsobediscussed later on in
the chapter. The induction of THmay have already begun
during transport in the form of ice packs or from environ-
mental exposure.With regard to the timingof inductionof
TH, it is generally accepted that prompt initiationof hypo-
thermia and achievement of target temperature are opti-
mal (Sendelbach et al., 2012). Data from laboratory
studies (Abella et al., 2004; Nozari et al., 2006) indicate
that intra-arrest TH (IATH) improves survival and neuro-
logic recovery compared to postarrest TH (PATH) or nor-
mothermic controls. Laboratory animal data have also
shown improved ROSC rates (Riter et al., 2009;
Yannopoulos et al., 2009), limitation of myocardial
infarction size, and improvement in cardiac function
when compared to PATH (Tsai et al., 2008;
Yannopoulos et al., 2009). Experimental evidence also
seems to indicate that IATH improves cerebral perfusion
and decreases cerebral metabolism when compared to
normothermia (Nordmark et al., 2009).

Clinical evidence in humans undergoing IATH is
scarce, but had initially appeared rather promising
(Deasy et al., 2011), and prehospital induction of hypo-
thermia seemed like a good natural extension of this con-
cept (Callaway et al., 2002; Bruel et al., 2008;
K€am€ar€ainen et al., 2008; Castr�en et al., 2010; Garrett
et al., 2011). It is important to consider once again the dis-
crepancies between preclinical data and small studies to
the results of large randomized clinical trials. A large trial
of prehospital induction of TH failed to demonstrate
improved clinical outcomes despite earlier achievement
of target temperature as well as increased pulmonary
edema (Kim et al., 2013). It is interesting to note that ani-
mal data indicate that initiating hypothermia after
12 hours has no benefit (Kuboyama et al., 1993).

There are a multitude of commercially available
devices, ranging from surface-cooling systems that
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include headgear (Hachimi-Idrissi et al., 2001; Storm
et al., 2008), pads for the torso and extremities (Haugk
et al., 2007; Heard et al., 2010), garments (Laish-
Farkash et al., 2011), mattresses (Hypothermia after
Cardiac Arrest Study Group, 2002) and nasal (Castr�en
et al., 2010) cooling systems, to invasive cooling via
endovascular catheters (Flemming et al., 2006; Arrich
and European Resuscitation Council Hypothermia
After Cardiac Arrest Registry Study Group, 2007;
Pichon et al., 2007) and automated peritoneal lavage sys-
tems (de Waard et al., 2013; Polderman et al., 2015), to
simpler methods such as applying ice packs and admin-
istering chilled intravenous fluids. Experiments on local
brain cooling with intracranial cooling devices are still in
the animal experiment stage, but appear to show some
promise (Moomiaie et al., 2012). All these systems
may be roughly classified as whole-body cooling or
selective brain cooling; whole-body cooling remains
the standard, though selective brain cooling has been
shown to be feasible in adult PCAS (Hachimi-Idrissi
et al., 2001; Storm et al., 2008; Castr�en et al., 2010). Evi-
dence from the pediatric literature (Sarkar et al., 2012)
seems to suggest that selective brain cooling may not
provide benefits comparable to whole-body cooling,
especially for deeper brain structures. One could postu-
late that this difference may become accentuated in adult
brains. Regardless, much research remains to be learned
with regard to the ideal system to induce and maintain
TTM. Given the importance of avoiding overcooling
and rebound post-TH fevers, the automated closed-loop
systems may offer some advantages for TTM (Finley
Caulfield et al., 2011; Bro-Jeppesen et al., 2013;
Nielsen et al., 2013).

Once the patient has been rewarmed, the therapeutic
temperature management system should remain in place
for a further 48–72hours to ensurenormothermia, protect-
ing the brain from the detrimental effects of hyperthermia
(Bro-Jeppesen et al., 2013). Rebound pyrexia is a com-
mon phenomenon, occurring in about 40% of patients
post-TTM, with temperatures >38.7°C being associated
with worse neurologic outcomes in patients who survive
to discharge (Leary et al., 2012). In general, the main
determinants of the ability to cool patients, regardless of
the method, are the initial ambient and patient tempera-
tures, body surface area, age, and the level of impairment
of the endogenous thermoregulatory mechanisms (Lyden
et al., 2012). This should by no means discourage clini-
cians without access to these systems from providing
TTM to their patients, as it has been clearly shown that
TTM can effectively and safely be applied with simple
measures like chilled fluid infusions and ice packs
(Bernard et al., 2002, 2010, 2012; Arrich and European
Resuscitation Council Hypothermia After Cardiac
Arrest Registry Study Group, 2007; Carlson et al., 2012).

In order to facilitate cooling, sedation and neuromus-
cular blockade (NMB) are decisions as important as the
choice of the method to achieve and maintain target tem-
perature. With regard to the choice of paralytic agent, the
use of a nondepolarizing NMBwith no histamine release
potential and short to intermediate duration, such as
rocuronium, vecuronium, or cisatracurium, is preferable.
The timely and judicious use of these agents as well as
careful pharmacologic consideration are crucial. The
rationale for the use of sedation is to optimize ventilator
synchrony (Patel and Kress, 2012), prevent shivering,
thereby facilitating induction of hypothermia (Badjatia
et al., 2008; Polderman, 2009), and to minimize endog-
enous stress-induced catecholamine surges. There is
great variability in the practice and methods for both
sedation and analgesia in TH for the PCAS (Chamorro
et al., 2010), and this is due to the lack of clear evidence
pointing to the choice of ideal agents.

Some practical considerations should be kept in mind
when selecting drugs for sedation and analgesia in the set-
ting of the PCAS. Multiple factors, such as age, weight,
and obesity, hemodynamic status, renal and hepatic func-
tion, pharmacokinetics and dynamics, hypothermia, and
the need to accurately and quickly assess neurologic
function complicate the choice of an agent. There is no
clear guidance on the best agents to use; however the
use of sedoanalgesia seems to be theoretically preferable.
Narcotic analgesic agents such as fentanyl and remifen-
tanyl seem to be reasonable choices that need to be paired
with a hypnotic sedative such as propofol, dexmedetomi-
dine, or benzodiazepines (Sato et al., 2010; Hoy and
Keating, 2011; Spies et al., 2011; Bjelland et al., 2012;
Futier et al., 2012; Schoeler et al., 2012).

Themanagement of shivering is a significant concern,
as shivering is a centrally mediated thermoregulatory
response that normally sets in at 35.5°C, and is usually
overcome below 34°C. However, these reference tem-
peratures apply to healthy individuals, and may not be
the same in all PCAS patients. The absence of shivering
after induction of hypothermia, or spontaneous hypo-
thermia prior to induction of hypothermia, has been asso-
ciated with worse outcomes (Benz-Woerner et al., 2012).
It is possible that damage to the hypothalamus impairing
thermoregulation may be a marker for more severe
injury. A clinical scale to quantify and assess shivering
has been developed (Badjatia et al., 2008) and can be
used to suppress shivering in a stepwise fashion. The
management of shivering is therefore most important
during the induction and rewarming phases of TTM.
The use of NMB and sedoanalgesia are the cornerstones
of shivering management. Additionally an initial
4–6-gram load of intravenous magnesium sulfate to
achieve serummagnesium levels of 3–4 mg/dL is recom-
mended to correct potential hypomagnesemia and to
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facilitate hypothermia by decreasing shivering as part of
the initial stabilization and induction of hypothermia
(Wadhwa et al., 2005). Meperidine and buspirone have
a role in the control and management of hypothermia,
as well as the use of skin counterwarming measures
(Mokhtarani et al., 2001; Kimberger et al., 2007; Choi
et al., 2011).

The head of the bed should remain elevated to 30° to
decrease potential for ventilator-associated pneumonia,
and in the midline position to improve cerebral venous
drainage. Nursing staff should record vital signs and core
temperature hourly during cooling and rewarming
phases until target temperature is reached, every 2 hours
during the maintenance phase, and every 4–6 hours dur-
ing the normothermia phase. Urinary output should be
measured and recorded every 2 hours throughout the
intensive care unit stay. Electrolyte replacement proto-
cols may be employed during all but the rewarming
phase, as extracellular shifting of potassium results in
increased serum concentration. Though there is no ques-
tion that patients undergoing TH post cardiac arrest
should receive stress ulcer prophylaxis, as they are at
high risk for developing significant gastrointestinal
bleeding due to ischemia, hypoperfusion, physiologic
stress, and coagulopathy, it is currently unclear as to
which agents are to be used. There has been some evi-
dence that pantoprazole may have the least likelihood
of interfering with clopidogrel activity; there is much
debate and contradicting evidence on this point
(Ogilvie et al., 2011; Douglas et al., 2012; Goodman
et al., 2012). Of note, H2 receptor blockers in general,
such as cimetidine and ranitidine, should be avoided as
they may potentiate coagulopathy by platelet inhibition
(Nakamura et al., 1999), although no clinical evidence
supports this claim definitively. Deep-vein thrombosis
prophylaxis is indicated with pneumatic compression
devices and appropriately weight-based prophylactic
heparin infusions. Glycemic control should likewise be
maintained with an insulin infusion if necessary; current
guidelines suggest maintaining blood glucose levels
between 144 and 180 mg/dL as well as aggressively
treating levels below 80 mg/dL (Peberdy et al., 2010).
The subcutaneous administration of medications can
result in erratic and unpredictable absorption given
changes in subcutaneous tissue perfusion during TTM.

Mechanical ventilation should be aimed at maintain-
ing tissue normoxia and normocapnea. Arterial oxygen
concentration or saturation goals have not been studied
rigorously, but there seems to be some indication that
supranormal values may in fact be counterproductive
(Kuisma et al., 2006; Kilgannon et al., 2010, 2011). Cur-
rent guidelines suggest discontinuation of 100% FiO2
once ROSC is achieved, and that oxygen delivery be
titrated to maintain an arterial oxygen saturation of

94–98% as soon as possible in the postresuscitation
phase (Peberdy et al., 2010), as hyperoxia seems to have
detrimental effects (Janz et al., 2012). Normocapnea with
PCO2 values between 40 and 45 mmHg and end-tidal
CO2 values of 35–40 mmHg should be targeted. One
must pay attention to the temperature and corrections
used by the laboratory to ensure correct interpretation
of arterial blood gases in view of alpha-stat and
pH-stat analysis, which could have significant implica-
tions (Sakamoto et al., 2004; Kollmar et al., 2009;
Huff et al., 2012). Hyperventilation can decrease cardiac
output via increased intrathoracic pressure, potential
decreases in cerebral blood flow (Czosnyka et al.,
2009; Willie et al., 2012), and a decrease in seizure
threshold (Bergsholm et al., 1984; Loo et al., 2010).
Though low tidal volume lung-protective ventilation
strategies are standard of care for patients with ARDS
and acute lung injury (The Acute Respiratory Distress
Syndrome Network, 2000; Needham et al., 2012), we
also recommend ventilation with tidal volumes of
6 mL/kg of ideal body weight in patients without evi-
dence of ARDS (Serpa Neto et al., 2012). It is recom-
mended that continuous pulse oximetry and end-tidal
carbon dioxide be monitored, with frequent correlation
to measured arterial blood gas measurements. Both tech-
niques have been used extensively in the setting of resus-
citation; however, transcutaneous pulse oximetry can be
potentially confounded in a linear fashion by increasing
hypothermia, and both oximetry and capnography can be
further affected by poor perfusion states.

TH induces important changes in metabolism and
homeostasis, resulting in changes to urine output (cold
diuresis) with alterations in potassium, magnesium,
and phosphate; changes in the electrolyte composition
of intra- and extracellular compartments have significant
impact on potassium levels and crystalloid infusions fur-
ther complicate the picture (Polderman, 2009). The
importance of control over potassium and magnesium
levels is related to their importance in cardiac conduction
and role in arrhythmogenesis; potassium levels of
>4 mEq/L and magnesium levels >2.0 mEq/L should
be maintained, with levels in the 3–4 mEq/L range to
reduce shivering being preferred. Serum sodium concen-
trations should be maintained in the normal range when-
ever possible, and any corrections should be made with
careful consideration of potential chronic sodium disor-
ders that should not be corrected too rapidly. In cases of
cerebral edema, elevated intracranial pressure and herni-
ation and increased sodium goals must be individualized.
Hypotonic intravenous fluids should be avoided. Current
guidelines highlight the lack of quality data regarding
hemodynamic goals in the setting of resuscitated cardiac
arrest, with the only clear guidance being to avoid and
immediately correct hypotension, keeping systolic blood
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pressures greater than 90 mmHg and mean arterial blood
pressures above 65 mmHg; beyond that clinicians must
individualize and tailor hemodynamics to the patient’s
specific circumstances (Callaway et al., 2015).

It is recommended that patients remain at target tem-
perature (32–36°C) for 24 hours, after which the rewarm-
ing process should begin. Prior to initiation of the
rewarming, care must be taken to ensure that the patient
is intravascularly replete and euvolemic, as increasing
core temperature will result in reversal of peripheral
vasoconstriction and patients may become hypotensive.
Depending on individual patient volume and hemody-
namic profiles judicious volume loading should precede
and be continued during the rewarming phase. It is also
important to keep in mind that, during rewarming, extra-
cellular shifting of potassium results in increased serum
concentration of potassium. Hypothermia decreases
insulin secretion and sensitivity and great care must be
taken to avoid hypoglycemia during rewarming, as insu-
lin sensitivity increases to baseline. It is recommended
that point-of-care blood glucose measurements be
obtained hourly. Care must also be taken to avoid the
occurrence of shivering during rewarming, for the rea-
sons already mentioned earlier in this chapter. Careful
down-titration of sedoanalgesia is warranted as the
patient approaches normothermia with close attention
to patient comfort and shivering. Once the patient is nor-
mothermic, sedoanalgesia should be further minimized,
balancing patient safety, comfort, and the ability to assess
the neurologic and cognitive examination.

Active, controlled rewarming at a rate of 0.25°C per
hour is recommended until a core temperature of
36–37°C is achieved (Peberdy et al., 2010). Once the
patient has been rewarmed, the therapeutic temperature
management system should remain in place for a further
48–72 hours to ensure normothermia, protecting the
brain from the detrimental effects of hyperthermia
(Bro-Jeppesen et al., 2013). The recommendations for
the speed of rewarming and avoidance of hyperthermia
after rewarming are still somewhat controversial. They
are based on assumptions and observations from both
laboratory research and clinical studies indicating a cor-
relation between worse outcomes, markers of neuronal
damage, or dysfunction and damage in the setting of
pyrexia (Takasu et al., 2001; Zeiner et al., 2001; Hata
et al., 2008; Jia et al., 2008a, b; Badjatia, 2009;
Polderman and Herold, 2009; Suffoletto et al., 2009;
Gordan et al., 2010).

In HIE secondary to cardiac arrest, the incidence of
NCSE is estimated to be as high as 24% (Mani et al.,
2012; Rittenberger et al., 2012) and is associated with
worse outcomes (Rossetti et al., 2010a; Nielsen et al.,
2011). Therefore, neuromonitoring with continuous sur-
face EEG should be strongly considered (Callaway et al.,

2015). There is insufficient evidence to recommend pro-
phylactic use of antiepileptic drugs at this time (Callaway
et al., 2015). Also, the optimal antiepileptic medication
for the treatment of NCSE in the setting of the PCAS
is not clear. It is reasonable to use less sedating agents
or those with a short half-life (midazolam, levetiracetam,
fosphenytoin, or valproic acid) to avoid clouding the
neurologic evaluation for purposes of neurologic prog-
nostication once the patient has been rewarmed and ade-
quate time for observation has been provided. In HIE
patients with status epilepticus, existing management
guidelines for the treatment of status epilepticus should
be followed (Callaway et al., 2015). Acute PHM occurs
in about 30% of cardiac arrest patients with HIE, and can
be divided into status myoclonus and multifocal myoclo-
nus. Though little evidence exists regarding the optimal
therapy for PHM, subcortical myoclonus usually
responds best to clonazepam. Propofol, though not an
antiepileptic drug per se, does suppress myoclonic as
well as electrographic activity, but longer-term control
after weaning of propofol is problematic; alternatively,
valproate, phenytoin, phenobarbital, or other benzodiaz-
epines can be used, but seem to be less effective (Bouwes
et al., 2012a).

Cerebral edema is thought to play a major role in the
pathophysiology of brain injury following cardiac arrest.
Cerebral edema is apparent on the initial cranial CT in
approximately 30% of patients following cardiac arrest
(Naples et al., 2009). TH has an effect in decreasing cere-
bral edema; however, additional measures such as
osmotherapy and barbiturate coma have not been well
studied and at this time are not recommended for routine
use. In cases of cerebral herniation, the use of hypertonic
saline and osmotherapy in an attempt to reverse hernia-
tion could be considered (Koenig et al., 2008). However,
if a patient develops cerebral herniation due to diffuse
brain swelling in the setting of HIE, this is an ominous
sign and a re-evaluation of expected outcomes and goals
is warranted.

CLINICALTRIALSANDGUIDELINES

TH for comatose survivors of cardiac arrest did not
receive widespread notice or clinical consideration until
the simultaneous publication of two seminal clinical tri-
als of TH for resuscitated VT/VF arrests in 2002. The
European multicenter trial by Holzer et al.
(Hypothermia after Cardiac Arrest Study Group, 2002)
was the largest of the two landmark trials, with 137
patients randomized to the experimental group and 138
to the normothermic control group. In this protocol
patients were cooled to 32–34°C for 24 hourswith a cool-
ing mattress. The primary endpoint was 6-month neuro-
logic outcome, and the secondary endpoints were
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6-month mortality and complication rates at 1 week.
In this study patients treated with TH had a favorable
neurologic outcome in 55% of cases, while only 39%
of controls had a favorable neurologic outcome; the mor-
tality in the TH group was 41% and 55% in the
normothermia group.

The second study, by Bernard and colleagues (2002),
was carried out in four hospitals inMelbourne, Australia.
This protocol randomized 77 patients: 34 to standard care
and 43 to hypothermia induced with ice packs to a goal
temperature of 33°C for 12 hours. The primary outcome
measure was survival to hospital discharge with a neuro-
logic status sufficient to allow discharge to home or to a
rehabilitation facility. The TH group had a favorable neu-
rologic outcome in 49% of cases while only 26% did in
the normothermic controls.

These two studies showed that a relatively simple and
cost-effective intervention at the time had a significant
impact in survival, with a number need to treat of six
(Holzer et al., 2005), and neurologic outcomes leading
to rapid endorsement by international resuscitation
guidelines (Nolan et al., 2003; International Liaison
Committee on Resuscitation, 2005) and worldwide
adoption. Following the initial landmark trials, ILCOR
and the American Heart Association (AHA) published
an interim scientific statement in 2003 recommending
the use of TH in comatose survivors of cardiac arrest
(Nolan et al., 2003). This was followed in 2005 by an
update to the AHA guidelines for cardiopulmonary
resuscitation and emergency cardiovascular care
(American Heart Association, 2005).

In the following decade, both AHA and ILCOR
recommendations for postresuscitation care included
the use of TH, based mainly on these two studies and a
number of smaller, mostly nonrandomized, clinical trials.
Notable exceptions include a single-center randomized
trial comparing target cooling temperatures (Lopez-de-
Sa et al., 2012), which randomized 36 patients: 18 to
undergo TH at the upper range of mild TH (34°C) and
another 18 to the lower range, at 32°C. This study was
also the first major study to include patients who pre-
sented in asystole; however, PEA arrests were excluded.
The primary outcome was survival with functional inde-
pendence at 6 months. In the 32°C group, 44.4% met the
primary endpoint, compared with 11.1% in the 34°C
group. The incidence of complications was similar in
both groups, with bradycardia being more common in
the 32°C group. It is interesting to note that there was
a marked reduction in the incidence of clinical seizures,
which was lower (1 versus 11) in patients assigned to 32°
C. This study had significant clinical implications as it
compared both ends of the temperature spectrum
employed in TH at the time, and showed a difference
in outcomes, favoring cooling to 32°C. This study came

a year after the 2011 single-center randomized trial by
Kim et al. (2011b), where 62 patients were randomized
to TH of 34, 33, and 32°C and no difference in mortality
or neurologic outcomes was noted. However, there was
more hypotension in the 32°C group compared to the
other two.

The most recent, and certainly the largest prospective
randomized clinical trial of TH (TTM 33–36) was
published in late 2013 by Nielsen et al., comparing TH
of 33°C versus 36°C regardless of initial rhythm.
This multicenter study in 36 intensive care units in
Europe and Australia randomized 939 comatose OHCA
survivors to cooling to 33 or 36°C, with protocolized
sedation, rewarming, and prognostic evaluation,
and found no significant difference in outcomes or com-
plications between the two temperatures. This study
sparked a fierce debate regarding the continued use of
TH/TTM and spawned a number of post hoc analyses
attempting to address a number of questions and criti-
cisms leveled at the initial trial, including the surprisingly
high proportion of bystander CPR and short durations of
arrest. The most current joint AHA-ILCOR advisory
statement from 2015 on temperature management after
cardiac arrest (Donnino et al., 2015) provides six key rec-
ommendations to guide the use of TTM in the PCAS
(Table 32.2).

COMPLEXCLINICAL DECISIONS

Despite considerable international interest and effort in
resuscitation science, many important clinical questions
remain unclear. The most fundamental questions pertain
to the particulars of the provision of TTM and the prog-
nostication of neurologic outcomes with an emphasis on
early prediction. The most hotly debated question in the
resuscitation community and one that occurs at the bed-
side of each comatose cardiac arrest victim is what tem-
perature to cool to. Current guidelines only recommend
the provision of TTM, with no clear guidance on what
temperature to select, ranging from 32 to 36°C
(Callaway et al., 2015; Donnino et al., 2015). These same
guidelines recommend treating survivors of nonshock-
able arrests with TTM, albeit with a weak recommenda-
tion with low-quality evidence. The authors of this
chapter are of the opinion that, pending further evidence
and based on similar safety, patients be maintained at a
temperature of 32–34°C, especially in settings of pro-
longed arrest and no bystander CPR. Additionally we
recommend cooling both shockable and nonshockable
arrests if families are interested in pursuing aggressive
care. A comparison of TTM in nonshockable rhythms
seems to favor survival and improved neurologic out-
comes in those cooled versus those not cooled
(Perman et al., 2015; Sung et al., 2016).
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Clinically the most challenging decisions in the care
of PCAS survivors, particularly those who have under-
gone TTM, are neurologic outcome prognostication
and the methods and timing involved to reach these deci-
sions. This is critical, as accurate early prediction of poor
outcomes can result in less anguish for patient families,
less suffering and more dignity for patients, and signifi-
cant cost savings in both the acute care and posthospital
care for societies. At this time, there is consensus on
neurologic outcome prognostication for comatose survi-
vors of cardiac arrest who have not undergone TTM
(Wijdicks et al., 2006); however, there is much debate
as to how and when to prognosticate in the setting of
TTM. There is conceptual agreement in the resuscitation
community that a multimodal predictive algorithm
including clinical examination, neurophysiologic test-
ing, imaging, and biomarkers should provide the best
results, but beyond that there is little agreement or solid
evidence. Themerits of variousmodalities for neurologic
outcome prognostication will be discussed in the follow-
ing section.

OUTCOMEPREDICTION

Clinical examination

The clinical examination remains a fundamental part of
any neurologic prognostication algorithm. As noted
above, the 2006 prediction of outcome in comatose
survivors after cardiopulmonary resuscitation practice
parameters of the American Academy of Neurology
(AAN) provide specific recommendations for the
prognostication of neurologic outcomes for cardiac
arrest survivors (Wijdicks et al., 2006); however, these

recommendations are based mainly on dated observa-
tions from the pre-TH era. The 2015 AHA guidelines
make a clear distinction between the use of the physical
exam in patients who have been treated with TTM and
those who have not (Callaway et al., 2015). The timing
of the exam in patients who have not undergone
TTM is 72 hours from ROSC, provided that there is
no concern for residual drug effects (Sandroni et al.,
2013). In patients treated with TTM, the recommended
timing for prediction of neurologic outcome based
on clinical examination is 72 hours after rewarming
is complete and provided residual sedation and paraly-
sis are excluded (Sandroni et al., 2013; Mulder
et al., 2014).

The traditional clinical examination findings for pre-
diction of poor outcome (absent pupillary light reflex,
absent bilateral corneal reflexes, and extensor posturing
or no motor response to pain) have been re-evaluated in
the setting of TTM (Al Thenayan et al., 2008; Fugate
et al., 2010; Rossetti et al., 2010b; Bisschops et al.,
2011; Samaniego et al., 2011; Bouwes et al., 2012c).
Of the three, only the absence of pupillary light reflex
at greater than 72 hours after arrest achieves an accept-
able false-positive ratio (FPR 0%, 95% confidence inter-
val (CI), 0–3%) (Callaway et al., 2015). Additionally, the
presence of myoclonus, which traditionally had been
considered a universally ominous finding, has been
found to be less certain, particularly with a clear distinc-
tion being made between the presence of myoclonus
and status myoclonus. The presence of statusmyoclonus,
defined as continuous myoclonic jerks lasting more than
30 minutes, noted in the first 72 hours postarrest does
still carry predictive weight for a poor outcome
(FPR 0%, 95% CI, 0–4%), but this condition has to be

Table 32.2

Summary of the 2015 American Heart Association–International Liaison Committee on Resuscitation (AHA-ILCOR)

consensus advisory on the use of targeted temperature management in comatose survivors of cardiac arrest

2015 AHA-ILCOR advisory
Strength of
recommendation

Quality of
evidence

Recommend treatment with TTM as opposed to no TTM for comatose adult survivors
of OHCAwith VT/VF arrest

Strong Low

Suggest TTM for comatose adult survivors of OHCAwith asystole/PEA arrest Weak Low
Suggest TTM for comatose adult survivors of IHCA regardless of initial rhythm Weak Very low
Recommend constant target temperature between 32°C and 36°C when using TTM Strong Moderate
Recommend against routine prehospital initiation of cooling with large-volume
infusions of cooled intravenous fluids

Strong Moderate

Suggest that when using TTM target temperature be maintained at least 24 hours – –

Adapted from Donnino et al. (2015).

TTM, targeted temperature management; OHCA, out-of-hospital cardiac arrest; VT, ventricular tachycardia; VF, ventricular fibrillation; PEA,

pulseless electric activity; IHCA, in-hospital cardiac arrest.
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carefully differentiated from other similar conditions
(e.g., simple myoclonus, Lance–Adams myoclonic syn-
drome) (Callaway et al., 2015).

Blood-based biomarkers

As discussed earlier in the chapter, the laboratory tests for
neurologic prognostication in PCAS are mainly NSE and
S-100B. In the AAN guidelines, an NSE value>33 mg/L
obtainedwithin the first 72 hours is assigned an FPR of 0,
with a 95% CI of 0–3% in patients treated with TH.
A subsequent study (Steffen et al., 2010) has questioned
the cutoff value in patients who have undergone TTM,
where in order to have 100% specificity the cutoff needed
to be raised to 78.9 mg/L. This study find a similar cutoff
value to that stated by the AAN guidelines for patients
who were not treated with TH.

Two other studies raise important concerns regarding
the applications ofNSE in neuroprognostication post-TH
(Fugate et al., 2010; Bouwes et al., 2012c). Other studies
of S-100B in serum and cerebrospinal fluid alone and in
combination with other biomarkers have also been
explored (Song et al., 2010; Oda et al., 2012; Rana
et al., 2012), but have had little impact. The current
AHA guidelines have stated that neither laboratory test
nor combination thereof should be made to make a pre-
diction of poor neurologic outcome; however, persis-
tently elevated levels of NSE can be used to support a
prediction of poor outcomemade on the grounds of other
modalities 72 hours or more postarrest (Callaway
et al., 2015).

Neurophysiologic testing

Neurophysiologic testing refers primarily to the use of
EEG and SSEPs to predict neurologic outcome in the
PCAS. EEG has been extensively studied for the prog-
nostication of neurologic outcomes in cardiac arrest
(Legriel et al., 2009; Stammet et al., 2009; Wennervirta
et al., 2009; Leary et al., 2010; Rossetti et al., 2010b;
Rundgren et al., 2010; Cloostermans et al., 2012; Oh
et al., 2012; Crepeau et al., 2013). The 2006 AAN prac-
tice parameters assign EEG an FPR of 3%with a 95% CI
of 0.9–11%, making it the least predictive method to pre-
dict neurologic outcomes in its review. A pooled analysis
of four existing studies (Abend et al., 2012) on EEG in
PCAS patients who had undergone TH found that 29%
of these patients had acute electrographic NCSE. This
has important clinical repercussions and illustrates the
need for continuous EEG monitoring of these patients
until they recover consciousness, as aggressive antiepi-
leptic treatment should be instated to avoid falling into
self-fulfilling prophecies, equating NCSE to a poor out-
come (Geocadin and Ritzl, 2012). This is important, as
6% of patients in the pooled sample recovered

consciousness, including several with minimal residual
neurologic deficits (Abend et al., 2012).

This study is in contrast to the findings of another
study of continuous EEG in PCAS patients who under-
went TH and in whom treatment of seizures did not seem
to impact outcomes (Crepeau et al., 2013). However, this
was a small retrospective study whose main goal was to
validate the prognostic value of a 3-point EEG rating
scale. At this time guidelines consider it reasonable to
predict a poor outcome in comatose PCAS survivors
treated with TTM based on the persistent absence of
EEG reactivity to physical stimuli and on persistent burst
suppression on EEG once the patient has been rewarmed
(FPR 0%, 95%CI 0–3%). Additionally, intractable status
epilepticus lasting greater than 72 hours accompanied by
nonreactivity to stimuli may be reasonable to predict a
poor outcome; though no FPR is given, it carries the
same grade recommendation and level of evidence as
the aforementioned recommendation (class IIb,
B nonrandomized) (Callaway et al., 2015). Of note, it
is important that clinicians make every possible effort
in treating seizures and proving them to be truly intrac-
table. In patients not treated with TTM, the same guide-
lines deem EEG burst suppression at 72 hours postarrest
as a reasonable predictor (FPR 0%, 95% CI 0–11%), but
to be used in combination with other predictors to prog-
nosticate a poor neurologic outcome given the wide con-
fidence interval.

The use of SSEPs, which had been previously consid-
ered one of the best predictors of poor outcome, now is
considered to have a higher FPR and many caveats
to consider in its application in patients treated with
TTM (Tiainen et al., 2005; Bouwes et al., 2012b, c).
A recent study comparing SSEP and continuous EEG
found EEG to be superior in terms of its sensitivity to pre-
dict poor neurologic outcomes in PCAS treated with TH
(Cloostermans et al., 2012). Another publication demon-
strated that neurologic recovery is possible despite
absent or minimally present median nerve N20 responses
greater than 24 hours after cardiac arrest (Leithner et al.,
2010). As is unfortunately the case in many studies of
prognosticators in cardiac arrest victims, there is often
a concern for self-fulfilling prophecies when the study
is not appropriately blinded, and this is often the case
in clinical practice as well. Guidelines have not changed
with regard to the use of SSEPs in patients who have not
undergone TTM, where bilaterally absent N20 responses
at 24, 48, or 72 hours postarrest predict a poor outcome
(FPR 0%, 95% CI 0–12%). With regard to patients
treated with TTM, the AHA guidelines have been
updated with bilateral absence of N20 SSEPs 24–72
hours postarrest, preferably after rewarming, to state that
they are predictors of poor outcomes with FPR 1%, 95%
CI 0–3%.
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Neuroimaging

The use of imaging for the prediction of poor outcomes in
the PCAS has seen a major update in the 2015 AHA
guidelines, with imaging studies now being considered
reasonable predictors in certain situations and in combi-
nation with other established predictors (Callaway et al.,
2015). Imaging employed for prognostication of poor
neurologic outcome in PCAS mainly takes the shape
of brain CT, where loss of gray/white-matter differentia-
tion, diffuse cerebral edema, and obvious infarction have
been used to augment clinical prediction. More recently,
quantitative measurements of signal change on both CT
and MRI have attempted to improve the predictive abil-
ities of imaging studies in the PCAS. Early studies in the
1980s characterized the “classic” findings of hypoxic-
ischemic brain damage on CT in order of incidence
(Kjos et al., 1983): diffuse cerebral edema with cortical
sulcal and brainstem cistern effacement, decreased inten-
sity of the cortical gray matter, loss of gray/white-matter
differentiation, hypodensities in the basal ganglia, and
appearance of watershed infarcts. Later studies have
found correlation between time to ROSC and the inci-
dence of sulcal effacement and loss of gray/white-matter
differentiation (Inamasu et al., 2010). Subsequent studies

have looked at signal changes in various regions of inter-
est that include the putamen, posterior limb of the inter-
nal capsule, caudate, hippocampus, cerebellum, as well
as midbrain and cortical structures with both CT and
MRI (Wijman et al., 2009; Mlynash et al., 2010; Wu
et al., 2011). The updated guidelines state that it may
be reasonable for centers with expertise to use marked
reductions in gray/white-matter ratios on CT scans
obtained at least 2 hours after time of arrest in patients
not treated with TTM to predict poor outcomes
(Callaway et al., 2015) (Fig. 32.1). With respect to
MRI, the same guidelines consider it is reasonable to
consider marked diffusion restriction on MRI obtained
2–6 days postarrest (Fig. 32.2). It is the authors’ belief
that at this stage these tools simply can provide support-
ing information in an overall multimodal prognostication
strategy; no decisions should be made based on
imaging alone.

Multimodal prognostication

As emphasized by various guidelines, neurologic prog-
nostication should not rely on a single predictor based
on what we currently know (Cronberg et al., 2013;
Callaway et al., 2015). The question that remains is

 
A

B
 

Fig. 32.1. Computed tomography (CT) imaging of hypoxic-ischemic encephalopathy. (A) CT scan obtained shortly after resus-

citation from an out-of-hospital cardiac arrest. There is no evidence of diffuse cerebral edema; there are normal ventricles and

cisterns as well as preservation of differentiation between gray and white matter. (B) CT scan obtained 3 days after resuscitation.

There is significant diffuse cerebral edema with effacement of sulci and cisterns and narrowing of the lateral ventricles and efface-

ment of the occipital horns. Widespread loss of gray–white differentiation and low attenuation of the basal ganglia are also noted.

This CT scan was obtained due to the presence of status myoclonus refractory to treatment. This patient died after withdrawal of

life-sustaining treatment based on family decisions and newly found advance directives from the patient.
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which combination of tests can provide an early and
unerring determination of poor prognosis. It would seem
logical at this time to use as many predictors as available,
to ensure that medication effects are accounted for and to
wait at least 72 hours postrewarming before making a
conclusive statement of neurologic prediction for
patients in whom aggressive cares are warranted and this
is in keeping with the patient’s wishes (Table 32.3).

NEUROREHABILITATION

Relative to the amount of publications on the resuscita-
tion and postresuscitation care of cardiac arrests, there
is scarce literature pertaining to the neurorehabilitation
of PCAS survivors. Early studies seem to echo clinical
experience in the postresuscitation arena, in that the sur-
vivors of primary cardiac arrests progressmore rapidly in
their rehabilitation course than those who survive cardiac
arrests not of a primary cardiac etiology, and the costs
involved in the rehabilitation of the latter are also higher
(Burke et al., 2005). Posthospital discharge of PCAS sur-
vivors evaluations show that approximately 25% of sur-
vivors suffer from anxiety and depression 6 months after

discharge (Lilja et al., 2015), and a similar number dem-
onstrated cognitive impairment. There are conflicting
data regarding the impact of cognitive impairment and
autonomy and perceived quality of life (Cronberg
et al., 2009; Boyce-van der Wal et al., 2015).

There is a wide spectrum of outcomes from PCAS,
where patients essentially return to their normal lives
shortly after discharge, to patients surviving with pro-
found disorders of consciousness, cognitive or physical
impairment, psychosocial morbidity, and any combina-
tion thereof. It is interesting to note that, in a German
study of patients referred to a rehabilitation facility with
profound HIE, 6.2% eventually achieved good func-
tional outcomes and many required up to 3 months to
begin making significant progress (Howell et al.,
2013). A recent randomized controlled trial in the Neth-
erlands of neurologically focused follow-up showed
promising improvements in quality of life, emotional,
mental, and physical health as well as significant
improvements in early return to work (Moulaert et al.,
2015). Much remains to be learned, and programs such
as those described need to be widely implemented to
provide comprehensive and holistic care to PCAS survi-
vors going forward.

A1

A2 B2 C2

B1 C1

Fig. 32.2. Magnetic resonance imaging (MRI) of hypoxic-ischemic encephalopathy. (A1, A2) MRI T2; (B1, B2) MRI T2 fluid

attenuation inversion recovery (FLAIR); (C1, C2) MRI apparent diffusion coefficient. MRI sequences on postarrest day number 5

showing diffuse cortical diffusion restriction, as well as diffuse cerebral edema with effacement of the overlying sulci. This MRI

was obtained due to persistent coma with present corneal reflexes and cough and an otherwise poor exam, despite appropriate

sedation washout period. Continuous electroencephalogram showed diffuse slowing; generalized epileptiform discharges and

neuron-specific enolase levels were persistently elevated at 48 and 72 hours postarrest. Patient died after withdrawal of life-

sustaining treatment on postarrest day 6 after a declaration of poor neurologic outcome.

NEUROLOGY OF CARDIOPULMONARY RESUSCITATION 607



Table 32.3

Considerations for neuroprognostication after cardiac arrest according to use of targeted temperature management

Intervention False-positive rate (FPR)
Recommendation and
level of evidence (LOE)

TTM The earliest time for prognostication using clinical
examination in patients treated with TTM, where
sedation or paralysis could be a confounder, is 72 hours
after normothermia

Class IIb
LOE C-EO

The earliest time for prognostication using clinical
examination in patients treated with TTM, where
sedation or paralysis could be a confounder, is 72 hours
after normothermia

Class IIb
LOE C-EO

In comatose patients who are treated with TTM, the absence
of pupillary reflex to light at 72 hours or greater after
arrest is a useful predictor of poor neurologic outcome

FPR, 1%
95% CI: 0–3%

Class I
LOE B-NR

In comatose postcardiac-arrest patients treated with TTM, it
may be reasonable to consider persistent absence of EEG
reactivity to external stimuli at 72 hours after cardiac
arrest, and persistent burst suppression on EEG after
rewarming, to predict a poor outcome

FPR, 0%
95% CI: 0–3%

Class IIb
LOE B-NR

No TTM The earliest time to prognosticate a poor neurologic
outcome using clinical examination in patients not treated
with TTM is 72 hours after cardiac arrest

Class I, LOE B-NR

In patients who are comatose after resuscitation not treated
with TTM, it may be reasonable to use the presence of a
marked reduction of the GWR on brain CT obtained
within 2 hours after cardiac arrest to predict poor outcome

Class IIb, LOE B-NR

In resuscitated comatose patients who are not treated with
TTM, the absence of pupillary reflex to light at 72 hours
or more after cardiac arrest is a reasonable exam finding
with which to predict a poor neurologic outcome

FPR, 0%; 95% CI: 0–8% Class IIa, LOE B-NR

In comatose postarrest patients not treated with TTM, it may
be reasonable to consider the presence of burst
suppression on EEG at 72 hours or more after cardiac
arrest, in combination with other predictors, to predict a
poor neurologic outcome

FPR, 0%; 95% CI: 0–11% Class IIb, LOE B-NR

Both These times until prognostication can be even longer than
72 hours after cardiac arrest if the residual effect of
sedation or paralysis confounds the clinical examination

Class IIa
LOE C-LD

The motor examination may be a reasonable means to
identify patients who need further prognostic testing to
predict poor outcomes

Class IIb
LOE B-NR

Intractable and persistent (>72 hours) status epilepticus in
the absence of EEG reactivity to external stimuli may be
reasonable to predict poor outcome

Class IIb
LOE B-NR

It may be reasonable to consider extensive restriction of
diffusion on brain MRI at 2–6 days after cardiac arrest in
combination with other established predictors to predict a
poor neurologic outcome

Class IIb
LOE B-NR

Given the possibility of high FPRs, blood levels of NSE and
S-100B should not be used as single predictors of poor
neurologic outcomes

Class III: Harm
LOE C-LD

When performed with other prognostic tests at >72 hours
postarrest, it may be reasonable to consider high serum
values of NSE at 48–72 hours after cardiac arrest to

* Class IIb
LOE B-NR
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Table 32.3

Continued

Intervention False-positive rate (FPR)
Recommendation and
level of evidence (LOE)

support the prognosis of a poor neurologic outcome,*
especially if repeated sampling reveals persistently high
values†

†Class IIb
LOE C-LD

In comatose survivors of cardiac arrest regardless of
treatment with TTM, it is reasonable to consider bilateral
absence of N20 SSEPs 24–72 hours after arrest or
rewarming a predictor of poor outcome

FPR, 1%; 95% CI: 0–3% Class IIa
LOE B-NR

Based on unacceptable FPRs, the findings of either absent
motor movements or extensor posturing should not be
used alone for predicting a poor neurologic outcome

FPR, 10%; 95%CI: 7–15%
to FPR, 15%; 95% CI:
5–31%

Class III: Harm
LOE B-NR

The presence of myoclonus, which is distinct from status
myoclonus, should not be used to predict poor neurologic
outcomes because of high FPR

FPR, 5%; 95%CI: 3–8% to
FPR, 11%; 95% CI:
3–26%

Class III: Harm
LOE B-NR

In combination with other diagnostic tests at >72 hours
after arrest, the presence of status myoclonus during the
first 72–120 hours after arrest is a reasonable finding to
help predict poor neurologic outcomes

FPR, 0%; 95% CI: 0–4% Class IIa
LOE B-NR

Adapted from Callaway et al. (2015).

TTM, targeted temperature management; C-EO, FPR, false-positive ratio; CI, confidence interval; B-NR, EEG, electroencephalogram; GWR:

gray- to white-matter ratio; CT, computed tomography; NSE, neuron-specific enolase; C-LD, S-100B, protein S-100B; MRI, magnetic resonance

imaging; SSEPs, somatosensory evoked potentials.
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Chapter 33

Therapeutic hypothermia protocols

N. BADJATIA*
Department of Neurology, University of Maryland School of Medicine, Baltimore, MD, USA

Abstract

The application of targeted temperature management has become common practice in the neurocritical
care setting. It is important to recognize the pathophysiologic mechanisms by which temperature control
impacts acute neurologic injury, as well as the clinical limitations to its application. Nonetheless, when
utilizing temperature modulation, an organized approach is required in order to avoid complications
and minimize side-effects. The most common clinically relevant complications are related to the impact
of cooling on hemodynamics and electrolytes. In both instances, the rate of complications is often related to
the depth and rate of cooling or rewarming. Shivering is the most common side-effect of hypothermia and
is best managed by adequate monitoring and stepwise administration of medications specifically targeting
the shivering response. Due to the impact cooling can have upon pharmacokinetics of commonly used
sedatives and analgesics, there can be significant delays in the return of the neurologic examination.
As a result, early prognostication posthypothermia should be avoided.

INTRODUCTION

Therapeutic hypothermia (TH) is an effective treatment
in models of experimental brain injury, including cardiac
arrest, ischemic stroke, and traumatic brain injury (TBI).
Current literature does not support the routine utilization
of hypothermia for conditions other than cardiac arrest
(Callaway et al., 2015). Hypothermia for raised intracra-
nial pressure remains a consideration, but only after other
measures such as osmotic therapy have failed. Other con-
siderations for hypothermia remain experimental.

NEUROPATHOLOGY

As a neuroprotectant, the efficacy of hypothermia varies
with depth, delay, and duration of treatment (MacLellan
et al., 2009). In focal ischemia, blood flow in the core and
penumbra is reduced to approximately 20% and 50% of
baseline (Morikawa et al., 1992; Kawai et al., 2000;
Yanamoto et al., 2001). Hypothermia does not potentiate
the decrease in cerebral blood flow (CBF) during ische-
mia (Busto et al., 1987), but reduces metabolismmore so
than decreasing CBF. Increased blood pressure, a

sympathetic response observed during cooling and shiv-
ering, a common clinical problem during cooling, may
improve collateral reperfusion (Kawamata et al., 1997;
Hayashi et al., 1998; Lin et al., 2002), though the meta-
bolic increases observed may negate the overall benefit
of cooling.

One of the primary mechanisms through which hypo-
thermia confers neuroprotection is by a dramatic reduc-
tion in cerebral metabolism. Decline in core temperature
to 32°C can lower the cerebral metabolic rate for oxygen
(CMRO2) by 15–30% (Rosomoff and Holaday, 1954;
Hagerdal et al., 1975; Michenfelder and Milde, 1991;
Nakashima et al., 1995; Okubo et al., 2001; Erecinska
et al., 2003). Likewise, there are many studies indicating
that intraischemic TH delays adenosine triphosphate
(ATP), lactate, and pyruvate expenditure, but does not
prevent it (Nilsson et al., 1975; Welsh et al., 1990;
Sutton et al., 1991; Ibayashi et al., 2000; Kimura et al.,
2002; Erecinska et al., 2003). Nonetheless, TH improves
recovery of high-energy phosphate metabolites and
reverses acidosis produced by lactate accumulation dur-
ing reperfusion (Chopp et al., 1989; Sutton et al., 1991;
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Kimura et al., 2002; Erecinska et al., 2003). Even though
there is a significant decrease in metabolism caused by
TH, this cannot fully account for potent neuroprotection
afforded by intraischemic cooling. Cooling also alters
metabolism in ways that confer protection (Kaibara
et al., 1999). The decrease in oxygen availability during
ischemia disrupts aerobic glycolysis and the ensuing
anaerobic metabolism leads to lactic acidosis.

Intraischemic hypothermia canpartially diminishCa2+

influx, thereby ameliorating cell death (Kristian et al.,
1992; Moyer et al., 1992). Delayed and prolonged
hypothermia also presumably attenuates delayed ex-
citotoxicity that occurs through the ischemia-induced
downregulation of theGluR2 subunit ofAMPA channels,
which normally prevents Ca2+ and Zn2+ influx, in the
CA1 region after global ischemia (Bennett et al., 1996;
Colbourneetal.,2003).Coolingalso lessensproteinkinase
C andCa2+ / calmodulin-dependent protein kinase II trans-
location and activation, possibly by decreasing Ca2+

(Cardell and Wieloch, 1993; Busto et al., 1994;
Chapman et al., 1995; Hu and Wieloch, 1995; Tohyama
et al., 1998; Harada et al., 2002).

Many neurotransmitters are released after ischemia
due to spreading depression and the inability to regulate
their release. Cooling decreases the propagation of
spreading depolarization (Takaoka et al., 1996), thereby
ameliorating total neurotransmitter release and the possi-
bility of further excitotoxic injury. Cooling decreases the
immediate postischemic hyperperfusion, as well as glu-
tamate and intracellular Ca2+ toxicity, thereby reducing
injury and the inflammatory response (Karibe et al.,
1994; Huang et al., 1998). By affecting these processes,
hypothermia indirectly affects �O2

– production. TH also
decreases �nitric oxide (NO) production (Kader et al.,
1994; Han et al., 2002), possibly due to reduced inflam-
mation. NO synthase (NOS) has been used as amarker of
�NO production in several studies. Upregulation of both
neuronal NOS and microglia-inducible NOS after focal
ischemia can be prevented by intra- and postischemic
TH (Han et al., 2002; Karabiyikoglu et al., 2003; Van
Hemelrijck et al., 2005; Mueller-Burke et al., 2008).

Inflammation

The inflammatory response that follows ischemia is a
complex process, mediated by many factors, that is pre-
dominantly regulated through activated microglia,
resulting in a phagocytic response to neuronal stress
and injury (Ceulemans et al., 2010). Hypothermia
reduces the total number of microglia, as well as reactive
microglia (Inamasu et al., 2000; Deng et al., 2003; Han
et al., 2003; Fukui et al., 2006; Florian et al., 2008;
Webster et al., 2009; Ceulemans et al., 2011; Drabek
et al., 2012; Fries et al., 2012), which may be the result
of a decrease in expression of transcription factor NF-kB

under lower temperatures (Han et al., 2003; Yenari and
Han, 2006; Florian et al., 2008; Webster et al., 2009).
An immunomodulatory benefit of hypothermia may be
a decrease in the secretion of tumor necrosis factor-a
and interleukin-6, without affecting the release of bene-
ficial neurotrophic factors (Xiong et al., 2009;
Ceulemans et al., 2011).

Edema and increased intracranial pressure (ICP) after
ischemia is partially due to dysregulation of water flow,
as well as disruption of the blood–brain barrier (BBB).
TH has a favorable effect on edema after experimental
ischemia (Karibe et al., 1994; Preston and Webster,
2004; Xiao et al., 2004; Kallmunzer et al., 2012). Both
intra- and postischemic cooling can lessen the amount
of BBB disruption (Karibe et al., 1994; Wagner et al.,
2003; Hamann et al., 2004; Preston and Webster,
2004; Lee et al., 2005; Nagel et al., 2008; Baumann
et al., 2009), possibly by preserving the shape of endo-
thelial cells and avoiding pericyte disassociation (Duz
et al., 2007). Cooling attenuates the increase in metallo-
matrix proteins in experimental (Wagner et al., 2003;
Hamann et al., 2004; Lee et al., 2005; Nagel et al.,
2008; Kallmunzer et al., 2012) and clinical stroke
(Horstmann et al., 2003), thereby diminishing BBB
disruption.

Cardiac arrest

During no-flow states, such as observed in cardiac
arrest, there is membrane depolarization, calcium influx,
glutamate release, acidosis, and activation of lipases,
proteases, and nucleases. Upon reflow, there is reoxy-
genation injury involving iron, free radicals, nitric oxide,
catecholamines, excitatory amino acid release, and
renewed calcium shifts (Polderman, 2009). During post-
ischemic reperfusion, even after prolonged ischemic
periods, the high-energy ATP load recovers rapidly
and approaches normal levels quickly after return of
spontaneous circulation (ROSC); however, tissue injury
continues after reperfusion. The observation of morpho-
logic changes (cytosolic microvacuolation) seen in hip-
pocampal hilar, CA1 pyramidal neurons, and cortical
pyramidal neurons of layers 3 and 5 after reperfusion
has led to recognition of the concepts of reperfusion
injury and selective neuronal vulnerability (Polderman,
2009). As a result, much of the brain injury after even
brief periods of anoxia is due to the reperfusion injury
occurring after ROSC. Experimental studies have shown
that these mechanisms can be minimized or prevented
with the application of hypothermia.

Traumatic brain injury

The application of hypothermia after TBI can have very
different effects based upon patient selection, as well as
the timing, duration, and depth of cooling. Cooling
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within minutes to hours after the injury is intended as a
neuroprotective strategy, mitigating many of the cellular
mechanisms that eventually result in further damage. As
hours and days postinjury continue, the cumulative effect
of these mechanisms is observed clinically, where TH
can also be applied as an effective adjunctive therapy
for processes leading to raised ICP.

Subarachnoid and intracerebral hemorrhage

The focus of TH in the acute phase of subarachnoid hem-
orrhage (SAH) is on mitigating the effects of the initial
hemorrhage (“early brain injury”). Experimental studies
have demonstrated that mild to moderate hypothermia
reverses hypoperfusion that is unrelated to cerebral
perfusion pressure, enhances recovery of posthemorrha-
gic CBF, and attenuates edema formation. The vascular
effects may be attributed to hypothermia-induced vaso-
dilatation, or to the prevention of autoregulatory impair-
ment, whereas prevention of lactate accumulation may
help reverse post-SAH cerebral edema. The application
of hypothermia after parenchymal hemorrhage is under-
studied. Similar to SAH, clinical studies in intracerebral
hemorrhage (ICH) have not been adequately designed
to understand the impact of TH on outcome, though
there has been a consistent finding that cooling reduces
hemorrhage-related cerebral edema (Howell et al.,
1956; Fingas et al., 2007).

Spinal cord injury

Approximately 11 000–12 000 individuals sustain a
spinal cord injury from motor vehicle accidents, sport-
related injuries, and direct trauma each year in the
USA (Dietrich et al., 2011). Recent surgical advance-
ments have reduced mortality and morbidity, but long-
term disability remains a major concern (Fehlings
et al., 2012). Currently, there are no proven medical
treatments that protect against the consequences of spinal
cord injury. Experimental models have reliably demon-
strated a strong benefit of TH (Dietrich et al., 2011),
but clinical studies are lacking to better inform the
timing, depth, and duration for hypothermia in this clin-
ical setting.

NEURODIAGNOSTICSANDIMAGING

Electrophysiologic testing

The effects of hypothermia on electroencephalography
(EEG) have been well studied experimentally, with
notable decreases in voltage, and slower frequencies with
progressive hypothermia (ten Cate et al., 1949; Chatfield
et al., 1951; Lyman and Chatfield, 1953; Callaghan et al.,
1954; Owens, 1958; Woodhall et al., 1958; Massopust
et al., 1970). Similar effects of EEG suppression during
hypothermia have been shown in the clinical setting,

although there is considerable variation between indivi-
dual patients (Quasha et al., 1981). The temperature
necessary to induce significant suppression or electrocer-
ebral silence has been reported to range anywhere from
12°C and 33°C (Stecker et al., 2001), which may have
important implications when considering specific
temperature goals for the treatment of status epilepticus,
or in the interpretation of EEG findings.

Somatosensory evoked potentials (SSEPs) can be
used to assess the integrity of the arousal system, speci-
fically assessing the somatosensory pathway andmainte-
nance or restoration of normal thalamocortical coupling
(Madhok et al., 2012). Hypothermia can have a profound
impact on the amplitude and latency of the signals
obtained with median nerve stimulation. Nonetheless,
the absence of cortical SSEP components (N2O) after
stimulation of the median nerve during hypothermia
remains a reliable electrophysiologic indicator of an
unfavorable prognosis in the cardiac arrest population.

HOSPITAL COURSE ANDMANAGEMENT

Temperature modulation techniques

When considering TH in the neurocritical care setting,
after deciding the target temperature, the next manage-
ment decision centers on the modality of cooling.
Recent technologic advances have brought about many
new devices targeting core body temperature that allow
for tight regulation of temperature to within �0.2°C.
However, it is important to recognize that induction
of hypothermia can also be achieved efficiently without
devices.

Infusion of cold fluids is effective at initiating the
cooling process (Polderman et al., 2005). There is vari-
ability as to the type of fluid and volume necessary; how-
ever, the most reliable method to utilize in neurologically
injured patients is to infuse 2 liters of isotonic fluid
cooled to 4°C. Initiating shivering control prior to infu-
sion is important, as cold crystalloid infusion without
effective shivering control is associated with a much
slower rate of cooling. The most commonly observed
adverse effect associated with cold fluid induction is
pulmonary congestion, which has been noted to occur
with higher volumes of infusion (>2 liters).

Induced hypothermia can be separated into three
phases: induction, maintenance, and rewarming. Since
the development of automated cooling systems, the
clinical application of targeted temperature management
(TTM) has become safer and simpler. Each cooling
device works by promoting conductive heat loss, either
through surface or intravascular cooling.

Surface cooling systems consist of pads containing
circulating forced cold air or fluid which are applied to
the skin (Lay and Badjatia, 2010), whereas intravascular
systems consist of endovascular heat exchange catheters
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that are placed into a central vein to cool the blood
(Owens, 1958). Both methods can be used effectively
to induce and maintain hypothermia (Hoedemaekers
et al., 2007). Some clinicians speculate that intravascular
devices cause less shivering than surface cooling
methods; however, no direct comparisons between the
two methods have been performed. All the devices work
via a feedback loop that adjusts the temperature of the
water circulating through the cooling system to maintain
a constant target core body temperature, which should be
continuously monitored via a probe in the bladder,
esophagus, or rectum. Each of these advanced tempera-
ture modulation devices has shown superior temperature
regulation as compared to more traditional methods such
as ice packets, cooling blankets, or fans (Diringer and
Neurocritical Care Fever Reduction Trial Group, 2004;
Mayer et al., 2004; Steinberg et al., 2004; Broessner
et al., 2009). However, there are few data to support
that these temperature-modulating devices improve out-
come, with a recent trial in cardiac arrest patients demon-
strating no benefit in long-term outcome of intravascular
cooling vs. traditional cooling methods (Deye
et al., 2015).

Induction

Application of ice packs and infusion of cold intravenous
fluids (e.g., 4°C normal saline or lactated Ringer’s solu-
tion at 30–40 mL/kg over 1 hour) is the simplest and least
expensive method of inducing hypothermia (Polderman
et al., 2005). Body temperature typically falls by 2°C
after the 1-hour infusion. Large volumes of refrigerated
saline should not be given to patients with active clinical
signs of symptoms of congestive heart failure, as this
treatment could cause exacerbation of pulmonary edema.

Maintenance

Once induction has begun, a device is applied to com-
plete the cooling and begin the maintenance phase.
During the maintenance period, advanced cooling tech-
nology can maintain core body temperature with only
minor fluctuations (�0.2°C). Fever, the most frequent
clinical sign of infection, no longer occurs when hypo-
thermia is induced. The temperature of the circulating
water in the cooling device can be used as a surrogate
marker for increased heat production by the patient:
water temperature lower than 10°C is indicative of a
febrile response.

Rewarming

Rewarming is the most dangerous phase of hypothermia,
particularly in patients with cerebral edema and intracra-
nial mass effect, who are at risk of elevated ICP. A rapid

increase in body temperature can cause systemic vasodi-
lation and hypotension, which can in turn trigger cerebral
vasodilation and ICP plateau waves. Rates of rewarming
vary depending on the indication for TTM. In general,
rewarming can be performed at rates as fast as 0.5°C/hour
if patients have no ICP-related issues, and as slow as
0.1°C/hour if elevated ICP is a concern. If ICP elevation
is suspected or observed, rewarming should be slowed or
even halted. In most cases, a rewarming rate of 0.25°
C/hour is recommended, and rewarming should always
be performed in a controlled manner to avoid overshoot-
ing and developing hyperthermia.

CLINICALTRIALSANDGUIDELINES

Cardiac arrest

Despite knowledge of the benefits of TH after experi-
mental cardiac arrest for several decades (Stub et al.,
2011), it has only recently been studied extensively in
humans. A decade has passed since the results of two
randomized controlled trials provided evidence that
TH (32–34°C) for 12–24 hours is an effective treatment
for patients who remain comatose after resuscitation
from out-of-hospital cardiac arrest when the initial car-
diac rhythm is ventricular fibrillation or pulseless
ventricular tachycardia (Bernard et al., 2002; The
Hypothermia After Cardiac Arrest Study Group,
2002). As with other therapeutic interventions after brain
injury, time to treatment is important and this therapy
should only be initiatedwithin 6 hours of injury andwith-
out delay. In 2010, the American Heart Asssociation
recommended as part of routine post cardiac arrest care
that comatose adult patients surviving out-of-hospital
ventricular fibrillation or pulseless ventricular tachycar-
dia cardiac arrest should be cooled to 32–34°C for 12–24
hours. Further, less robust recommendations were made
for TH for comatose adult patients after in-hospital
cardiac arrest or after out-of-hospital cardiac arrest with
an initial rhythm of pulseless electric activity or asystole
(Peberdy et al., 2010).

A subsequent, larger, well-conducted randomized
controlled trial found that neurologic outcomes and
survival at 6 months after out-of-hospital cardiac arrest
were not inferior when temperature was controlled at
36°C versus 33°C (Nielsen et al., 2013). There are no
direct comparisons of different durations of TTM in
post cardiac arrest patients. The largest trials and studies
of TTM maintained temperatures for 24 hours
(Hypothermia After Cardiac Arrest Study Group,
2002) or 28 hours (Nielsen et al., 2013), followed by a
gradual (approximately 0.25°C/hour) return to
normothermia.

The American Heart Association has recently chan-
ged its guideline for cooling after hypothermia to
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recommend selecting and maintaining a constant tempe-
rature between 32°C and 36°C during TTM (class I,
Level Of Evidence - B Randomized study (LOE B-R)).

Initiating cooling in the prehospital setting has failed
to demonstrate a benefit versus initiating once a patient
has arrived in the Emergency Department (Bernard
et al., 2010, 2012; Debaty et al., 2014; Kim et al.,
2014). In neonatal hypoxic encephalopathy, trials have
shown that cooling comatose newborn patients for
72 hours improves the proportion of patients with an
intact neurologic recovery (Gluckman et al., 2005;
Shankaran et al., 2005). The results of clinical trials in
the setting of pediatric cardiac care are, however, difficult
to interpret. A recent trial of 260 pediatric patients with
out-of-hospital cardiac arrest reported neurocognitive
outcomes in 20% of patients cooled to 33°C as compared
to 12% of those maintained at 36.8°C, but this difference
was not statistically significant (Moler et al., 2015). It is
important to note that normothermia was actively
controlled, further indicating the importance of TTM
after cardiac arrest.

Traumatic brain injury

Thirteen controlled single-center studies conducted in
adult TBI patients demonstrated significantly better out-
comes associated with TH (Polderman et al., 2004). In
contrast, three multicenter randomized controlled trials
that tested early short-term (maximum 48 hours) TH
(Clifton et al., 2001; Shiozaki et al., 2001; Clifton
et al., 2011) found no benefit with regard to survival
and neurologic outcome.

The most two recent studies published are the
National Acute Brain Injury Study: Hypothermia II
(NABIS:HII) and EuroTherm trial. NABIS:HII was a
multicenter trial including patients who were 16–45
years old after severe, nonpenetrating TBI, treated with
very early TH, initiated in the prehospital setting
(Clifton et al., 2011). The trial was stopped after inclu-
sion of 108 patients, and no effect on outcome was
observed. Subgroup analysis found that patients with
surgically evacuated hematomas treated with TH had
better outcome, while thosewith diffuse brain injury trea-
ted with hypothermia had a trend towards worsened out-
come. One of the reasons for improvement in such a
subpopulation may be due to the impact of temperature
control on reperfusion injury-related spreading depolar-
izations, as recently reported by the Co-operative Study
of Brain Injury Depolarizations (COSBID) study group
(Hartings et al., 2009, 2011).

The EuroTherm trial assessed functional outcomes
after TBI when hypothermia was used as a second-line
treatment for elevated ICP, prior to use of osmotic ther-
apy (Polderman et al., 2004; Andrews et al., 2015). The

results indicated that the hypothermia group was less
likely to require the use of stage 3 treatments, but this
was not associated with an improvement in outcome.
In fact, a favorable recovery occurred less often in the
hypothermia group (26%) than in the control group
(37%; p¼0.03). Serious adverse events were also
reported more often with hypothermia (33 vs. 10 events).

In pediatric TBI populations, there have been four
randomized controlled trials comparing hypothermia to
normothermia (Biswas et al., 2002; Adelson et al.,
2005, 2013; Hutchison et al., 2008). In each of these
studies, hypothermia therapywas associatedwith a lower
ICP, but failed to have an impact on outcome, with
rebound intracranial hypertension or systemic hypoten-
sion noted to be associated with treatment.Most recently,
the Cool Kids trial, a phase III multinational 15-center
trial, randomized 77 children to hypothermia or normo-
thermia for 48–72 hours followed by a slow rewarming
rate of 0.5–1°C over 12–24 hours. The study was termi-
nated for futility on interim analysis without a difference
in outcome or adverse events between treatment groups
(Adelson et al., 2013).

There are 17 controlled trials investigating the impact
of TH on outcome in adult patients with severe TBI
patients and refractory intracranial hypertension and
most of these studies demonstrate that hypothermia is
an effective method for lowering ICP, though the data
on outcome are inconsistent (Polderman et al., 2004).
The magnitude of the effect of TH on ICP reduction is
estimated to be approximately 10 mmHg (range
5–23 mmHg). Across the studies analyzed, the effect
of TH on ICP reduction was superior to that achieved
withmoderate hyperventilation, barbiturates, andmanni-
tol, but less effective than hemicraniectomy and hyper-
tonic saline (Schreckinger and Marion, 2009).

The optimal target temperature of TH when used for
ICP control is not well defined. There is experimental evi-
dence that decreasing body temperature to 35–35.5°C
effectively treats intracranial hypertension, while main-
taining sufficient cerebral perfusion pressure without car-
diac dysfunction or oxygen debt (Tokutomi et al., 2007).
Resting energy expenditure and cardiac output decrease
progressively with hypothermia, reaching very low levels
at temperatures below 35°C (Tokutomi et al., 2007). At
core temperatures below 35°C there is a concomitant sig-
nificant decrease in brain tissue oxygenation (Gupta et al.,
2002). Thus, 35–35.5°C may be the optimal temperature
at which to treat patients with intracranial hypertension
following severe TBI. However, instead of applying fixed
temperature targets, TH may be better applied by titrating
temperature to maintain ICP below 20 mmHg. On the
basis of a meta-analysis, some have advocated that dura-
tion of TH longer than 48 hours may be beneficial
(McIntyre et al., 2003), but the optimal duration of
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cooling is not known. Rather than focusing on optimal
timing, a better target for cooling is ongoing efficacy for
reduction of ICPweighed against the risks associatedwith
deep sedation and impaired immune function that accom-
pany prolonged cooling.

Rewarming remains the most dangerous aspect of
hypothermia management. Large fluctuations in temper-
ature can reverse the protective effects of cooling, and
aggravate secondary brain injury (Suehiro and
Povlishock, 2001; Ueda et al., 2003). This is evidenced
by impaired cerebrovascular vasoreactivity, hyperemia,
and rebound intracranial hypertension (Lavinio et al.,
2007). Studies have documented rapid rewarming to
be associated with more episodes of rebound intracranial
hypertension, and worse outcomes (Thompson et al.,
2010; Clifton et al., 2011). A very slow, controlled
rewarming (0.1–0.2°C/hour) was utilized in both recent
randomized controlled trials of hypothermia to reduce
the risk of rebound cerebral edema and intracranial
hypertension.

Intracerebral hemorrhage

TH has been less rigorously studied in patients with ICH.
Initial studies reported on the potential benefits of TH on
clinical signs and symptoms related to raised ICP after
ICH (Howell et al., 1956). The most recent study dealing
with hypothermia in ICH prospectively included
12 patients with large supratentorial spontaneous ICH,
who were compared to a historical control group of
patients matched for ICH volume (Kollmar et al.,
2010). All patients were cooled to 35°C using an endo-
vascular approach for 10 days. In the TH group, perihe-
morrhagic edema volume remained stable during 14 days
of computed tomography follow-up, whereas it signifi-
cantly increased to double its initial volume in the control
group within the same time span. Beyond high rates of
pneumonia, no other major complications of hypother-
mia were observed. This study was not powered to assess
differences in outcome (Staykov et al., 2011).

Subarachnoid hemorrhage

The Intraoperative Hypothermia for Aneurysm Surgery
Trial (IHAST), a phase III multicenter randomized
controlled trial, compared the use of mild hypothermia
at a target temperature of 33°C during aneurysm surgery
to normothermia (target temperature of 36.5°C) (Todd
et al., 2005). Treatment was performed within 14 days
of symptom onset and hypothermia was induced with
a forced-air blanket. The study involved predominantly
low-grade SAH patients, ranging fromWorld Federation
of Neurological Societies (WFNS) I to III. The study
did not demonstrate a significant difference in clinical out-
come between the two groups 90 days after enrollment.

There was a slightly higher rate of bacteremia in the hypo-
thermia group (5% vs. 3%; p¼0.05). One possible expla-
nation for the lack of improvement in mortality and
functional outcome may be the relatively good clinical
condition of the majority of study participants, with the
consequent lack of a temperature-modifiable brain lesion
(Linares and Mayer, 2009). Additionally, the therapy was
limited to the operative setting and did not extend for sub-
sequent days, during which there may have been greater
benefit for hypothermia.

The use of prolonged TH for treatment of intractable
increases in ICP or vasospasm, mainly in patients with
poor-grade SAH, has been reported in several case series
(Kawamura et al., 2000; Nagao et al., 2000, 2003; Gasser
et al., 2003; Seule et al., 2009). The largest of these
reported on poor-grade SAH patients who developed
elevated ICP and/or symptomatic vasospasm refractory
to conventional treatment (Seule et al., 2009). Hypother-
mia was achieved with an endovascular approach and
maintained at 33–34°C for up to 1 week. The acuity of
this population made it unclear as to whether the high
rate of complications was related to disease severity or
hypothermia. Nonetheless, there was a higher than
expected proportion of patients with good outcomes
reported at 3 months.

Ischemic stroke

The perceived need for a secure airway, mechanical
ventilation, and control of shivering has limited the
use of hypothermia as a therapeutic approach in stroke
patients. However, some studies have shown that it is
possible to cool nonintubated stroke patients, albeit
with variable success (Kammersgaard et al., 2000;
Zweifler et al., 2003; Guluma et al., 2008). Schwab
et al. (2001) reported on two uncontrolled trials of
induced hypothermia as salvage therapy for patients
with established middle cerebral artery (MCA) territory
infarction. Patients were admitted to an intensive care
unit and hypothermia was achieved with surface cool-
ing. ICP was monitored with parenchymal sensors
placed ipsilateral to the infarct. In the first of these stud-
ies, hypothermia was induced in 25 malignant MCA
infarct patients at an average of 14 hours after stroke
onset, and temperature was maintained at 33°C for
48–72 hours (Schwab et al., 2001). There was signifi-
cant morbidity associated with cerebral edema due to
uncontrolled rewarming. Further data in MCA infarct
patients suggest that controlled rewarming rates of
�0.1°C/hour allow for improved control of ICP when
compared with patients in whom rewarming is achieved
in a passive, uncontrolled fashion (Schwab et al., 2001;
Steiner et al., 2001).
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In a prospective randomized study, Els et al. (2006)
enrolled 25 consecutive patients with an ischemic infarc-
tion of more than two-thirds of one hemisphere to either
hemicraniectomy alone, or in combination with hypo-
thermia. Safety parameters were compared between
treatment groups and the clinical outcome assessed at
6 months. Overall mortality was 12% (2/13 vs. 1/12 in
the two groups), but none of the 3 patients died due to
treatment-related complications. There were no severe
adverse effects of hypothermia. The clinical results
showed a tendency for a better outcome in the hemicra-
niectomy plus moderate hypothermia group after
6 months. Delayed cooling for the treatment of cytotoxic
brain edema does not provide definitive treatment for
malignant cerebral edema, and should not be used as
an alternative to the proven therapy of hemicraniectomy
(Juttler et al., 2007; Hofmeijer et al., 2009). However,
these results suggest that hypothermia may still be of
benefit, even in patients who have undergone
hemicraniectomy.

There are results from two recent phase II studies that
utilize advanced cooling techniques in ischemic stroke
patients. In a small study of 36 patients randomized
1:1 to mild hypothermia (35°C) or to standard stroke unit
care within 6 hours of symptom onset, hypothermia was
induced with a surface-cooling device and cold saline
infusions, and maintained for 12 hours, with gradual
rewarming to normothermia (Pirronen et al., 2014).
The majority (83%) of hypothermia-treated patients
reached target temperature within the prespecified time
period without a higher rate of adverse effects. There
was a trend towards higher rates of poor outcome in
the normothermia-treated patients.

The multicenter randomized controlled ICTuS-L trial
investigated the feasibility and safety of the combination
of endovascular hypothermia and intravenous thrombol-
ysis with rt-PA (Hemmen et al., 2010). Of the 59 patients
included, 44 were enrolled within 3 hours of symptom
onset, and 48 were treated with thrombolysis. Twenty-
eight patients were randomized to hypothermia at 33°C
for 24 hours. Pneumonia occurred at a significantly
higher rate in the hypothermia group, as compared to
controls (50% vs. 10%). Outcome assessed with the
modified Rankin scale 3 months after symptom onset
did not differ between the two groups. A pivotal phase
III study is under way to determine the overall efficacy
of hypothermia in this population.

Other investigators are studying the effects of mild
hypothermia combined with additional neuroprotective
agents, such as caffeine and ethanol; however, until
tested in a prospective controlled study, TH, either as a
standalone therapy or as an adjunct, remains experimen-
tal in this setting (Abou-Chebl et al., 2004; Hemmen
et al., 2010).

Spinal cord injury

The only human evidence thus far in the literature is a
single-center study from the University ofMiami involv-
ing 14 patients with an average age of 39 years (range,
16–62 years), with acute, complete (American Spinal
Injury Association (ASIA) A) cervical spinal cord inju-
ries, that were treated using an intravascular cooling cath-
eter to achieve modest (33°C) systemic hypothermia for
48 hours (Levi et al., 2009). In this small series, the inves-
tigators found the cooling approach to be feasible, with
no increase in the rate of complications. Even though
they noted 6 of 14 patients converted from ASIA
A status, large prospective studies are needed before
TH can be considered as part of standard care in this
population.

COMPLEXCLINICAL DECISIONS

Shivering

Shivering, coupled with vasoconstriction, is a thermo-
regulatory defense to maintain body temperature at the
hypothalamic set point. In healthy humans, peripheral
vasoconstriction is triggered at approximately 36.5°C
and shivering at 35.5°C (Sessler, 2009). Temperature
thresholds for vasoconstriction and shivering are some-
times higher than normal in brain-injured patients; there-
fore, these thermoregulatory defenses may occur at
higher temperatures (Badjatia, 2009).

Control of shivering is essential for effective hypo-
thermia. If left uncontrolled, shivering will interfere with
the cooling process, and can result in increments in sys-
temic and cerebral energy consumption and metabolic
demand (Badjatia et al., 2008, 2009). The first step in
managing shivering is to have an effective tool for mea-
surement. The Bedside Shivering Assessment Scale is a
simple, validated four-point scale that enables repeated
quantification of shivering at the bedside. It has been
utilized in conjunction with continuous bispectral index
monitoring to provide detection of shivering in moder-
ately or deeply sedated critically ill patients.

Therapy for shivering should ideally suppress the cen-
tral thermoregulatory reflex rather than just uncoupling
this response from skeletal muscle contraction, as this
does not mitigate the ongoing cerebral and systemic
stress response. Initial measures have been focused
on nonsedating or minimally sedating pharmacologic
interventions, so as not to impair the ability to track neu-
rologic exam changes and increase the risk for complica-
tions related to prolonged mechanical ventilation (Choi
et al., 2011).

The first step utilizes acetaminophen, buspirone, and
magnesium infusion (Mokhtarani et al., 2001; Kasner
et al., 2002; Zweifler et al., 2004). Additionally, patients
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should be treated with forced warm-air skin counter-
warming. An increment in mean skin temperature by
4°C, without affecting core body temperature, can
increase the sensation of warmth and blunt the shivering
reflex by about 1°C (Lennon et al., 1990; Badjatia et al.,
2008). Approximately half of the patients who shiver in
response to TTM require additional pharmacologic ther-
apy to prevent this response. Dexmeditomidine is a
central-acting a2-receptor agonist that has been shown
to decrease the shivering threshold (Lennon et al.,
1990). Propofol and the opioid meperidine are also effec-
tive at reducing shivering, but can cause oversedation
and prolong the need for mechanical ventilation when
given at high doses (Lennon et al., 1990; Matsukawa
et al., 1995). If all other options to prevent shivering
are exhausted, pharmacologic paralysis may be needed
(Choi et al., 2011).

Reduced electrolyte levels

In addition to decreased systemic and cerebral metabo-
lism, other physiologic changes commonly occur in
patients treated with hypothermia. Cooling drives elec-
trolytes into the intracellular compartment and results
in decreased levels of serum potassium, magnesium,
and phosphate (Polderman et al., 2001). However, during
rewarming these electrolytes are released from intracel-
lular stores andmove to extracellular spaces. Care should
be taken, therefore, to avoid excessive potassium
replacement during the maintenance phase to avoid
rebound hyperkalemia during rewarming (Polderman,
2004). The rate of rewarming is likely closely associated
with rebound hyperkalemia, with faster rates resulting in
a higher incidence of hyperkalemia.

Acid–base status

As patients are cooled, carbon dioxide becomes more
soluble, the partial pressure of carbon dioxide (pCO2)
falls, and the pH rises. There are two management strat-
egies for this change in solubility during cooling: alpha-
stat management refers to the practice of interpreting
blood gas values at 37°C regardless of the patient’s actual
body temperature, and pH-stat management is when
blood gas values are corrected to account for the colder
body temperature. To maintain normal pCO2 and pH
levels with pH-stat management, a state of hypoventila-
tion and hypercarbia is maintained, which results in
cerebral vasodilation and could, in theory, lead to an
increase in CBF and ICP. Substantial controversy exists
over which method of acid–base management, if either,
is preferable (Bacher, 2005; Polderman, 2009; Lay and
Badjatia, 2010). In general, only one method should
be utilized, with respiratory management performed
accordingly.

Insulin resistance and kidney dysfunction

Insulin resistance occurs during hypothermia, but often
this is difficult to differentiate from insulin resistance
known to occur with critical illness. Regardless, the rate
of rewarming may increase insulin sensitivity rapidly,
and may lead to hypoglycemia (Polderman, 2004).
Peripheral vasoconstriction during hypothermia can
cause a diversion of blood to the kidneys, which results
in mild renal tubular dysfunction. The combination of
cooling and renal dysfunction produces a “cold diuresis”
effect (Knight and Horvath, 1985; Guluma et al., 2010),
which can make fluid management during hypothermia
challenging.

Finally, cooling has an unmeasurable impact on renal
clearance of common pharmaceuticals, especially anal-
gesics and sedatives. Hypothermia is particularly impact-
ful on the cytochrome P450 enzymes, which play an
essential role in metabolizing medications commonly
used in critical care medicine, including benzodiaze-
pines, calcium channel blockers, anesthetics, and opioids
(Empey et al., 2012). As a result, there is often a sustained
impact of analgesia and sedation long after cooling has
been discontinued. This can affect the reliability of the
neurologic examination, and may impact on the timing
for prognostication.

Cardiac function

Core body temperatures between 33°C and 35°C are
generally well tolerated by the heart. As long as shivering
is well controlled, cooling results in bradycardia and
reduced myocardial contractility, which causes reduced
cardiac output and blood pressure. Temperatures below
32°C can lead to serious cardiac arrhythmias such as
atrial and ventricular tachycardia and fibrillation
(Polderman, 2004; Bergman et al., 2010).

Impaired immune function

Cooling impairs leukocyte phagocytic function and
causes immunosuppression, which explains the incre-
ased risk for bacterial infections during hypothermia
(Todd et al., 2005; Seule et al., 2009; Hemmen et al.,
2010). This risk appears to increase especially with pro-
longed hypothermia, though it is not clear at which time
point the risk is unavoidable. Tracking the development
of infections can also be difficult in the absence of tem-
perature elevations and raised white blood cell counts.
There are currently no reliable methods to overcome
these limitations and reliably track the development of
infections during hypothermia. A high index of suspicion
is required. A recent retrospective cohort study of cardiac
arrest patients who underwent hypothermia and treated
prophylactically with antibiotics had a fourfold reduction
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in pneumonia rates (Gagnon et al., 2015). However, there
was limited information about microbiologic organisms,
the type of antibiotic prophylaxis given, and timing
and duration of therapy, limiting the ability of genera-
lizing this practice without further prospective study
results.

Hematologic effects

Platelet dysfunction, increased fibrinolysis, and de-
creased activity of coagulation cascade enzymes all
contribute to bleeding during hypothermia. However,
clinically relevant coagulopathy and thrombocytopenia
seem to occur more frequently in spontaneous hypother-
mia after trauma than after medically induced hypother-
mia. Mild coagulopathy and platelet dysfunction also
occur at temperatures above 35°C, but most trials have
not shown an increased risk of serious bleeding, even
in patients with pre-existing intracranial hemorrhage
(Schefold et al., 2009).

OUTCOMEPREDICTION

Assessing the ability for recovery after a neurologic
injury is often a multimodality determination. Electro-
physiologic tests such as EEG and evoked potentials
may have dampened signals or latencies due to cooling,
however, their prognostic value has not been shown to be
impacted by hypothermia. Likewise, neuroimaging and
biomarker assessments, such as neuron-specific enolase,
have not been shown to be impacted by core body tem-
perature (Blondin and Greer, 2011). However, these
modalities are usually ancillary to the neurologic exam-
ination, which remains the cornerstone of prognosti-
cation for all types of brain injury. Hypothermia can
have a profound impact on the ability to track the neuro-
logic examination due to the lingering effects of seda-
tives and analgesics. A recent study in cardiac arrest
patients found that treatment with hypothermia was asso-
ciated with a variable delay in awakening for up to 5 days
postarrest (Grossestreuer et al., 2013). Therefore, it is
important to account for an adequate time period after
hypothermia before determining prognosis on the basis
of the neurologic examination.
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Chapter 34

Neurologic complications of polytrauma

R.M. JHA AND L. SHUTTER*
Department of Critical Care Medicine, University of Pittsburgh, Pittsburgh, PA, USA

Abstract

Neurologic complications in polytrauma can be classified by etiology and clinical manifestations: neuro-
vascular, delirium, and spinal or neuromuscular problems. Neurovascular complications include ischemic
strokes, intracranial hemorrhage, or the development of traumatic arteriovenous fistulae. Delirium and
encephalopathy have a reported incidence of 67–92% in mechanically ventilated polytrauma patients.
Causes include sedation, analgesia/pain, medications, sleep deprivation, postoperative state, toxic inges-
tions, withdrawal syndromes, organ system dysfunction, electrolyte/metabolic abnormalities, and in-
fections. Rapid identification and treatment of the underlying cause are imperative. Benzodiazepines
increase the risk of delirium, and alternative agents are preferred sedatives. Pharmacologic treatment of
agitated delirium can be achieved with antipsychotics. Nonconvulsive seizures and status epilepticus
are not uncommon in surgical/trauma intensive care unit (ICU) patients, require electroencephalography
for diagnosis, and need timely management. Spinal cord ischemia is a known complication in patients with
traumatic aortic dissections or blunt aortic injury requiring surgery. Thoracic endovascular aortic repair
has reduced the paralysis rate. Neuromuscular complications include nerve and plexus injuries, and
ICU-acquiredweakness. In polytrauma, the neurologic examination is often confounded by pain, sedation,
mechanical ventilation, and distracting injuries. Regular sedation pauses for examination and maintaining
a high index of suspicion for neurologic complications are warranted, particularly because early diagnosis
and management can improve outcomes.

INTRODUCTION

Polytrauma typically refers to severely injured patients
with two ormore significant traumatic injuries, with a total
injury severity score of greater than 15, or an abbreviated
injury scale>2 in at least two injury severity score regions
(Butcher and Balogh, 2009; Pape, 2012; Butcher et al.,
2014). (For an explanation of severity scoring, see
www.surgicalcriticalcare.net/Resources/injury_severity_
scoring.pdf.) Neurologic injury is frequently part of the
presentation, and other than musculoskeletal injury, trau-
matic brain injury (TBI) has been cited as the most com-
mon constituent of polytrauma (Sumann et al., 2002;
Gross et al., 2012; Andruszkow et al., 2013). Moderate
TBI in addition to extracranial injury doubles the

predicted mortality rate (McMahon et al., 1999;
Sumann et al., 2002). Spinal cord injury occurs in approx-
imately 6–10% of polytrauma patients, and the residual
disability in survivors can consume a significant propor-
tion of healthcare resources (estimated to be $9.7 billion
per year in 1998) (Oliver et al., 2012; Stephan et al.,
2015). Even in the absence of primary central or periph-
eral nervous system injury, polytrauma patients fre-
quently have neurologic complications such as
debilitating ischemic stroke, delirium, and critical ill-
ness neuropathy and myopathy. This chapter focuses
on presentation, diagnosis, and management of these
complications, and categorizes them into different etiol-
ogies, including neurovascular, seizures, encephalopa-
thies, and spinal or neuromuscular (Table 34.1).
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Table 34.1

Categorization of polytrauma-related neurologic complications

Neurovascular Dissections Blunt carotid-vertebral injury (BCVI)
Blunt carotid injury (BCI)
Blunt vertebral injury (BVI)
Aortic dissections extending into cervical vessels

Coagulopathy Ischemic (posttraumatic cerebral infarction, e.g., from treatment with recombinant factor VIIa or disseminated
intravascular coagulation (DIC)

Hemorrhagic (e.g., from thrombocytopenia, DIC)
Embolic strokes Fat emboli (long-bone fractures)

Air emboli
Cardiac emboli (pre-existing or new-onset arrhythmias)

Hypoperfusion e.g., from hemorrhagic shock
Bilateral watershed infarcts (prolonged hypotension)
Focal infarcts (particularly with pre-existing cervical/intracranial stenosis)

Other Arteriovenous fistulae (carotid-cavernous, dural arteriovenous fistula)
Venous sinus thrombosis
Cortical vein thrombosis
Posterior reversible encephalopathy syndrome

Altered mental status/
delirium

Encephalopathy Infectious
Metabolic (e.g., renal failure, uremia, liver failure, hyperammonemia)
Fluid/electrolyte disturbances
Organ system failure (hypoxic, hypercarbic)
Nutritional deficiency (e.g., Wernicke’s encephalopathy)

Iatrogenic Sedatives/analgesics
Psychoactive medications
Polypharmacy
Drug interactions

Intoxication/withdrawal Common substances include alcohol, benzodiazepines, opiates, tricyclic antidepressants, acetaminophen
ICU delirium

Seizures Clinical seizures
Nonconvulsive seizures
Periodic epileptiform discharges Generalized

Lateralized
Bilateral independent
Stimulus-induced

Cortical spreading depolarization
Spine Blunt aortic injury
Neuromuscular Nerve and plexus injuries Peripheral nerve entrapment

Brachial plexus injuries
Lumbosacral plexus injuries

Critical illness weakness/
ICU-acquired weakness

Critical illness polyneuropathy
Critical illness myopathy

ICU, intensive care unit.



NEUROVASCULAR

Neurovascular complications in patients with polytrauma
include arterial ischemic strokes (from vertebral or carotid
dissection, hypoperfusion, disseminated intravascular
coagulation (DIC) or other coagulopathy-related phenom-
ena, air and fat emboli, or cardiac emboli), venous sinus
thromboses, and development of traumatic arteriovenous
fistulae (e.g., dural arteriovenous fistula and carotid cav-
ernous fistula) (Ho, 1998; Blacker and Wijdicks, 2004).

Arterial dissection

EPIDEMIOLOGY

Blunt carotid-vertebral injury (BCVI) is relatively rare
overall, with a total reported incidence ranging from
0.1% to 2.5% of all traumatic injuries (Prall et al.,
1998; Hwang et al., 2010), with isolated carotid injury
incidence of 0.1–0.4% (Hwang et al., 2010). These fre-
quencies are likely underreported given the lack of stan-
dardized screening protocols (Biffl et al., 2009). Rapid
diagnosis and management of this entity are imperative,
given the associated high morbidity (37–80%) and mor-
tality (5–43%) (Hwang et al., 2010).

Motor vehicle collisions (MVC) are the most frequent
cause of BCVI, responsible for 45–96% of cases; other
etiologies include assault, crush injuries, falls, pedestrian
trauma, and strangulation (Fabian et al., 1996; Biffl et al.,
1999a;Miller et al., 2001). BCVI is associated especially
with direct blows to the neck, hyperextension, contralat-
eral rotation, facial/intraoral trauma, and basal skull frac-
tures (Biffl et al., 2001). Patients with associated cervical
spine fractures are at particularly high risk (Cothren et al.,
2007; Hwang et al., 2010), and up to 71% of patients with
BCVI also have cervical spine injuries (Biffl et al., 2000).
There is a 30% rate of BCVI in patients where cervical
spine fractures involve the foramen transversarium
(McKinney et al., 2007).

NEUROPATHOLOGY

The pathophysiology of either carotid or vertebral artery
injury involves intimal disruption, which subsequently
becomes a nidus for platelet adhesion and aggregation.
The formed clot could result in emboli or could poten-
tially occlude the vessel (Burlew and Biffl, 2010).

CLINICAL PRESENTATION

Most patients with BCVI are initially asymptomatic, mak-
ing early recognition of this process challenging (Biffl
et al., 1999b, 2001, 2002; Miller et al., 2001). Approxi-
mately 60% of these patients are found to have focal
deficits more than 12 hours after the injury (Cogbill

et al., 1994; Fabian et al., 1996; Parikh et al., 1997;
Hwang et al., 2010). Further complicating diagnosis are
issues such as the inability to perform a good neurologic
examination due to sedation and absence of screening pro-
tocols (Hwang et al., 2010). Clinical symptoms can pre-
sent within an hour to years later, but typically between
10 and 72 hours after injury (Cogbill et al., 1994; Biffl
et al., 1999b, 2002; Cothren et al., 2004a, 2009). Patients
with BCVI may develop stroke symptoms if not treated
appropriately with antiplatelets or anticoagulation
(Burlew and Biffl, 2010). Symptoms may include Hor-
ner’s syndrome or cranial nerve deficits caused by dissec-
tion or related hematomas.Deficits fromcerebral ischemia
are related to the location of infarct and may include sen-
sorimotor deficits, aphasia, ataxia, visual field deficits, or
hemineglect (Burlew and Biffl, 2010).

NEURODIAGNOSTICS AND IMAGING

The Denver classification system was established in
1999 as a radiographic scale to grade BCVI injuries
(Table 34.2a) (Biffl et al., 1999a). This scale classifies
the injury based on the arteriographic appearance of ves-
sels, as determined by conventional angiography, which
remains the gold standard for diagnosis (Biffl et al.,
1999a).

CT angiography (CTA) is a viable alternative to
catheter-based imaging, as it is noninvasive, easily avail-
able, and has a lower complication rate (Biffl et al., 2002;
Cothren et al., 2004a; Burlew and Biffl, 2010). Some
studies using multidetector CTAs are now reporting sen-
sitivity and specificity rates approaching 100% for detec-
tion of BCVI, when interpreted by experienced
radiologists (Berne et al., 2006; Biffl et al., 2006; Utter
et al., 2006; Malhotra et al. 2007). However, it is impor-
tant to be aware of conflicting data suggesting much
lower sensitivity (54%), despite utilization of newer
technologies such as 64-slice CTA (Goodwin et al.,
2009). The most challenging areas for detection of BCVI
with CTA are at the skull base.

Magnetic resonance imaging (MRI) and duplex ultra-
sonography are not considered reliable imaging tools for

Table 34.2a

Denver criteria for blunt carotid injury grading scale

I <25% narrowing of the vessel lumen with irregularity
or dissection

II �25% narrowing of the vessel lumen with intramural
hematoma or dissection

III Pseudoaneurysm
IV Complete occlusion
V Vessel transection
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BCVI (Burlew and Biffl, 2010). Diffusion-weighted
MRI is useful to detect infarcts as a result of emboli or
occlusions.

CLINICAL TRIALS AND GUIDELINES

There are no double-blind randomized controlled trials
evaluating the appropriate screening criteria or manage-
ment of BCVI.

Given the highmorbidity andmortality associatedwith
BCVI, along with an initial clinically silent periodmaking
diagnosis challenging, the development of appropriate
screening protocols is imperative for early recognition
and treatment. Early diagnosis and therapy have been
associated with improved neurologic outcomes. Protocols
typically suggest screening for high-risk injury patterns
(Table 34.2b) (Biffl et al., 1999b; Cothren et al., 2003).
Notwithstanding proposed protocols based on high-risk
patterns of injury and presentation, there remains signifi-
cant controversy in the literature on the advantages of
screening, with some groups arguing for more aggressive
and broader screening and others questioning its utility
(Biffl et al., 2009; Berne et al., 2010; Bromberg et al.,
2010; Burlew and Biffl, 2010). Based on publications
from the Eastern Association for the Surgery of Trauma
and Western Trauma Association, screening recommen-
dations at many institutions classify patients based on
mechanism of injury, as well as injury patterns, and per-
form screening imaging on high-risk patients (Biffl
et al., 2009; Bromberg et al., 2010).

Focal neurologic deficits and poor outcomes in poly-
trauma patients were often attributed to TBI prior to rec-
ognition of BCVI (Burlew and Biffl, 2010). The use of
screening protocols and increasing recognition of this
entity, combined with prompt initiation of treatment,
has reduced the incidence andmorbidity of BCVI-related

stroke (Miller et al., 2001, 2002; Biffl et al., 2002, 2009;
Bromberg et al., 2010). Some groups have reported a
10- and 20-fold reduction in stroke risk from carotid
and vertebral artery injuries, respectively, after either
anticoagulation or administration of antiplatelet agents.
Other groups have shown a stroke rate as low as 0.3%
in patients with BCVI who were treated with antiplate-
lets, compared with 21% in untreated patients (Cothren
et al., 2009; Burlew and Biffl, 2010). The optimal treat-
ment regimen has not been established.

In early studies, unfractionated heparin was used as the
treatment of choice, based on the assumption that it would
promote clot stabilization and prevent further clot forma-
tion (BurlewandBiffl, 2010). Studies suggested improved
outcome in BCVI patients treated with anticoagulation
(Cothren et al., 2004b). Given the concern of bleeding
risk, goal partial thromboplastin time (PTT) levels have
been reduced, thereby reducing this complication risk to
as low as 1–4% (Biffl et al., 2002; Cothren et al., 2009).
Heparin infusions are often titrated to achieve PTT levels
between 40 and 50 seconds, and a loading dose is gener-
ally not used (Biffl et al., 2009). Several small case series
and retrospective studies have reported the use of antipla-
telet therapies as an alternative to anticoagulation (Biffl
et al., 2009). Unfortunately, there are no multicenter ran-
domized trials comparing the efficacy and complication
rates of these two therapies. In retrospective analyses, anti-
platelet therapy and anticoagulation have been shown to
be equivalent in the prevention of stroke, aswell as the res-
olution of the vascular injury (Miller et al., 2002; Cothren
et al., 2009; Burlew and Biffl, 2010). The largest compar-
ison of the two treatment modalities was a retrospective
review performed over 10 years in 422 patients with
BCVI. There was no significant difference in stroke risk
or injury healing rates with heparin versus antiplatelet
agents (Cothren et al., 2009). The optimal duration of ther-
apy is unknown, but it is most often continued for 3–6
months.

More invasive treatment strategies such as endovas-
cular stenting or surgery have also been considered for
BCVI. Most BCVI locations are surgically inaccessible
(Burlew and Biffl, 2010). The data for endovascular
stenting consist primarily of case reports and series
(Seth et al., 2013; Brzezicki et al., 2016). It is important
to remember that endovascular stenting often requires
use of dual antiplatelet therapy postprocedurally. This
can be problematic in patients who are at high risk for
bleeding complications.

HOSPITAL COURSE AND COMPLEX CLINICAL DECISIONS

Two primary clinical decisions are necessary in the poly-
trauma patient: when to screen for BCVI and what treat-
ment should be initiated if screening is positive. It is

Table 34.2b

Blunt carotid vertebral injury screening indications

Carotid injuries Vertebral injuries

Cervical hyperextension/rotation/
hyperflexion injuries

Midface or mandibular fractures
Diffuse axonal injury
Cervical region seat belt abrasions
Soft-tissue injury of the neck
Altered mental status
Basal skull fractures
Cervical vertebral fractures
Glasgow Coma Scale (GCS)
score<6

Cervical spine
subluxations

Foramen
transversarium
fractures

Fractures involving
C1–C3
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reasonable to initially screen using CTA if there is the
presence of a cervical fracture, complex facial fractures,
a seatbelt sign, or neurologic deficits (Harrigan et al.,
2011; Crawford et al., 2015). In light of the significant
morbidity and mortality in untreated patients, a high
degree of suspicion should be maintained in high-risk
patients.

Based on the Denver criteria, the risk of stroke after
BCVI appears to increase with higher grade of carotid,
but not vertebral artery, injury (Biffl et al., 2002). Despite
the reduced risk of stroke, timing of treatment initiation
needs to be balancedwith other considerations, including
the potential for bleeding complications from other inju-
ries and surgical planning. The Denver group recom-
mends initial treatment of BCVI with intravenous
heparin, given the ease with which it can be discontinued
and reversed in the case of a bleeding complication. For
grade 1 injuries, follow-up imaging can be obtained in
7–10 days, because more than 50% completely heal
and it is possible that treatment can be discontinued.
For those that do not heal, andmost other injuries (grades
2–5), treatment can be transitioned to antiplatelet regi-
men at discharge, with repeat imaging at 6 months to
re-evaluate the injury and healing (Burlew and Biffl,
2010). However, this strategy has not been shown to
be superior to the use of aspirin only, with which some
clinicians are more comfortable.

If patients develop strokes secondary to BCVI, they
are usually not candidates for systemic thrombolysis in
light of their recent trauma, although endovascular ther-
apy could be considered. Additionally, diagnosis is fre-
quently delayed, since neurologic deficits are often not
easily detected in patients with distracting injuries or
those requiring sedation. In delayed diagnosis, post-
stroke management may be limited to secondary mea-
sures, such as control of cerebral edema.

Coagulopathy-related neurovascular
phenomena

EPIDEMIOLOGY

Acute coagulopathies in polytrauma patients are one of
the most common causes of mortality (Lippi and
Cervellin, 2010). Most patients with severe injuries are
coagulopathic on admission, and this is particularly pro-
nounced in those requiring massive transfusion (Tieu
et al., 2007). During resuscitation of polytrauma patients
with bleeding, one of the major challenges is to prevent
coagulation disturbances and the development of DIC,
which can result in either excessive bleeding or clotting.
The incidence ofDIC has been noted to be as high as 70%
in patients with severe trauma (Levi and Cate, 1999).

Posttraumatic coagulopathies in trauma have been
associated with ischemic and hemorrhagic strokes and

unfavorable outcomes (Saggar et al., 2009; Lustenberger
et al., 2010; Chen et al., 2013). Posttraumatic cerebral
infarction (PTCI) is a well-documented entity in patients
with TBI and polytrauma (Server et al., 2001; Chen
et al., 2013). Underlying etiologies include intracranial
mass effect causing vascular impingement, vasospasm,
and posttraumatic coagulopathy, including DIC (Chen
et al., 2013). One retrospective study found that more than
25% of patients with moderate to severe head injury who
develop DIC will also develop early PTCI (Chen et al.,
2013). Another risk factor for PTCI is treatment with
recombinant factor VIIa, which is occasionally necessary
during massive resuscitation (Tawil et al., 2008). On the
other hand, posttraumatic thrombocytopenia, platelet dys-
function, or fibrinolytic coagulopathy can increase the risk
of hemorrhagic complications and death (Nekludov et al.,
2007b; Chen et al., 2013).

NEUROPATHOLOGY

After moderate or severe TBI, there is an imbalance
between the natural hemostatic versus anticoagulation
cascades, predisposing towards DIC, thrombosis, and
ischemia (Nekludov et al., 2007a; Halpern et al., 2008;
Alexiou et al., 2011; Chen et al., 2013). Thromboplastin
is upregulated and released from damaged brain paren-
chyma, and subsequently activates procoagulant factors,
leading to derangements in the prothrombin time (PT)
and PTT, as well as intravascular deposition of fibrin,
which in turn may result in an increased risk of cerebral
infarction (Carrick et al., 2005; Chen et al., 2013).

CLINICAL PRESENTATION

PTCI usually occurs within the first week posttrauma and
can be seen in multiple vascular territories (Chen et al.,
2013). DIC can also result in cerebral microhemor-
rhages. Clinical presentation of these secondary neuro-
logic complications will vary from undetectable to
major deficits, including coma, depending on the extent
and location. Unexplained alterations in mental status or
focal neurologic deficits should initiate additional diag-
nostic workup, including neuroimaging.

NEURODIAGNOSTICS AND IMAGING

Diagnostic workup includes standard coagulation studies
such as fibrinogen level, D-dimer, PT, and PTT. Noncon-
trast head CT scans can diagnose both hemorrhagic and
subacute ischemic lesions. Patients with concurrent TBI
and Glasgow Coma Scale (GCS) scores<9 often have
intracranial pressure (ICP) monitors that can detect
changes from cerebral edema that may occur either in
the setting of blossoming contusions or developing infarc-
tions.MRI ismore sensitive than CTat detecting ischemic
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lesions using diffusion-weighted imaging (DWI), as well
as microhemorrhageswith gradient echo or susceptibility-
weighted imaging. Thus, MRI is the diagnostic test of
choice if DIC-related microvascular phenomena are
suspected.

CLINICAL TRIALS AND GUIDELINES

No large clinical trials or guidelines are currently avail-
able regarding the ideal diagnostic workup and manage-
ment for secondary neurovascular complications related
to traumatic coagulopathy. Based on retrospective data,
development of PTCI is associated with greater severity
of DIC (“DIC score”>5), D-dimer>2 mg/L, abnormal
fibrinogen and PTT values, and thrombocytopenia (Chen
et al., 2013). Development of PTCI is, in turn, associated
with unfavorable outcomes (Saggar et al., 2009;
Lustenberger et al., 2010; Chen et al., 2013).

HOSPITAL COURSE AND COMPLEX CLINICAL DECISIONS

The hospital course of polytrauma patients with coagulo-
pathies may also include bleeding from mucosal lesions,
vascular access sites, or excessive clotting and multior-
gan system failure.

Treatment is primarily supportive, requiring adequate
resuscitation and correction of the underlying coagulopa-
thy. In patients with ongoing hemorrhage, it is also impor-
tant to correct any underlying acidosis and hypothermia
(Tieu et al., 2007). Resuscitation with lactated Ringer’s
may be preferable to normal saline to avoid hyperchlore-
micmetabolic acidosis, but should be usedwith caution in
the presence of TBI. Artificial colloids (e.g., starches)
have been associated with development of coagulopathy
(Tieu et al., 2007). Although systemic anticoagulation is
occasionally considered for treatment of DIC with associ-
ated systemic microthrombi (Levi and Cate, 1999), there
is no evidence suggesting this is beneficial in managing
PTCI.Moreover, since PTCI commonly occurs in patients
with coexisting TBI, any theoretic benefit of anticoagula-
tion must be weighed against the risk of worsening intra-
cranial hemorrhage. If strokes or hemorrhages do occur,
management must include addressing secondary pro-
cesses, such as cerebral edema.

When patients present with hemorrhagic shock requir-
ing massive transfusion, they may require treatment with
procoagulant agents such as tranexamic acid or (rarely)
recombinant factor VIIa, despite the subsequently
increased risk of thrombosis and stroke (Tawil et al.,
2008). These risk–benefit analyses are standard consider-
ations for polytrauma patients and warrant routine ne-
urologic examinations with sedation pauses. Given the
underlying systemic pathophysiology, ischemic events
secondary to DIC can be diffuse and span multiple

vascular territories, leading to devastating neurologic inju-
ries, particularly if not recognized and managed early.

It is important to remember that there are multiple
potential etiologies for ischemic events in trauma
patients. Although coagulopathies are present in many
trauma patients, they may not necessarily be causatively
related to central nervous system (CNS) injury. Attribut-
ing posttraumatic strokes to underlying systemic coagu-
lopathies is not straightforward. Vascular imaging and
echocardiograms may be warranted to identify other eti-
ologies. Patients with coagulopathy-related neurologic
injury are likely to have other systemic manifestations
of problems with bleeding or clotting, and evidence of
significant coagulopathy by laboratory values.

Embolic strokes

EPIDEMIOLOGY

Polytrauma patients are at increased risk for cerebral
embolism due to fat, air, or cardiac sources (Blacker
and Wijdicks, 2004). The exact incidence is unknown.
One large study reported that 231 (0.6%) of 40 846 poly-
trauma patients had “thromboembolic” stroke (Lichte
et al., 2015). In a 10-year single-center retrospective
review, fat emboli were reported in 0.9% of patients with
long-bone fractures, with over half experiencing mental
status changes (Bulger et al., 1997). The most common
cause of fat embolism syndrome (FES) is femoral and
pelvic fractures after an MVC (Caplan, 2009). FES is
unusual in children or patients with isolated upper-
extremity fractures (Parisi et al., 2002). Cerebral air
emboli are rare, but a few cases have been reported as
complications of blunt and penetrating chest trauma
(Reith et al., 2015).

NEUROPATHOLOGY

Posttraumatic cardioembolic strokes can occur as a direct
result of cardiac thrombus formation after blunt or pene-
trating injuries (Blacker and Wijdicks, 2004; Neidlinger
et al., 2004). These can also occur in the setting of pre-
existing cardiac arrhythmias such as atrial fibrillation or
new-onset cardiac arrhythmias that develop in the setting
of critical illness.

Like any cerebral embolus, air emboli can occlude
blood flow in the cerebral vasculature. Typically the
occlusion is immediate yet transient, since air can rapidly
move through capillary beds into venules and dissipate
(Menkin and Schwartzman, 1977; Caplan, 2009). The
pathology is thought to be secondary to gas bubble-
induced arterial vasoconstriction, followed by dilation
and stasis of blood flow (Menkin and Schwartzman,
1977; Caplan, 2009).
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The pathology of fat emboli is theorized to have two
main components: mechanical obstruction triggering
platelet aggregation, fibrin generation, and mechanical
obstruction, and biochemical destruction due to a proin-
flammatorystate createdby theglycerol and toxic free fatty
acids activating cytokine cascades (Kosova et al., 2015).
Brain autopsies of patients with FES have shown ring-
shaped, perivascular hemorrhages, cerebral edema, and
microinfarction (Kamenar and Burger, 1980). Fat staining
reveals multiple fat globules within hemorrhagic lesions,
as well as in CNS microvasculature. A high quantity of
fat globules is required to produce neurologic symptoms,
and an autopsy study documented asmany as 100 fat glob-
ules per mm2 of brain (Kamenar and Burger, 1980).

CLINICAL PRESENTATION

Most posttrauma strokes have a delayed clinical presen-
tation, with the assessment initially confounded by seda-
tion, physiologic instability, or head trauma (Blacker and
Wijdicks, 2004). Cardioembolic strokes present with
variable neurologic symptoms, depending on the loca-
tion of the infarct. Those with embolic showers may have
nonspecific symptoms, including global alteration in
consciousness.

The clinical presentation for cerebral air emboli has
primarily been studied in patients with diving-related
incidents and consists of sudden loss of consciousness,
paresthesias, weakness, blurred vision, headaches, sei-
zures, and focal neurologic signs related to lesions in
the brainstem and cerebellum (Cantais et al., 2003;
Demaerel et al., 2003; Valentino et al., 2003).

The classic triad of FES includes respiratory
distress with hypoxemia, petechiae, and neurologic
abnormalities (Kosova et al., 2015). This syndrome

typically occurs 24–72 hours after an injury, but can
occur up to a few days later. Respiratory complications
are the most common, and have been reported to affect
up to 96% of patients (Kosova et al., 2015). Neurologic
manifestations from cerebral fat emboli are also com-
mon, occurring in more than 80% of patients (Caplan,
2009) and consisting of confusion, delirium, encepha-
lopathy, agitation, and decreased arousal. The alteration
inmental status often progresses to stupor or coma. Focal
and generalized seizures frequently occur early in FES.
Focal neurologic signs are noted in up to one-third of
patients (Caplan, 2009).

NEURODIAGNOSTICS AND IMAGING

Imaging characteristics of posttrauma-related cardioem-
bolic strokes onMRI are typical for embolic infarcts, and
include lesions in specific vascular territories, or embolic
showers in multiple distributions. Acute infarcts are best
seen on DWI. Echocardiography is useful to evaluate for
cardiac source of thrombus, and cardiac monitoring
should be continued to evaluate for predisposing arrhyth-
mias. Transthoracic echocardiograms visualize the body
of the left atriumwell, but not the atrial appendage, which
is better visualized using transesophageal echocardio-
graphy (Caplan, 2009). Transthoracic echocardiogram
is generally preferred as the initial modality, given that
it is noninvasive and readily available (Caplan, 2009).
However, based on the clinical scenario and degree of
suspicion, if there is high suspicion for cardioembolic
stroke from cardiac thrombus or aortic plaques, trans-
esophageal echocardiography should be considered
(Caplan, 2009).

Air emboli can be seen on CT scans (Fig. 34.1A) and
further microemboli can theoretically be detected by

A B

Fig. 34.1. (A) Computed tomography scan demonstrating scattered air emboli in the right hemisphere. (B) Subsequent diffusion-

weighted sequence on magnetic resonance imaging demonstrating gyriform pattern of infarction at 17 hours. (Courtesy of

Dr. Ashutosh Jadhav.)
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transcranial Doppler. DWI onMRI can show brain infarc-
tion, usually in multiple vascular territories (Fig. 34.1B).

Fat emboli are best seen on DWI, fluid-attenuated
inversion recovery, and contrast-enhanced MRI images
that can detect both microinfarcts andmicrohemorrhages
(Parizel et al., 2001; Caplan, 2009). TheMRI appearance
of cerebral fat emboli classically demonstrates multiple,
diffuse, scattered hyperintense lesions on T2-weighted
sequences. These are more prevalent in white-matter
and borderzone regions, but can affect both gray and
white matter, and are usually associated with edema
(Parizel et al., 2001; Caplan, 2009). DWI sequencing
can demonstrate a “starfield” pattern that is typical for
fat emboli (Parizel et al., 2001; Caplan, 2009). Most
often, CT scans are normal, but may show hypo- or
hyperdensities based on infarct characteristics. Transcra-
nial Doppler may be able to detect fat microemboli
(Forteza et al., 2002). MR spectroscopy has been used
to identify fat molecules, specifically free lipids, and
can provide supportive diagnostic evidence (Guillevin
et al., 2005).

CLINICAL TRIALS AND GUIDELINES

There are no clinical trials or formal guidelines regarding
the diagnostic evaluation or management of air, fat, or
cardiac emboli in the context of trauma.

HOSPITAL COURSE AND COMPLEX CLINICAL DECISIONS

Management of thrombotic cardioembolic strokes in
polytrauma patients requires careful and dynamic assess-
ment of the risks versus benefits of treatment. The pres-
ence of a left ventricular thrombus would significantly
increase risk of stroke, but this needs to be weighed
against the hemorrhagic risk of other concurrent injuries.
Additionally, if a large stroke has already occurred with a
known cardiac thrombus, anticoagulationmay need to be
delayed due to risk of hemorrhagic transformation. As
with any cardioembolic stroke, recovery is slow, requires
significant neurorehabilitation, and may be prolonged in
the setting of critical illness and other concurrent injuries.

Although there are no formal guidelines, cerebral air
emboli are often treated acutely with 100% oxygen and,
if feasible, hyperbaric oxygen (Caplan, 2009). However,
not all centers have hyperbaric chambers available for
treatment in a timely fashion.

Clinical manifestations of FES may be present for
anywhere from 7 to 30 days depending on the severity.
Clinical resolution typically occurs prior to radiographic
improvement, which may take up to 3 months (Buskens
et al., 2008; Kellogg et al., 2013). It remains unclear
whether clinical severity correlates with MRI findings.
ICP monitoring may be considered in selected comatose
trauma patients with suspected FES given its

inflammatory and edematous nature, especially if the
patient has signs of elevated ICP or imaging suggests dif-
fuse edema (Kellogg et al., 2013). Electroencephalo-
graphic (EEG) monitoring may also be of utility since
these patients may have subclinical seizures. Treatment
of FES is primarily supportive; in rare cases, the degree
of cerebral edema may be severe. Medications such as
corticosteroids, heparin in patients with concomitant
DIC, and intravenous 5% alcohol (for its theorized lipo-
lytic capacity) have been suggested, but their effective-
ness is unknown and these strategies are not routinely
recommended (Caplan, 2009). The mortality rate of
FES is as high as 50%, although this has decreased with
time and improvement in supportive care (Parisi et al.,
2002; Caplan, 2009). Patients with FES may develop a
constellation of other systemic findings, including ane-
mia, thrombocytopenia, coagulopathy progressing to
DIC, urine fat globules, retinal infarcts, fever, and jaun-
dice. Mortality is significantly increased in the setting of
multisystem involvement.

Hypoperfusion-related cerebral ischemia

EPIDEMIOLOGY

Despite the frequency of hemorrhagic shock, borderzone
infarctions after polytrauma are rare and the literature is
limited to case reports and series (Blacker and Wijdicks,
2004; Takaoka et al., 2004; Liu et al., 2011).

NEUROPATHOLOGY

Animal studies demonstrate that ischemic injury from
hypotension occurs in watershed areas of both the cere-
brum and cerebellum, typically when mean arterial pres-
sures (MAPs) are 25–35 mmHg for prolonged periods of
time and autoregulation fails (Graham et al., 1979). The
borderzone region includes territories of both the anterior
and posterior circulation that are furthest from the parent
arterial trunks, making them most vulnerable to low per-
fusion pressure. This pattern is different than cardiac
arrest, where blood supply to the entire brain is simulta-
neously halted and diffuse ischemic changes occur
throughout the cortex in areas vulnerable to ischemia,
rather than just borderzone regions (Fujioka et al.,
1994). Although not proven, there has also been some
suggestion of microembolism and intravascular coagulo-
pathy playing a role in borderzone infarctions (Takaoka
et al., 2004).

CLINICAL PRESENTATION

Multiple differentmechanisms of injury can produce cere-
bral hypoperfusion injuries. The common factor is signif-
icant hypotension requiring prolonged resuscitation.
In approximately half of cases there was no report of
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pre-existing craniocervical stenosis or injury (Takaoka
et al., 2004). In other cases, documented stenosis of the
carotid artery resulted in ipsilateral borderzone strokes
(Blacker and Wijdicks, 2004; Liu et al., 2011).

Clinical presentations prompting further radiographic
imaging varied from minimal deficits to seizures and
decreased consciousness. In one case, the diagnosis
was made at autopsy (Blacker and Wijdicks, 2004).

NEURODIAGNOSTICS AND IMAGING

Initial imaging obtained in most cases is a noncontrast
head CT, which may show hypodensities in borderzone
regions. Diagnosis of borderzone infarction is confirmed
using DWI MRI. CTor MR angiography and echocardi-
ography should generally be obtained in order to rule out
other causes of stroke.

HOSPITAL COURSE AND COMPLEX CLINICAL DECISIONS

The hospital course will vary depending on the degree
and duration of hypotension, baseline neurologic status,
pre-existing CNS vascular lesions, severity of other inju-
ries, and development of other intensive care unit (ICU)
complications, such as infections. The reported cases
illustrate this diversity, and many patients experience a
relatively benign hospital course with minimal neuro-
logic deficits (Takaoka et al., 2004; Liu et al., 2011).
Others are left with significant residual deficits, includ-
ing quadriparesis, persistent vegetative state, or death
secondary to massive cerebral edema (Blacker and
Wijdicks, 2004; Takaoka et al., 2004).

In most of the reported cases of borderzone infarction,
diagnosis was delayed by several hours to days. One
potential reason is that the neurologic exam may be non-
focal, with only depressed consciousness that may have a
number of alternative explanations.

CLINICAL TRIALS AND GUIDELINES

No clinical trials or guidelines are currently available.
Prompt diagnosis is often challenging given the need
for sedation and presence of distracting injuries. Cerebral
hypoperfusionmust be considered in at-risk patients who
develop focal neurologic deficits or have persistent
depressed consciousness when sedation is paused. It is
not practical or necessary to obtain routine head CTscans
on all polytrauma patients, particularly if they do not
have suggestion of CNS compromise on clinical exami-
nation. For the majority of cases, daily sedation pauses
are crucial since neurologic sequelae may only be sus-
pected or diagnosed based on subtle changes in the neu-
rologic exam or level of arousal.

Other vascular complications

Less common vascular complications of trauma include
the formation of arteriovenous fistulas, cortical venous or
venous sinus thrombosis, and posterior reversible
encephalopathy syndrome related to medications, trans-
fusions, or autonomic dysregulation.

ALTEREDMENTAL STATUS

This topic is covered inmore detail in Chapters 25 and 30
of this volume. This section will focus on altered mental
status specifically in trauma patients.

Epidemiology

Alteration in mental status is a frequent and challenging
finding in trauma units. Aside from vascular events or sei-
zures, critically ill patientswith polytrauma are at high risk
for deliriumor encephalopathy. These terms are frequently
used interchangeably in the literature and in clinical prac-
tice. Delirium is an acute disorder of attention that results
in fluctuating global cognitive dysfunction. Encephalopa-
thy more specifically refers to an underlying pathology
causing the global disturbance of cerebral function, result-
ing fromderangements of other organ systems (e.g., septic
encephalopathy) (Fig. 34.2). The DSM-IV-TR diagnostic
criteria for the diagnosis of delirium due to a general med-
ical condition have been previously defined (American
Psychiatric Association, 2000).

Delirium in trauma patients can result from many eti-
ologies, including prolonged sedation and analgesia,
pain, sleep deprivation, medications, encephalopathies,
nutritional deficiencies, toxic ingestions, as well as with-
drawal from substances such as ethanol, opiates, or ben-
zodiazepines. Indeed, the incidence of delirium in
mechanically ventilated trauma patients is as high as
67–92% (Pandharipande et al., 2007a; Bryczkowski
et al., 2014). Types of encephalopathies seen in trauma
patients include hepatic, septic, hypoxic-ischemic,
hypo- or hyperglycemic, uremic, and hypercalcemic.
Most encephalopathies are reversible with correction
of the underlying problem, and do not typically require
treatment with antipsychotic agents.

Previously identified risk factors for delirium in
critically ill patients are numerous (Table 34.3a)
(Bryczkowski et al., 2014). In the trauma population,
use of benzodiazepines, increasing age, blood transfu-
sions, low GCS score, and multiple-organ failure
are the strongest predictors of developing delirium
(Pandharipande et al., 2006; Angles et al., 2008). For
every year older than 50, the relative odds of delirium
has been reported to increase by 10% (Bryczkowski
et al., 2014).
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Delirium secondary to alcohol withdrawal syndrome
(AWS) is particularly common, and its symptomatology
and management may differ from other causes. Ethanol
abuse has been implicated in almost one-third of motor
vehicle fatalities and 40% of violent crimes. Approxi-
mately 50% of patients admitted to trauma centers in
the USA report alcohol usage, and elevated blood etha-
nol levels have been documented in almost half of
patients. However, incidence of AWS in trauma patients
has a variable reported range from <1% to 33%. The
lower reported incidence might be related to recognition
failure. Postulated reasons may include physician famil-
iarity with signs and symptoms of AWS, confounding
head trauma, and use of pain and sedative medications.
Wernicke’s encephalopathy is rare, but given the high
prevalence of alcoholics in the polytrauma population,
it should be considered when there is a history of chronic
alcoholism or malnutrition (Ma et al., 2013).

Neuropathology

The underlying pathophysiology of delirium associated
with trauma or critical illness is unknown. It is hypothe-
sized that theGABAergic and cholinergic neurotransmit-
ter pathways play a crucial role, in part due to an
increased association of delirium with GABA agonists
and anticholinergic medications. Other theories impli-
cate increased dopaminergic activity (supporting use of

• Structural
(Ischemic Stroke,
Intracranial
Hemorrhage,
Subarachnoid
Hemorrhage, Tumor,
PRES, cerebral edema)

• Electroencephalographic
(Clinical Seizures, Non
Convulsive Seizures),
Spreading
depolarizations

• CNS Infection
• CNS Inflammation /

Demyelination (ADEM)
• Paraneoplastic

(NMDA receptor
encephalitides)

• Delirium

Delirium
• ICU-Delirium
• Post Operative
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• Starvation
• Pain
• Encephalopathies

Encephalopathy
• Toxic-Metabolic

(uremia, ↑NH3
hypoxia, hypercarbia,
hypo/hyperglycemia)
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(septic
encephalopathy, UTI)

• Organ system dysfunction
(hepatic, pulmonary,
renal, pancreatic)

• Electrolyte disturbances
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• Medications/Toxins
(alcohol, methanol, ethylene
glycol, benzodiazepines,
anticholinergics, antihistamines,
tricyclic antidepressants,
immunosuppressants,
recreational drugs, heavy metals,
opiates, sedatives, analgesics)

• Withdrawal
• Endocrine

(hypo/hyperglycemia,
Hashimoto’s)
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(Wernicke’s, B1, Folate)

Fig. 34.2. Basic differential diagnosis for altered mental status in an intensive care unit (ICU). PRES, posterior reversible enceph-

alopathy syndrome; CNS, central nervous system; ADEM, acute disseminated encephalomyelitis; NMDA, N-methyl-D-aspartate;

UTI, urinary tract infection.

Table 34.3a

Risk factors for delirium in the intensive care unit

Medical
Coma
Mechanical ventilation
Indwelling bladder catheters
Fever
Hospital-acquired infection
Metabolic disarray

Fluid/electrolyte disorders
Malnutrition

Medications
Greater than three new medications per day
Psychoactive agents
Sedatives (benzodiazepines)
Analgesics (opiates)

Transfusions
Patient characteristics/behavioral
Age
Smoking
Alcohol consumption
Drug abuse
Pre-existing cognitive or psychiatric impairment
Environmental
Restraints
Absence of visible daylight
Lack of visitors
Disruption of sleep–wake cycle
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antipsychotic medications), and neurotoxic effects
of inflammatory cytokines (Reade and Finfer, 2014).
Given the multiple different etiologies, there may be a
final common pathway that has yet to be determined.
Interestingly, MRI demonstrates a correlation between
duration of delirium and cerebral atrophy, as well as
white-matter disruption, suggesting that delirium can
result in structural CNS alterations and may have long-
term cognitive consequences (Gunther et al., 2012;
Morandi et al., 2012).

Clinical presentation

Unfortunately, a sizable proportion of delirium cases in
ICUs remain undiagnosed. This has been attributed to
two primary reasons: (1) healthcare teams are more
aware of hyperactive than hypoactive delirium; and (2)
confounding factors such as medications or severity of
illness interfere with the diagnosis. The ability to diag-
nose delirium has improved with the introduction of
two standardized, validated scales: the Confusion
Assessment Method for the ICU (CAM-ICU) and the
Intensive Care Delirium Screening Checklist (ICDSC)
(Bergeron et al., 2001; Ely et al., 2004).

In polytrauma patients, delirium or encephalopathy
can occur at any point depending on the underlying
cause. For example, trauma patients who develop sepsis
may simultaneously become encephalopathic, and the
degree of encephalopathy can mirror the severity of their
systemic illness. Postoperative delirium may occur after
surgery. A prospective study in trauma patients found
that delirium occurred most often on postinjury day 2,
and lasted for approximately 4.7�4.5 days (Angles
et al., 2008). The most common form of delirium was
hypoactive, seen in 46% of patients, followed in fre-
quency bymixed delirium in 39%, and hyperactive delir-
ium in only 15% of patients. Hyperactive delirium
typically manifests as agitation, whereas hypoactive
delirium is characterized by decreased level of con-
sciousness, disordered thinking, and inattention without
agitation. Delirium occurs frequently, is associated with
morbidity and mortality, and can be difficult to recognize
in trauma patients.

AWS may be difficult to diagnose due to sedation,
analgesia, confounding issues, and brain injury (Lukan
et al., 2002). Additionally, manifestations of AWS such
as agitation and tachycardia may be interpreted as
responses to pain or traumatic injury (Lukan et al.,
2002). AWS is a neurologic emergency and can occasion-
ally manifest as early as 6–8 hours after last ethanol con-
sumption. However, the more typical time course is 3–5
days after cessation of alcohol. Duration is variable, but

commonly about 72 hours. Patients will become restless
and develop hallucinations, confusion, tremors, height-
ened autonomic nervous system activity (diaphoresis,
tachycardia, hypertension, fever), and seizures. In trauma
patients, a normal mean corpuscular volume and serum
aspartate aminotransferase despite a positive toxicology
screen for ethanol has been associated with a low
(�4%) risk of developing AWS (Findley et al., 2010).

Wernicke’s encephalopathy has traditionally been
reported to present with the triad of confusion, ataxia,
and oculomotor abnormalities, but fewer than 20% of
patients present with all three symptoms. Confusion
and delirium are the most common initial presentations.

Neurodiagnostics and imaging

Delirium and encephalopathy are clinical diagnoses and
there are usually no specific imaging characteristics that
are useful in the diagnostic evaluation. Wernicke’s
encephalopathy is one of the few causes that does have
characteristic findings on brain MRI, which consist of
T2 hyperintensity in the mammillary bodies, periaque-
ductal region, splenium of the corpus callosum, and
occasionally thalamus and hypothalamus. There is usu-
ally also corresponding restricted diffusion.

It is important to rule out structural brain injury as the
cause of an alteration in mental status; a screening CT
scan is generally warranted. MRI is more sensitive to
assess for diffuse axonal injury. EEGs can be useful to
distinguish between seizures or other patterns character-
istic of underlying encephalopathy. Lumbar puncture
may be performed to evaluate for CNS infection or
inflammation, but must be avoided if there is significant
intracranial mass effect.

Clinical trials and guidelines

Guidelines for the management of delirium in critically
ill patients have been published and can be applied in
the setting of trauma (Barr et al., 2013). Use of sedation
is frequently implicated in development of alteredmental
status and delirium in ICUs. There are abundant data
from randomized controlled trials supporting the benefits
of minimizing sedation levels, which include fewer ICU
days, reduced length of mechanical ventilation, and
lower mortality (Girard et al., 2008; Reade and Finfer,
2014). It has also been noted that patients in dedicated
neurologic ICUs receive less intravenous sedation
than those in other ICUs (Kurtz et al., 2011). However,
minimizing sedation is particularly challenging in
polytrauma patients, where adequate treatment of
injury-related pain and anxiety may result in higher
levels of sedation. Sedation interruptions allow for
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routine neurologic examinations, which in turn allow
detection of secondary CNS insults and delirium.

Although there are numerous trials evaluating differ-
ent sedative agents, no drug has demonstrated superiority
(Roberts et al., 2012; Reade and Finfer, 2014). Only a
handful of these trials have been carried out specifically
in trauma patients (Pandharipande et al., 2008; Lat et al.,
2009). Use of benzodiazepines is common in many
ICUs, but these agents should be minimized given their
documented increased risk for delirium (Pandharipande
et al., 2008). The association of opiates with delirium in
this population is controversial (Pandharipande et al.,
2008; Lat et al., 2009). Propofol and dexmedetomidine
remain reasonable alternatives. The advantages of dex-
medetomidine include less respiratory depression and
some degree of analgesia. Compared with benzodiaze-
pines, dexmedetomidine produces less delirium, but
there was no definite advantage over propofol in clinical
trials (Pandharipande et al., 2007b; Riker et al., 2009;
Jakob et al., 2012). Delirium prevention is an important
concept, but the key placebo-controlled trials advocating
for use of pharmacologic prophylaxis for delirium with
haloperidol, risperidone or ketamine were conducted in
patients undergoing elective surgeries, such that the
results may not be directly applicable to polytrauma
patients (Wang et al., 2012).

Information regarding management of established
delirium in ICUs is limited, and most efforts are directed
towards rapid identification and treatment of the under-
lying etiology. Available studies comparing treatments
are small, not specific to trauma patients, and do not dis-
tinguish hypo- versus hyperactive delirium. Haloperidol
has traditionally been the agent of choice in trauma
patients because it has few side-effects, does not cause
hypotension, and has multiple formulations. In a pro-
spective trial of 73 patients in medical and surgical ICUs,
haloperidol showed equivalent efficacy to olanzapine,
although the latter was associated with fewer extrapyra-
midal side-effects (Skrobik et al., 2004). One prospective
randomized placebo study showed faster resolution of
deliriumwith quetiapine, but another one comparing hal-
operidol, ziprasidone, and placebo showed no difference
in outcomes (Devlin et al., 2010; Girard et al., 2010).
Dexmedetomidine has recently gained traction as a
potential treatment for delirium. A pilot study found that,
compared to haloperidol, dexmedetomidine use resulted
in shorter time to extubation and ICU length of stay
(Reade et al., 2009). These findings were subsequently
confirmed in a multicenter randomized controlled trial
demonstrating that, in patients with agitated delirium,
use of a dexmedetomidine infusion (starting at 0.5 mg/
kg/hour, to a maximum of 1.5 mg/kg/hour) is associated
with earlier extubation readiness (Reade et al., 2016).
There were relatively few trauma patients in this study.

Early mobilization of medical ICU patients during seda-
tion holidays has also been shown to decrease duration of
delirium (Schweickert et al., 2009).

Hospital course and complex clinical
decisions

In polytrauma patients, there is a delicate balance
between adequate analgesia, sedation, and deliriumman-
agement. Untreated pain and agitation can contribute
towards delirium. Although it is important to eliminate
underlying primary CNS pathology, alterations in mental
status from delirium and encephalopathy are common
problems and carry high rates of morbidity and mortality
(Ely et al., 2004; Bryczkowski et al., 2014).

In the trauma population, delirium has been noted to
occur as early as the second day after injury, and can per-
sist for more than 2 weeks depending on the underlying
etiology. Identification and treatment of the causal fac-
tors are key to resolution. The diagnostic evaluation
should be tailored to individual clinical scenarios. Based
on common etiologies of encephalopathy and delirium,
the workup should focus on metabolic, infectious and
pharmacologic causes (Table 34.3b). More often than
not, encephalopathy or delirium will be multifactorial
from multiple causes.

While some risk factors for delirium are not modifi-
able, others can be addressed (Zaal et al., 2015).Mechan-
ical ventilation should be weaned as rapidly as possible.
Polypharmacy and benzodiazepine use should be mini-
mized. Propofol and dexmedetomidine are preferred
agents due to their short half-life and lower risk of induc-
ing delirium, although benzodiazepines are appropriate
for treatment of alcohol withdrawal. Other measures
include regulation of sleep–wake cycles, frequent reor-
ientation, noise reduction, and early mobilization. Cor-
recting any underlying abnormality may take time, and
improvement of the mental status typically lags, particu-
larly in patients with renal or hepatic dysfunction or pro-
longed deep sedation. If antipsychotics are required,
haloperidol is effective with minimal adverse effects,

Table 34.3b

Delirium and encephalopathy diagnostic workup

Basic electrolyte panel
Glucose levels
Renal function
Liver function, including ammonia and lipase
Arterial blood gas for hypoxia, hypercarbia, or acid–base
disturbances

Complete blood counts for anemia and leukocytosis
Infectious workup
Medication review
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and atypical antipsychotics are equally effective with
fewer extrapyramidal manifestations and potentially bet-
ter sleep patterns.

Treatment for AWS in polytrauma patients may be
challenging. Traditionally, benzodiazepines have been
the drug of choice. However, given their risks for inducing
delirium, contributing to oversedation and respiratory
depression, other agents such as low-dose phenobarbital
are increasingly being considered. Some data suggest
equal efficacy of phenobarbital with benzodiazepines,
and potentially a benefit from combined usage, with
decreased need for mechanical ventilation, less nosoco-
mial pneumonia, and shorter ICU stays (Rosenson
et al., 2013; Duby et al., 2014). Mechanistically, pheno-
barbital increases the frequency of GABA channel open-
ing. However, unlike benzodiazepines, it also affects
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and kainite N-methyl-D-aspartate (NMDA)
receptors, thereby modulating glutamatergic activity and
treating AWS with a potentially more comprehensive
approach. Dosing regimens vary, but generally are deter-
mined by ideal bodyweight-based bolus dosing, followed
by gradually decreasing maintenance therapy. The doses
of phenobarbital used for treatment of AWS are suffi-
ciently low that they do not cause respiratory depression
or somnolence, and levels are often similar to those
achieved for outpatient seizure control.

Neurorehabilitation/outcomes

Development of delirium in critically ill patients is a pre-
dictor of increased mortality (Ely et al., 2004). Patients
with delirium have a longer time on the ventilator, ICU
and hospital length of stay, and higher cost of care
(Milbrandt et al., 2004). Moreover, some of these
patients have significant cognitive impairment even after
discharge (Jackson et al., 2004).

SEIZURESAND
ELECTROENCEPHALOGRAPHY

This topic is discussed in more detail in Chapters 9 and
28 of this volume.

Epidemiology

The incidence of seizures is unclear in polytrauma
patients without concomitant head injury. Data from sur-
gical ICU patients (some of whom had sustained poly-
trauma) with altered mental status suggest that the
incidence of nonconvulsive seizures (NCSz) may be as
high as 11–16%, and that of nonconvulsive status epilep-
ticus (NCSE) 5–8% (Kamel et al., 2012; Kurtz et al.,
2013). However, these were nonconsecutive patients,

and there is some possibility of selection bias. In one
study, periodic epileptiform discharges were detected
in 29% of patients (Kurtz et al., 2013). Infections, elec-
trolyte disturbances, and substance abuse or withdrawal
increase the risk for seizures (Claassen et al., 2013; The
Participants in the International Multi-disciplinary
Consensus Conference on Multimodality Monitoring
et al., 2014).

The incidence of seizures in TBI ranges from 22% to
33% within the first week after injury despite seizure
prophylaxis (Vespa et al., 1999; Ronne-Engstrom and
Winkler, 2006), andmost are nonconvulsive. Known risk
factors for NCSz include depressed skull fracture, pene-
trating injury, and cortical contusion/hematomas. In
addition, it is estimated that traumatic injuries occur in
0.5% of patients with seizures (Souverein et al., 2005;
Gill et al., 2015), due to the violent nature of the seizure
itself, or from ensuing accidents.

Clinical presentation

It has been estimated that 90% of ICU patients with sei-
zures have nonconvulsive episodes that can only be iden-
tified with continuous EEG (Claassen et al., 2004). This
poses a diagnostic challenge for patients in the trauma
ICU, who are frequently sedated, delirious, agitated, or
have other explanations for altered mental status. Con-
vulsive seizures should be easier to identify, but nonepi-
lepticmovements such as rigors ormyoclonus can lead to
misdiagnosis.

Neurodiagnostics and imaging

The development of seizures should prompt an urgent
CT scan to rule out acute intracranial pathology. Trauma
patients can harbor occult vascular injuries that result in
delayed ischemic strokes, which may in turn manifest as
seizures. In addition, patients may have diffuse axonal
injury that was not detected on admission CT, and
requires MRI for identification.

EEG is the only method to definitively diagnose non-
convulsive events. EEGmonitoring can also detect other
electrographic patterns that do not meet the definition for
seizure, but may still represent ictal or interictal phenom-
ena (Ng et al., 2014). Lateralized periodic or rhythmic
patterns have been associated with increased risk of true
seizures and worse outcomes, but the need for treatment
is controversial (Pedersen et al., 2013; Ng et al., 2014).

A high index of suspicion for NCSz is necessary dur-
ing the workup of unexplained or fluctuating mental
status. When identified, workup of seizures should
include an evaluation of potential underlying etiologies
such as metabolic or electrolyte derangements, toxins
or withdrawal, infections, medication effects, FES,
hypoxic-ischemic encephalopathy, undiagnosed TBI,
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hyperthermia, and secondary strokes. Medications that
are commonly used in trauma patients and are associated
withNCSE include third- and fourth-generation cephalo-
sporins, quinolones, carbapenems (primarily imipenem),
and antipsychotics (Maganti et al., 2008). Consulting a
neurologist or neurointensivist may be helpful (Mittal
et al., 2015).

Hospital course and complex clinical
decisions

No one agent has been determined as ideal for treatment
of seizures in critically ill polytrauma patients. Levetir-
acetam is commonly used because of minimal adverse
effects and drug interactions and the possibility of intra-
venous administration. It can be activating, so agitated
patients may benefit from a sedating antiseizure agent.
Convulsive and nonconvulsive status epilepticus are
medical emergencies, and treatment algorithms have
been well defined (Brophy et al., 2012; Betjemann
and Lowenstein, 2015). If status epilepticus is not
controlled within 30–60 minutes after initial drug ther-
apy, then it is classified as refractory, and treatment
should rapidly progress to use of anesthetic agents
(Table 34.4).

Clinical trials and guidelines

The 2013 European Society for Intensive Care Medicine
guidelines recommend continuous EEG in comatose
ICU patients without acute brain injury who have unex-
plained altered mental status or neurologic deficits, espe-
cially those with sepsis, renal failure, or hepatic failure
(Claassen et al., 2013). The American Clinical Neuro-
physiology Society guideline recommendations regard-
ing indications for continuous EEG to identify NCSz
and NCSE in critically ill adults are listed in
Table 34.5 (Herman et al., 2015).

Neurorehabilitation/outcomes

Delay in the diagnosis and treatment of NCSz has been
associated with increased mortality (Vespa et al., 1999;
Friedman et al., 2009). NCSE-related mortality at hospi-
tal discharge ranges from 18% to 52% (Brophy et al.,
2012). Critically ill patients greater than 75 years old
are particularly susceptible to unfavorable outcomes
(Bottaro et al., 2007).

SPINAL COMPLICATIONS

Epidemiology

Spinal cord injuries are common in polytrauma patients,
and may be caused by direct primary injury or secondary

complications. Paraplegia due to spinal cord ischemia is
a known complication in patients with traumatic aortic
injuries requiring operative repair. The incidence of
paralysis after aortic surgery in the 1990s was 9% with
use of motor evoked responses for monitoring
(Svensson, 2005). Changes in operative techniques and
the addition of thoracic endovascular aortic repair
have lowered the rate of paralysis to less than 3%
(Demetriades et al., 2008; DuBose et al., 2015).

Neuropathology

The mechanism of spinal cord injury after aortic repair is
multifactorial. The primary cause is reduction of blood
flow distal to the aortic clamp. Additional contributors
include changes in cerebrospinal fluid (CSF) pressures

Table 34.4

Management of status epilepticus (convulsive

or nonconvulsive)

Initial steps
Assess need for airway protection
Establish intravenous access

Pharmacologic
interventions Dosing

Empiric medications
Thiamine 100 mg
Dextrose D50, 50 mL
Emergent seizure control
Lorazepam
(Ativan)

0.1 mg/kg IV, give in 4-mg increments

Midazolam
(Versed)

0.2 mg/kg IM, give up to 10 mg per
dose

Urgent seizure control
Phenytoin
(Dilantin)

or
Fosphenytoin
(Cerebryx)

Load: 20 mg/kg IV; maintenance:
4–6 mg/kg/day divided in 2–3 doses

Valproate sodium
(Depacon)

Load: 20–40 mg/kg IV; maintenance:
10–15 mg/kg/day divided into 2–4
doses

Levetiracetam
(Keppra)

1000–3000 mg/day IV in two divided
doses

Lacosamide
(Vimpat)

Load: 200–400 mg/day IV;
maintenance: 200 mg every 12 hours

Refractory status epilepticus
Midazolam
(Versed)

Bolus: 0.2 mg/kg IV; infusion:
0.05–2 mg/kg/hour

Propofol
(Diprovan)

Bolus: 1–2 mg/kg IV; infusion:
30–250 mg/kg/min

Pentobarbital
(Nembutal)

Bolus: 10–15 mg/kg IV; infusion:
0.5–5 mg/kg/hour
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and variability in vascular anatomy and collateralization.
Increased risk for paraplegia postoperatively is primarily
related to cross-clamp times exceeding 30 minutes
(Hershberger and Cho, 2014). Additional risk factors
include the extent of aorta repaired, rupture, age, proxi-
mal aneurysm, and baseline renal dysfunction
(Hershberger and Cho, 2014). The fact that paraplegia
can also occur in patients with short cross-clamp times
is likely related to the blood supply and collateral flow
to the spinal cord.

Clinical presentation

Most patients present with an anterior spinal artery syn-
drome, with weakness of the lower extremities. Motor
deficits are initially flaccid, but progressively become
spastic with corticospinal signs. Sphincter dysfunction
is common, with initial urinary retention followed by
spasmodic bladder. Pain and temperature deficits are
noted, since the spinothalamic tracts are supplied by
the anterior spinal artery. Depending on the extent of
infarction and edema, the sensory level is typically in
the thoracic region (Robertson et al., 2012). Neurogenic
shock with autonomic dysfunction may ensue due to
decreased vasomotor tone (Etz et al., 2015). The cervical
cord is well collateralized, and is therefore more resilient
to ischemic lesions from hypoperfusion. The artery of
Adamkiewicz is the largest of the radicular arteries that
contributes to the anterior spinal artery, and is the most
susceptible to injury because of tenuous collateralization
at this level. This artery originates around T9–T12 in
approximately 75% of cases, but can originate anywhere
from T8 to L3. Although symptoms are typically acute in

onset, delayed paraplegia may also occur with transient
postoperative hypotension (Hershberger andCho, 2014).

Neurodiagnostics and imaging

Most patients with traumatic aortic injury do not survive
to reach a healthcare facility. In those who do, aortic
injury can be detected on vascular imaging, most often
CTA. Preoperative identification of the artery of Adam-
kiewicz with CT or MR angiography is increasingly uti-
lized if the clinical situation allows (Panthee and Ono,
2015). Use of intraoperative motor and somatosensory
evoked potentials for monitoring has contributed to
reducing spinal cord injury (Panthee and Ono, 2015).
Spinal cord infarction is detected with MRI.

Clinical trials and guidelines

A randomized clinical trial that aimed to decrease CSF
pressure to less than 10 mmHg and continue CSF drain-
age for 48 hours after surgery showed an 80% reduction
in the relative risk of postoperative paraplegia (Coselli
et al., 2002). This has been confirmed in subsequent stud-
ies (Hnath et al., 2008). There are no large randomized
controlled trials to support postoperative augmentation
of MAP; however, given the underlying pathogenesis
of spinal cord ischemia, it is recommended to maintain
a MAP of 80–100 mmHg to ensure a spinal cord perfu-
sion pressure of at least 70 mmHg (Etz et al., 2015).

Hospital course and complex clinical
decisions

Surgical strategies to minimize occurrence of postopera-
tive paraplegia include techniques to limit cross-clamp
time, use of endovascular methods whenever possible,
induction of moderate hypothermia, and intraoperative
monitoring of evoked potentials (Etz et al., 2015). CSF
drainage is used intra- and postoperatively to improve
net spinal cord perfusion pressure. Discussions between
the ICU and surgical teams are imperative to convey rel-
evant intraoperative events such as blood loss, hypoten-
sion, and risk for subsequent spinal cord ischemia.
Postoperatively, the critical care team is crucial to reduce
the risk of paralysis. Hourly neurologic examinations
should be performed. Blood pressure should be closely
monitored, preferably with an arterial line, and vasopres-
sors used as needed to maintain a goal MAP>80 mmHg
or spinal perfusion pressure�70 mmHg. Lumbar drain-
age should be continued for approximately 48 hours,
with a goal CSF pressure of less than 10 mmHg. Caution
regarding overdrainage should be exercised, since this
can result in intracranial hypotension, tonsillar hernia-
tion, or subdural hematomas. If neurogenic shock occurs,
supportive care with crystalloid infusion and vasopressor

Table 34.5

American Clinical Neurophysiology Society indications for

continuous electroencephalogram (EEG) (Herman et al.,

2015)

Persistently altered mental status after clinically evident
seizures (i.e., no improvement after 10 minutes, or altered
consciousness after 30 minutes)

Evidence of acute supratentorial pathology with altered mental
status

Fluctuating mental status or altered mental status of unknown
etiology without primary brain injury

Presence of generalized periodic epileptiform discharges,
lateralized periodic discharges, or bilateral independent
periodic discharges on routine or emergent spot EEG

Use of neuromuscular blockade for nonneurologic reasons
(hypothermia, acute respiratory distress syndrome, etc.) in
patients with high seizure risk

Clarification is required regarding paroxysmal movements
(e.g., chewing, yawning, apnea, autonomic changes) that
have potential to be seizures
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agents may be required. If hemodynamically significant
bradycardia does not resolve with atropine and chrono-
tropic drugs, a pacemaker may be indicated.

Neurorehabilitation and outcomes

Most studies evaluating outcomes after spinal cord
infarct are limited and have very small sample sizes.
One of the largest reports is a retrospective review of
115 patients, of which 69% were post aortic surgery
(Robertson et al., 2012), with a 3-year mortality of
23%. At hospital discharge, 81% required a wheelchair
and 86% required catheterization. This improved in the
3-year survivors to 42% and 54%, respectively.

NEUROMUSCULAR

Nerve and plexus injuries

EPIDEMIOLOGY

Injuries to peripheral nerves and brachial or lumbosacral
plexuses can be complications of bone fractures, direct
injury, or compression. The incidence of brachial plexus
injury (BPI) is difficult to estimate, but has increased
recently (Sakellariou et al., 2014). Approximately 70%
of BPIs are due to traffic accidents, predominantly involv-
ingmotorcycles (Sakellariou et al., 2014). Avulsion injury
is the most common, followed by compression or
crush injuries, anterior shoulder dislocation, and occasion-
ally iatrogenic surgical positioning (Limthongthang
et al., 2013).

Traumatic lumbosacral plexus injury (LPI) is less
common given its limited mobility within the retroperi-
toneal space (Wilbourn, 2007). LPI is usually associated
with sacral pelvic fractures or sacroiliac joint separation.
Incidence is estimated at 0.7–0.8% in patients with ace-
tabular or pelvic fractures (Kutsy et al., 2000). Etiologies
include high-speedMVC, gunshot wounds, and retroper-
itoneal hematomas (Kutsy et al., 2000). Isolated nerve
injuries are much more common than plexus injuries.
The incidence of nerve injury with hip displacement
ranges from 10% to 20%, most commonly involving
the sciatic nerve (Cornwall and Radomisli, 2000).

NEUROPATHOLOGY

Nerve injuries have been classified as neurapraxia, axo-
notmesis, or neurotmesis, depending on the extent of
injury (Seddon, 1943). Neurapraxia is dysfunction with-
out macroscopic involvement of the nerve, and deficits
may last anywhere from a few hours to months, with
nerve conduction studies (NCS) showing lack of conduc-
tivity at the point of injury, but normal distal conduction.
Axonotmesis occurs when continuity of individual nerve
fibers is disrupted, with preservation of perineurium and

epineurium. Neurotmesis refers to complete axonal dis-
ruption, including the perineurium and epineurium.

CLINICAL PRESENTATION

Clinical deficits from BPI and LPI localize to the inner-
vation provided by the affected nerve(s), as shown in
Figure 34.3. Specific localization may be difficult in this
patient population, due to confounding injuries, sedation,
and altered mental status. About 75% of BPIs are closed
injuries affecting roots and trunks in the supraclavicular
zone.Most are complete C5–T1 plexus injuries, resulting
in total paralysis and sensory loss in the extremity. Partial
injuries are less common, with 20–25% involving C5–
C6 and less than 5% involving C8–T1. Avulsion injuries
occur most frequently with forceful rotation of the head/
neck away from the ipsilateral shoulder, or high-energy
traction to the arm, causing disruption of the C5–C7 root
or upper trunk. Lower-trunk injuries occur with forceful
abduction of the arm above the head. Infra- and retrocla-
vicular injuries are less common. Open BPI occurs with
penetrating wounds, or open shoulder fractures. Gunshot
wounds produce extensive initial neurologic deficit, but
transected nerve lesions are uncommon, ranging from
12% to 15% (Kline, 2009; Limthongthang et al., 2013).

Associated vascular injuries to the subclavian or axil-
lary artery and subclavian vein occur in as many as 23%
of BPI patients (Narakas, 1985). Infraclavicular injuries
are associated with axillary artery rupture, and trauma to
a cervical rib, cervical vertebral fractures, or T1 root inju-
ries can produce a preganglionic Horner’s syndrome.

Traumatic LPI from hip dislocation is a common clin-
ical presentation, and predominantly involves major
branches of the sciatic nerve. Symptoms include pain,
decreased mobility, weakness, and sensory disturbances
in the involved nerve distributions. Most frequently
affected is the common peroneal nerve, followed by
the gluteal, tibial, and obturator nerves (Fig. 34.3B).

NEURODIAGNOSTICS AND IMAGING

Plain radiographs or CT scans of the cervical spine,
shoulder, and chest may reveal vertebral and clavicular
fractures that raise suspicion for a BPI. Similarly, high-
energyMVC resulting in pelvic trauma should raise con-
cern for LPI.

CT and CT myelography are particularly helpful for
evaluating nerve injury. Blood clots at the point of avul-
sion injuries appear as overshadowing on CT myelogra-
phy. Pseudomeningocele formation is a common but
delayed finding after root avulsion. MRI T2 sequences
demonstrate contrast of the spinal cord roots relative to
CSF. Use of overlapping coronal oblique MRI slices
has a reported 93% sensitivity and 81% specificity for
root avulsion detection, although movement artifact

648 R.M. JHA AND L. SHUTTER



C5

C6

C7

C8

T1

Upper Trunk

Middle Trunk

Lower Trunk

Ant Div UT

Ant Div MT

Post Div MT

Post Div UT

Ant Div MT

Post Div MT

Lateral Chord

Posterior Chord

Medial Chord

Trunk Division
Formed lateral to rib 1 & ehind axillary artery

ChordRoots

Lateral Pectoral n

Musculocutaneous n

Median n

Suprascapular n

Dorsal scapular n

Axillary n

Radial n

Upper subscapular n

Thoracodorsal n
Lower subscapular n

Medial pectoral n

Medial brachial
cutaneous n

Medial
antebrachial
cutaneous n

Ulnar n

Long thoracic n

A

T12

L1

L2

L3

L4

L5

S1

S2

S3

S4

B
Fig. 34.3. (A) Brachial plexus; (B) lumbosacral plexus. UT, Upper Trunk; MT, Middle Trunk; MCP, Metacarpophalangeal;

ABP, Abductor Pollicis Brevis; EDL, Extensor Digitorum Longus; EDB, Extensor Digitorum Brevis.



may limit image quality. Given the high incidence of
associated vascular injuries, dedicated vessel imaging
with conventional CTorMR angiography should be con-
sidered (Limthongthang et al., 2013).

Electromyography (EMG) and NCS are useful diag-
nostically, prognostically, and for localization. NCS typi-
cally show decreased amplitudes in both motor and
sensory action potentials, with only mild reductions in
conduction velocity. For BPI, preoperative sensory nerve
action potentials can diagnose preganglionic nerve root
avulsion and the level of injury. Intraoperative action
potentials may guide surgical decisions. EMG demon-
strates muscle denervation 2–3 weeks postinjury
(Harper, 2005). In lumbosacral plexopathies, fibrillations
on EMG spare paraspinal muscles, which can distinguish
LPI from radiculopathies and radiculoplexopathies.

CLINICAL TRIALS AND GUIDELINES

There are no clinical trials or formal guidelines regarding
diagnostic evaluation or management of polytrauma-
related plexus injuries.

HOSPITAL COURSE AND COMPLEX CLINICAL DECISIONS

High clinical suspicion for plexus injuries should be
maintained in patients with trauma to neighboring struc-
tures. Radiographic imaging is the first diagnostic step.
EMG and NCS provide additional diagnostic, localizing,
and prognostic information.

BPI often requires operative repair, although contro-
versy exists regarding the type and timing of surgery.
Surgical delays result in denervation atrophy and may
limit reinnervation. However, immediate or early inter-
vention does not allow for spontaneous recovery, which
occurs within 3–4 months in 40% of C5–C6 injuries
and 15% of C5–C7 injuries (Kline, 2009). Typically,
multiple staged reconstructive procedures are required
(Limthongthang et al., 2013). Immediate repair, or explo-
ration and reconstruction within 3–4 weeks are recom-
mended for penetrating injuries and preganglionic
total-arm BPI. In crush injury or rupture, nerves are
tagged and then re-explored within 3–4 weeks. Other-
wise, reconstructive surgery within 6–9 months is typi-
cal, which allows time for axonal regeneration before
irreversible denervation atrophy (Limthongthang et al.,
2013). However, others have supported reconstruction
within 14 days or exploration within 3 months for BPI
to avoid fibrotic scar tissue formation (Birch, 2009).
The treatment therefore depends in large part on practical
feasibility and surgeon preference. Reconstructive sur-
gery includes nerve transfers or functioning free muscle
transfers in total BPI, and concomitant vascular injury is
associated with higher failure rates (Limthongthang
et al., 2013).

LPI management is primarily pain control and phys-
ical therapy, but surgery is considered in certain cases
(Dyck and Thaisetthawatkul, 2014). Posterior hip dislo-
cation, with compression of the sciatic nerve, is an ortho-
pedic emergency requiring rapid reduction to prevent
irreversible nerve necrosis (Cornwall and Radomisli,
2000). Management of femoral dislocations and frac-
tures is more controversial, as some urge immediate open
reduction and surgical exploration, but others recom-
mend a more conservative approach, with initial closed
reduction (Cornwall and Radomisli, 2000).

NEUROREHABILITATION

The outcome of traumatic BPI depends on multiple vari-
ables, including age, injury mechanism, level of injury,
timing of surgical intervention, and other comorbidities.
Young age and upper-trunk lesions are associated with
favorable outcomes. High-energy injuries and those with
vascular damage are associated with less favorable prog-
nosis. Avulsion injuries, supraclavicular lesions, mixed-
nerve lesions, comorbidities, evidence of fibrosis, and
degeneration of target muscles at the time of surgery,
and persistent pain after 6 months have worse prognosis
(Sakellariou et al., 2014). Traumatic LPI generally has a
poor prognosis, although a neuropraxic pattern has better
recovery potential. Outcomes of nerve injuries are highly
variable in traumatic hip dislocations and fracture-
dislocations, with partial recovery occurring in
60–70% of patients, depending on injury type and frac-
ture severity. Tibial injuries may recover more rapidly
than those involving the peroneal division (Fassler
et al., 1993). Early rehabilitation efforts while in the
ICU are crucial to prevent contractures, pressure ulcers,
and permanent extremity deformities (Cornwall and
Radomisli, 2000).
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Chapter 35

Neurologic complications in critically ill pregnant patients

W.L. WRIGHT*
Neuroscience Intensive Care Unit, Emory University Hospital Midtown, Atlanta, GA, USA

Abstract

Neurologic complications in a critically ill pregnant woman are uncommon but some of the complica-
tions (such as eclampsia) are unique to pregnancy and the puerperal period. Other neurologic com-
plications (such as seizures in the setting of epilepsy) may worsen during pregnancy. Clinical signs
and symptoms such as seizure, headache, weakness, focal neurologic deficits, and decreased level of
consciousness require careful consideration of potential causes to ensure prompt treatment measures
are instituted to prevent ongoing neurologic injury. Clinicians should be familiar with syndromes such
as pre-eclampsia, eclampsia, stroke, posterior reversible encephalopathy syndrome, and reversible
cerebral vasoconstriction syndrome. Necessary imaging studies can usually be performed safely in
pregnancy. Scoring systems for predicting maternal mortality are inadequate, as are recommendations
for neurorehabilitation. Tensions can arise when there is conflict between the interests of the mother and
the interests of the fetus, but in general maternal health is prioritized. The complexity of care requires a
multidisciplinary and multiprofessional approach to achieve best outcome in an often unexpected
situation.

INTRODUCTION

Critically ill pregnant women are at risk for a broad
spectrum of neurologic complications, only a few of
which are unique to pregnancy. Some of the risks arise
from hypertension, hypercoagulability, and fragility of
blood vessels due to hormonal and hemodynamic changes
(Edlow et al., 2013). Despite neurologic complica-
tions, maternal mortality is rare in developed countries
(Gaffney, 2014). Assessing the incidence of neurologic
complications in critically ill obstetric patients is difficult,
partially because there is neither a standard definition of a
critical care bed (Wunsch et al., 2008) nor standard critical
care unit admission criteria (Gaffney, 2014). Therefore,
admission to an intensive care unit (ICU) is often based
on local referral patterns (Gaffney, 2014). There are sev-
eral serious disorders which require immediate attention
and are thus included in this volume. Because pregnant
women are generally young and otherwise in good health,
care should be optimal and aggressive. The complexity of
care requires a multidisciplinary and multiprofessional

approach to achieve best outcome. Clinicians should con-
sider early transfer to a medical center that can provide
multidisciplinary care, including expertise in obstetrics,
maternal-fetal medicine, neurology, critical care, neuro-
surgery, and radiology (Edlow et al., 2013).

EPIDEMIOLOGY

The incidence of pre-eclampsia is reported to be 2–8%,
depending on the population studied (American College
of Obstetricians and Gynecologists, 2002; Neligan and
Laffey, 2011). The incidence of eclampsia in one study
was 0.71%; 31.14% of these patients had neurologic
abnormalities (Tank et al., 2004). In developed countries,
morbidity andmortality frompre-eclampsia andeclampsia
are low, but still remain an issue in developing areas (Villar
et al., 2003). One study done in the USA estimated severe
maternal morbidity from all causes to occur in 12.9 in
every 1000 delivery hospitalizations, and 2.9 in every
1000 postpartum hospitalizations (Callaghan et al.,
2012). Total mortality data are sparse (Gaffney, 2014).
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The incidence of ICU admissions for pregnant
patients (including up to 6 weeks postpartum) ranged
from 0.7 to 13.5 per 1000 deliveries worldwide. The
median was 2.6 ICU admissions per 1000, with no
difference in mean between developing and developed
countries (Pollock et al., 2010). Obstetric ICU admis-
sions accounted for 0.4–16% of total ICU admissions
(mean¼2.2%). The highest rates of admission were in
the UK and the USA (Gaffney, 2014). ICU admissions
occurred more frequently in the postpartum period rather
than the antepartum period (Gaffney, 2014). One study
reported a rate of ICU admission in developed countries
of 2–4 per 1000 obstetric patients (Zeeman, 2006). Dif-
ferences in rates may be attributable to variations in
patient population, ICU admission criteria, nursing pol-
icies, and available treatment options. Most women were
admitted for less than 48 hours (Zeeman, 2006). A study
completed in the USA showed that 0.4% of obstetric
patients were admitted to the ICU (Kilpatrick and
Matthay, 1992). Of these patients, 34% were antepartum
and 66% were postpartum (Kilpatrick and Matthay,
1992). Four patients (12% of those admitted to the
ICU) in this study died, including the only 2with cerebral
hemorrhages and 2 of the 8 patients with acute lung
injury (Kilpatrick and Matthay, 1992).

Neurologic complications in critically ill obstetric
patients range from 18 to 50% (Kilpatrick and Matthay,
1992; Platteau et al., 1997; Karnad et al., 2004; Munnur
et al., 2005). Neurologic symptoms can result from
pregnancy-related conditions, including eclampsia, acute
fatty liver of pregnancy, or amniotic fluid embolism
(Karnad and Guntupalli, 2004). Neurologic symptoms
can also occur if pre-existing medical disorders such as
epilepsy (Kaymar and Varner, 2013), hypertension, or
intracranial neoplasms worsen during pregnancy
(Lapinksy et al., 1997; Qhah et al., 2001). Pregnancy
may predispose to certain illnesses, some of which may
present in nonpregnant patients but are more common
or worse in pregnant patients, such as cerebral venous
sinus thrombosis (CVST) (Karnad and Guntupalli,
2004; Karnad et al., 2004; Munnur et al., 2005).

Though data are conflicting (Sharshar et al., 1995;
Kittner et al., 1996), the balance of the evidence indicates
that stroke risk is increased during pregnancy and the
puerperium (Jeng et al., 2004). An older study argued
that the incidence of nonhemorrhagic stroke was not
increased during pregnancy or early puerperium, but that
eclampsia is the cause of the neurologic findings attrib-
uted to stroke (Sharshar et al., 1995). A classic study by
Kittner et al. (1996) found a relative increase in ischemic
stroke and particularly in hemorrhagic stroke in the post-
partum period. In a study looking at ischemic stroke,
hemorrhagic stroke, and cerebral venous sinus throm-
bosis (CVST), Skidmore et al. (2001) found that strokes

are more likely to occur in the first week postpartum, but
that the risk is generally increased in the third trimester
and postpartum period. Amore recent study supports that
when all stroke types are considered (ischemic, hemor-
rhagic, subarachnoid hemorrhage, and CVST), the inci-
dence is 25–34 per 100 000 deliveries, and that this
represents an increase in incidence since the 1990s
(Kuklina et al., 2011). This increase has been largely
attributed to concurrent hypertensive disorders or heart
disease (Kuklina et al., 2011). Even though the incidence
of stroke in pregnant and postpartum women is still rel-
atively low, stroke in this patient population causes sig-
nificant long-term disability (Feske and Singhal, 2014).
The reported death rate following stroke in pregnancy
varies, possibly due to geographic setting (Skidmore
et al., 2001). Stroke of all types accounts for 12% of
maternal death (Donaldson and Lee, 1994; Witlin
et al., 1997). Reported percentage of death due to intra-
cerebral hemorrhage (ICH) in one study was 7.2%
(Gaffney, 2014). The incidence of hemorrhagic stroke
is higher in Japanese women when compared with other
western countries (Yoshida et al., 2016). Amniotic fluid
embolism (Goldman et al., 1964) and choriorcarcinoma
(Weir et al., 1978) can cause stroke, but stroke is an
uncommon complication of these rare conditions.

NEUROPATHOLOGY

Neurologic symptoms can be the initial presentation of a
disease that is not pregnancy related. Neurologic symp-
toms may also occur in the setting of an exacerbation of
pre-existing neurologic disorders; some, such as epilepsy,
are known to worsen during pregnancy (Neligan and
Laffey, 2011). Pregnancy itself can put patients at risk
for acute neurologic symptoms because of factors such
as hypertension, hypercoaguability, and the effects of
hormonal fluctuations (Edlow et al., 2013).

The risks of pregnancy include changes that affect the
nervous system, such as vascular changes, edema, and
alterations in the immune system (Edlow et al., 2013).
Hemodynamic changes in the postpartum period include
an increase in cardiac output, acute blood loss at delivery,
and a decrease in plasma oncotic pressure (Kilpatrick and
Matthay, 1992). Retention of water causes decrease of
serum sodium and osmolality (Skidmore et al., 2001).
Pregnancy is a prothrombotic state, and the risk of
venous and arterial thrombotic events is increased
(Lanska and Kryscio, 1998; Edlow et al., 2013). Near
the end of the third trimester, increased progesterone
levels lead to increased venous distensiblity, allowing
for venous stasis and increasing the risk of venous throm-
boembolism (Tettenborn, 2012).

Pre-eclampsia, formerly known as toxemia, is a dis-
ease characterized by vasospasm and coagulation system
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activation that leads to impaired organ perfusion. It
is a multisystem disorder characterized by hypertension,
edema, and proteinuria (Feske and Singhal, 2014).
Pre-eclampsia may be due to a maladapted immune
response to antigens expressed on the invading tropho-
blast (Feske and Singhal, 2014), resulting in a premature
halting of trophoblastic invasion into the maternal arter-
ies (Hanna et al., 2006). In order to mitigate the resulting
poor placental perfusion, the placenta will produce
angiogenic factors, which cause symptoms when they
alter maternal vascular endothelial function (Baumwell
and Karumanchi, 2007; Karumanchi and Epstein,
2007). The seizures in eclampsia probably result from
intracranial vasospasm, local ischemia, and endothelial
dysfunction, leading to vasogenic and cytotoxic edema
(Neligan and Laffey, 2011).

Hypertensive encephalopathy is a pathophysiologic
model for the cerebrovascular abnormalities in eclampsia
(Schwartz et al., 2000). Decreased cerebrovascular resis-
tance causes increased pressure on the microvascular
circulation, resulting in vasogenic edema. This mecha-
nism is likely similar or perhaps even identical to the pro-
cesses involved in posterior reversible encephalopathy
syndrome (PRES) (Hinchey et al., 1996).

The causes of stroke in pregnant and postpartum
women are diverse. Estrogen levels stimulate the hepatic
synthesis of clotting factors (Tettenborn, 2012; Wabnitz
and Bushnell, 2014), increasing the risk of throm-
boembolic events in both the venous and the arterial
systems (Lanska and Kryscio, 1998; Wabnitz and
Bushnell, 2014). Estrogen also increases cholesterol
levels, increasing the risk of hyperlipidemia and vascular
disease (Tettenborn, 2012). Craniocervical dissection
from labor-related Valsalva or neck extension can lead
to ischemic stroke (Edlow et al., 2013).

CLINICAL PRESENTATION

As with most patients experiencing neurologic symp-
toms, the clinical presentation of pregnant and postpar-
tum women will help identify neurologic signs,
symptoms, and syndromes, which can guide neurodiag-
nostic and imaging studies. The timing of onset of signs
and symptoms may help establish a differential diagnosis.
Sudden-onset symptoms require urgent and thorough
diagnostic investigation to help identify potential causes
(Table 35.1). In critically ill patients especially, the etiol-
ogy of the symptoms needs to be identified expeditiously
in order to prevent ongoing neurologic damage.

Seizures

Preventing and treating seizures helps avoid morbidity to
an obstetric patient and her fetus (Sheth and Sheth,

2012). When a critically ill pregnant woman has a sei-
zure, immediate attention turns to airway, breathing,
and circulation (Sheth and Sheth, 2012). While stabiliz-
ing the patient, initial measures to stop an ongoing
seizure or prevent another seizure should also be imple-
mented. Quick consideration of the differential diagnosis
may reveal additional diagnostic and treatment priorities
(Sheth and Sheth, 2012).

The differential diagnosis for seizure in a pregnant
or postpartum woman is broad, including pre-existing
epilepsy (Karnad and Guntupalli, 2005; Edlow et al.,
2013), eclampsia, intracranial hemorrhage, CVST,
reversible cerebral vasoconstriction syndrome (RCVS),
posterior reversible leukoencephalopathy, thrombotic
thrombocytopenic purpura (TTP), intracranial tumor
(Edlow et al., 2013; Bove and Klein, 2014), meningitis,
encephalitis, neuroinflammation (Bove and Klein, 2014),
metabolic derangements (Karnad and Guntupalli, 2005)
such as hypoglycemia (Edlow et al., 2013), and other
intracranial lesions (Karnad and Guntupalli, 2005).

Seizure is a defining feature of eclampsia (Edlow
et al., 2013). Up to 40% of seizures in eclampsia occur
after delivery (Neligan and Laffey, 2011). In a critically
ill woman whose pregnancy has passed 20 weeks’ gesta-
tion presenting with a seizure, eclampsia should always
be considered as a potential etiology, even if the woman
has a known seizure disorder (Edlow et al., 2013).
However, a clinician should not assume eclampsia is

Table 35.1

Causes of sudden onset of neurologic symptoms

Ischemic stroke
Intracerebral hemorrhage
Subarachnoid hemorrhage
Cerebral venous sinus thrombosis
Epidural hematoma
Brain mass lesions
Meningitis or other central nervous system infection
Demyelination
Migraine headache
Seizures with postictal symptoms
Toxic and metabolic encephalopathies
Posterior reversible encephalopathy syndrome
Reversible cerebral vasoconstriction syndrome
Psychogenic
Transient global amnesia
Cardiac syncope
Eclampsia or severe pre-eclampsia
Thrombotic thrombocytopenic purpura
Nervous system trauma

Information from Jamieson (2009); Sheth and Sheth (2012); Edlow

et al. (2013).
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the cause of the seizure because this may result in other
serious diagnoses being overlooked, such as ICH or
CVST (Edlow et al., 2013).

Patients should undergo a diagnostic workup that is
similar to those who are not pregnant. (Edlow et al.,
2013). This generallymeans that a patient will need intra-
cranial imaging to assess for causes of seizure (Edlow
et al., 2013). If a patient is in status epilepticus, it is
imperative that the usual evidence-based treatment pro-
tocols for status epilepticus be followed, with the goal
of terminating seizures quickly. Preventing seizure
recurrence is in the best interest of the patient and the
fetus, so antiepileptic drugs (AEDs) should not be with-
held solely because of pregnancy (Sheth and Sheth,
2012). While epileptic seizures may require treatment
with lorazepam or even a specific antiepileptic medica-
tion, seizures due to eclampsia should be treated with
magnesium sulfate. A commonly recommended dose
of magnesium sulfate is 4–6 grams in 100 mL of fluid
infused over 15–20 minutes (Sheth and Sheth, 2012),
followed by a continuous infusion at a rate of 1–2 g/hour
(Zeeman, 2006) until 24 hours after delivery (Sheth and
Sheth, 2012). The goal magnesium level is generally
4–7 mEq/L. The most serious side-effect of magnesium
toxicity is respiratory depression, often preceded by the
loss of patellar reflexes. The definitive treatment of
eclampsia is delivery of the fetus (Sheth and Sheth,
2012), which should proceed immediately after stabili-
zation of the patient (Frontera and Ahmed, 2014).

Headaches

Headache is a common neurologic symptom and also
has an extensive differential diagnosis. Tension-type head-
ache and migraine headache are the commonest causes of
headache in pregnant and nonpregnant women (Edlow
et al., 2013). Migraine headaches usually improve during
pregnancy, but can worsen when estrogen levels fall post-
partum (Sances et al., 2003; Goadsby et al., 2008). Mig-
raines can first develop during pregnancy (Chancellor
et al., 1990), but be cautious making this diagnosis since
other serious causes need to be excluded (Edlow et al.,
2013). Acephalgic migraine may present with only focal
neurologic deficits and no headache (Edlow et al., 2013).

An obstetric patient with new-onset headache past
20 weeks’ gestation must be screened for pre-eclampsia
(Edlow et al., 2013). Abrupt-onset or severe headache
should prompt a workup for subarachnoid hemorrhage,
RCVS, craniocervical dissection, and PRES (Edlow
et al., 2013). Since computed tomography (CT) scan or
lumbar puncture (LP) may be nondiagnostic for some
of these disorders, magnetic resonance imaging (MRI)
may be needed or, in some cases, preferred (Edlow
et al., 2013). Causes of postpartum headache include

pre-eclampsia, eclampsia, CVST, pituitary apoplexy
(Stella and Jodicke, 2007), or postepidural headache
(Klein and Loder, 2010). Postepidural headache is the
result of low cerebrospinal fluid (CSF) pressure
(Edlow et al., 2013). Though uncommon, postpartum
patients can get a dural tear from pushing during labor,
causing lowCSF pressure headache in the absence of spi-
nal anesthesia (Edlow et al., 2013). Headaches from low
CSF pressure are often self-limited, but serious compli-
cations such as subdural hematoma (Zeidan et al., 2006),
CVST (Lockhart and Baysinger, 2007), and PRES
(Ho and Chan, 2007) can result. In general, secondary
causes of headache should be investigated if the patient
has new-onset headache, worsening headache, headache
that has changed in character, visual disturbance, seizure,
altered mental status, or focal neurologic signs (Edlow
et al., 2013). Emergency and pathologic causes of head-
ache in pregnant and postpartum woman are listed in
Table 35.2.

New focal neurologic signs

Focal signs are hemiparesis, monoparesis, a language or
speech disturbance, ataxia, cranial nerve dysfunction,
numbness, neglect, or sudden changes in vision or sensa-
tion; more complex behavior syndromes (e.g., alexia) also
require prompt and thorough investigation (Edlow et al.,
2013). Stroke in pregnant women is uncommon, but the
risk is increased when compared to nonpregnant age-
matched controls (Kittner et al., 1996; Salonen Ros
et al., 2001). Thrombotic thrombocytopenic purpura
(TTP) can present with stroke-like symptoms (Edlow
et al., 2013). Focal neurologic symptoms can also be the
result of severe pre-eclampsia, eclampsia, intracranial
hemorrhage, subarachnoid hemorrhage, PRES (Edlow
et al., 2013), intracranial mass or postictal state. Migraine
with aura can cause focal symptoms, even without
accompanying headache (Edlow et al., 2013).

Table 35.2

Diagnoses that require emergent neurosurgical evaluation

Subarachnoid hemorrhage
Intracerebral hemorrhage
Ischemic stroke or hemorrhage in the cerebellum
Large hemispheric ischemic stroke
Epidural hematoma in the brain or spinal cord
Subdural hematoma
Acute spinal cord compression
Hydrocephalus
Intracranial mass lesion
Brain or spinal cord abscess
Pituitary apoplexy
Increased intracranial pressure
Penetrating brain, spinal cord, or nerve injury
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Abnormal level of consciousness

Abnormal level of consciousness is a common neurologic
presentation in critically ill obstetric patients (Karnad
et al., 2004; Munnur et al., 2005). The differential of
stupor or coma includes ischemic stroke, ICH, subarach-
noid hemorrhage, CVST, intracranial tumor, metabolic
derangement (Karnad and Guntupalli, 2005; Price et al.,
2008), traumatic head injury, hypotension, hypoxia,
demyelination, pre-eclampsia (Price et al., 2008), eclamp-
sia, drugs, toxins, and seizures (Karnad and Guntupalli,
2005). Hyperemesis gravidarum can lead to Wernicke’s
encephalopathy or osmotic demyelination syndrome
(Zara et al., 2012). Focal neurologic signs can offer a clue
about underlying etiology, helping to guide further
workup (Zeigler, 1985). Coma with focal deficits may
indicate underlying ischemic stroke, ICH, CVST, brain
abscess, or intracranial tumor (Karnad and Guntupalli,
2005). As with nonpregnant patients, the first priority in
patients with altered mental status or coma is to ensure
adequate airway, breathing, and circulation.

Increased intracranial pressure

Increased intracranial pressure (ICP) can be rapidly life-
threatening if the cause is not rapidly detected and
reversed. Workup and management strategies for ele-
vated ICP should generally be similar to nonpregnant
patients. When considering osmotherapy, hypertonic
saline should be used preferentially over mannitol due
to the potential for fetal hypoxia and acid–base distur-
bances with mannitol administration (Frontera and
Ahmed, 2014). An additional consideration is that
during labor, ICP can increase as high as 70 cm H2O
due to bearing down and forceful uterine contractions
(Stevenson and Thompson, 2005). Some experts con-
sider cesarean section in patients who are at risk for
or known to have increased ICP (Stevenson and
Thompson, 2005). Others recommend shortening the
second stage of labor by assistingwith forceps or vacuum
extraction (Carhuapoma et al., 1999).

Generalized weakness

The clinician must ensure that a woman presenting
with generalized weakness has sufficient ororpharyn-
geal function and respiratory effort to maintain a safe
airway and adequate breathing. Additionally, clinicians
should promptly assess for a sensory level or other signs
of spinal cord compression, such as loss of bowel or
bladder control, as emergent neurosurgical intervention
may be indicated. Causes of weakness in critically ill
pregnant or postpartum women include demyelination
(such as from multiple sclerosis or transverse myelitis),
trauma, myopathy, Guillain–Barr�e syndrome (GBS),

myasthenia gravis, or other neuromuscular disorders
(Karnad and Guntupalli, 2005).

GBS rarely complicates pregnancy, but has been asso-
ciated with maternal mortality. In general, the incidence
of GBS is not different during pregnancy than in the
general population (Sax and Rosenbaum, 2006), but
there may be an increased risk within the first 2 weeks
after delivery (Yamada et al., 2001). In one study, one-
third of pregnant patients with GBS required mechanical
ventilation (Chan and Tsui Leung, 2004). There should
be a low threshold for elective intubation to support
respiratory function (Sax and Rosenbaum, 2006). Treat-
ment includes immunomodulating therapy such as intra-
venous immunoglobulin (IVIG) or plasma exchange
(PLEX) (Kuller et al., 1995; Yamada et al., 2001;
Chan and Tsui Leung, 2004). When choosing between
the two therapies, one should consider that IVIG can pre-
cipitate renal failure and thrombotic complications. The
main risk of PLEX during pregnancy is hypotension
from the alteration of blood volume (Parry and
Heiman-Patterson, 1988). Termination of pregnancy
does not seem to alter disease course (Chan and Tsui
Leung, 2004). GBS does not affect uterine contractility,
so vaginal delivery is a reasonable expectation (Sax
and Rosenbaum, 2006). Babies delivered to mothers
with GBS are not usually weak (Nelson and McLean,
1985). There is a risk of maternal relapse in the post-
partum period (Meenakshi-Sundaram et al., 2014).
Supportive care is essential, including deep-vein throm-
bosis prophylaxis and close monitoring of cardiac
and respiratory function (Parry and Heiman-Patterson,
1988; Sax and Rosenbaum, 2006).

Pregnancy has a variable effect on the course of myas-
thenia gravis. Maternal mortality risk is 4% (Plauch�e,
1979), with risk factors including respiratory failure, cho-
linergic crisis, and magnesium administration (Plauch�e,
1991). Anticholinesterase medications, which are preg-
nancy category C, may need to be adjusted due to changes
in intestinal absorption and renal clearance. Prednisone
and methylprednisolone are also pregnancy category C
(Ciafaloni and Massey, 2004). Severe exacerbations can
be treated with IVIG or PLEX.Myasthenia does not affect
uterine smooth muscle, but may cause fatigue in the stri-
ated muscles used during labor. Magnesium sulfate is
considered contraindicated in myasthenia gravis as it can
cause profound weakness (Sax and Rosenbaum, 2006).
Azathioprine and cyclosporine should be avoided due to
significant risks to the fetus (Ciafaloni andMassey, 2004).

PREGNANCY-RELATEDCLINICAL
SYNDROMES

Pre-eclampsia is a multisystem disorder characterized by
hypertension in a previously normotensive pregnant
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woman (Zeeman, 2006). The clinical criteria for pre-
eclampsia are classically described as newly diagnosed
hypertension and proteinuria after the 20th week of ges-
tation, and resolving within 6–12 weeks of delivery
(Neligan and Laffey, 2011). Aggressive blood pressure
control with intravenous antihypertensive medications
such as labetalol and hydralazine is an important treat-
ment goal and can help prevent ICH and hyperten-
sive encephalopathy (Zeeman, 2006). Pregnant women
who present with new-onset hypertension (systolic
blood pressure>140 mmHg or diastolic blood pressure
>90 mmHg) should be assumed to have pre-eclampsia
(Williams et al., 2008). Recent guidelines from the
American College of Obstetricians and Gynecologists
(2013) do not require the presence of proteinuria to meet
the definition of pre-eclampsia if other signs of severe
pre-eclampsia are present. Severe pre-eclampsia is
defined as severe hypertension, proteinuria of greater
than 5 grams in 24 hours, oliguria of less than 400 mL
in 24 hours, cerebral irritability, epigastric (or right upper
quadrant) pain, or pulmonary edema (Neligan and
Laffey, 2011). Patients with severe eclampsia should
be prepared for delivery. Magnesium sulfate should be
started by loading with 4–6 g IV in 100 mL of fluid over
20minutes, then infusing 2 g/hour (Williams et al., 2008)
to maintain therapeutic range of 4–7 mEq/mL (Zeeman,
2006; Sheth and Sheth, 2012).

Eclampsia is defined as seizure in the setting of pre-
eclampsia (Zeeman, 2006; Williams et al., 2008) and
in the absence of another condition to which the seizure
can be attributed (Neligan and Laffey, 2011; Edlow et al.,
2013). Other neurologic symptoms of eclampsia and pre-
eclampsia can include visual disturbance, altered mental
status, coma (Zeeman, 2006), and headache (Williams
et al., 2008; Edlow et al., 2013). Neurologic symptoms
of eclampsia do not commonly persist and epilepsy is
not usually a long-term complication, but ischemic
stroke and ICH are well-known complications of
eclampsia that can lead to persistent neurologic disability
or death (Zeeman, 2006; Williams and Fletcher, 2010).
Seizures should be treated with magnesium sulfate, as
described previously. Mortality from eclampsia in the
developed world has become uncommon (Neligan and
Laffey, 2011). The definitive treatment of eclampsia is
to deliver the fetus (American College of Obstetricians
and Gynecologists, 2002).

Amniotic fluid embolism is a rare but catastrophic
obstetric emergency (Williams et al., 2008) that usually
occurs within 24 hours of delivery (Neligan and Laffey,
2011). Previously, symptoms of amniotic fluid embolism
were thought to be due to embolization of amniotic fluid
into the pulmonary circulation. However, more recent
theories suggest that an anaphylactic response or hyper-
sensitivity reaction to one or more components of the

amniotic fluid is to blame (Clark, 1990; Williams
et al., 2008). Amniotic fluid embolism can present with
seizures or mental status change (Williams et al., 2008),
as well as shock, acute hypoxic respiratory failure, and
disseminated intravascular coagulation (Neligan and
Laffey, 2011). The incidence is not well delineated, with
reports in the literature varying between 1 in 8000 and 1
in 80 000 (Clark et al., 1995). Mortality can be up to one-
quarter to one-third of patients, and long-term neurologic
deficits can persist in as many as 10–20% (Williams
et al., 2008). Patients are managed with aggressive life
support measures, including ICU management, mechan-
ical ventilation, high levels of supplemental oxygen, and
aggressive measures to maintain circulatory perfusion
(such as fluids, pressors, and blood products as needed)
(Williams et al., 2008). Hypothermia (Ocegueda-
Pacheco et al., 2014) and extracorporeal membrane
oxygenation (Conde-Agudelo and Romero, 2009) have
been used in the setting of cardiovascular collapse. Emer-
gency delivery of the fetus may be required (Williams
et al., 2008).

Choriocarcinoma is a rare cancer of trophoblastic
tissue (Edlow et al., 2013). It causes highly vascular
and aggressive tumors that are prone to hemorrhage
(Bove and Klein, 2014). Besides local invasive effects,
choriocarcinoma can metastasize to liver, lungs, spine,
and brain (Smith et al., 2005). Neurologic symptoms
occur when central nervous system tumors cause mass
effect, bleeding, and/or invasion of local blood vessels
(Edlow et al., 2013). Chemotherapy should be initiated,
as this is a highly chemosensitive tumor (Frontera and
Ahmed, 2014).

TTP usually presents in the late second or early third
trimester of pregnancy (Martin et al., 2008; McCrae,
2010). Clinical symptoms are classically a pentad of
thrombocytopenia, microangiopathic hemolytic anemia,
fever, renal dysfunction, and neurologic dysfunction
(Edlow et al., 2013). More than half of patients with
TTP have neurologic symptoms, which include head-
ache, seizures, alteredmental status, and focal neurologic
deficits (Edlow et al., 2013). Treatment with PLEX
should be started as soon as the diagnosis of TTP is
clinically suspected (Frontera and Ahmed, 2014).

Stroke in pregnant women is rare, but increased when
compared to nonpregnant age-matched controls (Kittner
et al., 1996; Salonen Ros et al., 2001). Causes of stroke
can often be determined with rigorous laboratory and
imaging studies (Skidmore et al., 2001). Pre-eclampsia
and eclampsia are considered causative in up to
25–50% of cerebrovascular events in this patient popula-
tion (Sharshar et al., 1995; Jaigobin and Silver, 2000).

The evaluation for ischemic stroke is similar to that of
a nonpregnant young woman, including an echocar-
diogram, MRI, and assessment of the intracranial and

662 W.L. WRIGHT



extracranial vasculature. If those studies are unrevealing,
a hypercoagulable workup should be sent (Skidmore
et al., 2001). Some rare causes to consider are peripar-
tum cardiomyopathy, choriocarcinoma, and amniotic
fluid embolism (Feske and Singhal, 2014). The efficacy
and safety of intravenous tissue plasminogen activa-
tor (IV tPA) in pregnancy are unknown (Sheth and
Sheth, 2012).

Pregnancy increases the risk of hemorrhagic stroke
more so than ischemic stroke (Feske and Singhal,
2014), especially in the early postpartum period. The
increased risk of ICH is attributed largely to pre-
eclampsia and eclampsia. Any coagulopathies due to
systemic disease or anticoagulant use should be cor-
rected in the setting of ICH (Jauch et al., 2013). Other
common etiologies of ICH in this patient population
include ruptured arteriovenous malformations (AVMs)
and cerebral aneurysms (Feske and Singhal, 2014).
Therefore, patients with ICH require workup for under-
lying structural lesions (Sharshar et al., 1995; Jaigobin
and Silver, 2000). Data are conflicting about the influ-
ence of pregnancy on AVMs (Feske and Singhal,
2014). There does seem to be a higher risk of rupture
on the day of delivery (Parkinson and Bachers, 1980).
Expert recommendations are to treat a known AVM
beforehand if a woman anticipates pregnancy. If an
AVM is discovered during pregnancy but has not bled,
expert recommendations are to avoid treatment during
pregnancy. If an AVM bleeds during pregnancy, then
treatment before delivery should be considered, taking
into account the grade of the lesion and the length of
time it will take to achieve therapeutic benefit from the
treatment strategy (Ogilvy et al., 2001).

The risk of subarachnoid hemorrhage is not thought to
be increased during pregnancy (Bateman et al., 2012).
Underlying structural lesions, most commonly cerebral
aneurysms, are usually the cause (Sharshar et al.,
1995; Jaigobin and Silver, 2000). The rupture of a cere-
bral aneurysm, however, is considered coincident to
pregnancy (Gaffney, 2014). Mortality for pregnant
women is about 35% (Dias and Sekhar, 1990), and this
is the third leading cause of maternal death that is
not related to obstetric complications (Bateman et al.,
2012). Fetal mortality is 17% (Dias and Sekhar, 1990).

CVST often presents with a headache that progresses
in severity (Edlow et al., 2013). Other signs and symp-
toms can include dizziness, nausea, seizures, lethargy,
coma, or focal neurologic signs (Masuhr et al., 2004).
Risk of CVST is increased during pregnancy due to
hypercoagulability (Feske and Singhal, 2014). The great-
est risk period is during the third trimester and up to
4 weeks postpartum (Saposnik et al., 2011). Approxi-
mately three-quarters of the cases are postpartum
(Coutinho et al., 2009). Neurologic symptoms arise

due to edema surrounding the thrombosed cerebral
venous sinuses (Feske and Singhal, 2014), and venous
infarct can result (Skidmore et al., 2001). Additionally,
hemorrhage may occur into the parenchyma, or even
extend into the subarachnoid, subdural, and intraven-
tricular spaces (Feske and Singhal, 2014). Clinicians
need to maintain a high degree of clinical suspicion in
pregnant and postpartum women presenting with new
or worsening headache, as this diagnosis is often made
in a delayed fashion. The diagnostic study of choice in
pregnant women is an MR venogram (Frontera and
Ahmed, 2014). The treatment of CVST is anticoagulation.

PRES commonly presents with encephalopathy, visual
changes, seizures, and headache plus vasogenic edema on
imaging (Staykov and Schwab, 2011). Focal signs such as
weakness or sensory deficits may develop (Bartynski,
2008). There is a potential to reverse the radiographic find-
ings and clinical symptoms with adequate treatment
(Staykov and Schwab, 2011), including the removal of
causative factors and treatment of blood pressure
(Servillo et al., 2007). In pregnant or postpartum women,
PRES is thought to be the radiographic correlate of pre-
eclampsia and eclampsia (Staykov and Schwab, 2011).
Other diseases and drugs can cause PRES, such as sepsis,
hypertensive emergency, or immunosuppressive agents
(Raroque et al., 1990; Bartynski, 2008; Bartynski and
Boardmand, 2007).

RCVS is a spectrum of disorders that present with
the abrupt onset of severe headaches plus multifocal
areas of (potentially) reversible cerebral vasoconstriction
(Ducros and Brousser, 2009). CT scans are usually
negative, unless there is ICH. Rather, vascular imaging
such as MR angiography, CT angiography, or conven-
tional angiogram is needed to make the diagnosis
(Ducros and Brousser, 2009). Recurrent daily thunder-
clap headaches are highly suggestive of the diagnosis
(Chen et al., 2006; Calabrese et al., 2007; Ducros and
Brousser, 2009). Complications include seizures, brain
edema, lobar hemorrhage, subarachnoid hemorrhage,
and ischemic stroke (Chen et al., 2006; Calabrese et al.,
2007; Ducros and Brousser, 2009; Feske and Singhal,
2014). RCVS can be a manifestation of pre-eclampsia
or eclampsia, but it can also be caused by craniocervical
dissection, blood transfusion, cocaine, serotonin reuptake
inhibitors, immunosuppressive drugs, and other medica-
tions (Ducros, 2012). Postpartum angiopathy falls within
the spectrum of RCVS, and usually occurs within 1 week
of delivery and after a normal pregnancy (Ducros, 2012;
Fugate et al., 2012). Treatment goals include blood pres-
sure control and seizuremanagement (Feske and Singhal,
2014). Induced hypertension and balloon angioplasty
have been used in cases of refractory or severe vasocon-
striction (Frontera and Ahmed, 2014). Some authors
promote the use of magnesium as part of the treatment
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strategy (Feske and Singhal, 2014). Symptoms usually
subside over 2–3 months (Calabrese et al., 2007;
Ducros and Brousser, 2009).

Brain tumors are rare in pregnancy. Patients with
intracranial tumors can present with seizures, headache,
focal neurologic deficits, or signs of increased ICP (such
as nausea and vomiting, visual changes, or alteredmental
status). Brain tumors are not more common in pregnant
and postpartum women, but symptoms may present
or worsen during pregnancy as a result of an increase
in extracellular fluid volume in the late second and
third trimesters (Antonelli et al., 1996; Stevenson and
Thompson, 2005), and due to hormonal changes that pro-
mote the growth of certain tumors (Antonelli et al., 1996;
To and Cheung, 1997; Stevenson and Thompson, 2005).
The most frequent brain tumors in pregnant women are
gliomas (38%),meningiomas (28%), and acoustic neuro-
mas (14%) (Stevenson and Thompson, 2005).MRI is the
preferred imaging study to detect suspected brain tumors
(Stevenson and Thompson, 2005).

Acute infarction or hemorrhage of the pituitary gland
can present with headache, visual loss, ophthalmoplegia,
and alteration of consciousness (Edlow et al., 2013).
Pituitary apoplexy usually occurs in the setting of a
pituitary adenoma (Edlow et al., 2013), but in pregnant
patients it can occur when no adenoma is present
(Ranabir and Baruah, 2011). The pituitary gland enlarges
during pregnancy but this rarely leads to apoplexy
(Edlow et al., 2013). Pituitary apoplexy associated with
altered mental status, visual changes, or other clinical
instability is a neurosurgical emergency (Ranabir and
Baruah, 2011). Delay in treatment can lead to permanent
visual loss and long-term endocrinopathies (Ranabir
and Baruah, 2011). Additionally, corticosteroids should
be given to avoid an addisonian crisis (Sheth and
Sheth, 2012).

NEURODIAGNOSTICSANDIMAGING

The use of diagnostic studies should be guided by results
of the history and physical (Zeigler, 1985). Evaluation
for suspected cerebrovascular disease or other neurologic
emergencies should not be delayed purely due to per-
ceived risks of radiologic studies to the fetus (Sheth
and Sheth, 2012). In pregnant woman it is especially
prudent to coordinate needed imaging studies with radi-
ology, in order to minimize duplicative or unnecessary
tests (Edlow et al., 2013).

LP to obtain CSF for study is an important test to send
whenever meningitis or encephalitis is suspected. LP is
also an important diagnostic step in patients whose radio-
graphic imaging is negative but suspicion remains for
subarachnoid hemorrhage. Once a differential diagnosis
is carefully considered, LP can help exclude or confirm

inflammatory conditions and can allow for cytologic
examination of the CSF. Risks of LP include infection,
bleeding, headache, CSF leak and, in some cases,
cerebral herniation. Cerebral imaging is usually done
before LP for any patient suspected of having cerebral
edema, obstructive hydrocephalus, or intracranial mass
lesion that may lead to cerebral herniation. In cases
where herniation risk is high, defer LP until the risk
decreases and treat the patient empirically (for example,
with antibiotics after blood cultures are sent in cases of
possible central nervous system infection) (Roos and
Greenlee, 2011).

Electroencephalogram (EEG) should be used when-
ever new-onset seizure has occurred or ongoing seizure
activity is suspected. This includes patients who have
coma or altered mental status with no known etiology
(Towne et al., 2000). EEG may help narrow down
potential etiologies of encephalopathy, such as hepatic
encephalopathy or that caused by herpes encephalitis.
EEG can help individually guide the use of therapy for
status epilepticus, and should be performed in any
patient who is not regaining consciousness 2 hours after
being treated for status epilepticus; those requiring
pharmacologic coma for refractory status epilepticus in
order to evaluate the possibility of ongoing seizure
without overt clinical signs, also called subclinical status
(Manno, 2003); and patients whose clinical features
are suggestive of nonepileptic seizures (Lawn and
Wijdicks, 2002).

Electromyogram (EMG) and nerve conduction stud-
ies (NCS) can help diagnose peripheral nerve, neuromus-
cular junction, and muscle disease (Patten, 1996). In
some diseases, the extent of damage as revealed on
EMG/NCS can help predict prognosis for recovery
(Bella and Chad, 1998). Pregnancy is not a contraindica-
tion to either EMG or NCS.

In general, elective neuroimaging should be deferred
until after pregnancy (Bove and Klein, 2014). However,
in the case of neurologic emergency, imaging studies
should be selected with the goals of establishing diagno-
sis while minimizing potential risks (Bove and Klein,
2014). When possible, risks and benefits should be dis-
cussed with the pregnant patient (Bove and Klein, 2014)
or her surrogate decision maker, and informed consent
should be obtained (American College of Obstetricians
and Gynecologists, 2004; Klein and Hsu, 2011). Collab-
orative decision making with radiology can help ensure
efficient selection of the proper imaging study in order
to save time and money while minimizing risks
(Edlow et al., 2013). In general, most necessary tests
can be performed safely (Honiden et al., 2013).

Ionizing radiation associated with conventional X-ray
and CT can have teratogenic, carcinogenic, and muta-
genic effects (American College of Obstetricians and
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Gynecologists, 2004). The risk of teratogenesis is prob-
ably highest between 8 and 15 weeks of gestation
(American College of Obstetricians and Gynecologists,
2004). Fetal radiation exposure during a noncontrasted
head CT is minimal (American College of Obstetricians
and Gynecologists, 2004; Williams and Fletcher, 2010;
Klein and Hsu, 2011), but any exposure may increase
the likelihood of childhood malignancy, especially leuke-
mia (Centers for Disease Control and Prevention, 2014).
However, there is no absolute contraindication to any
radiologic test that is medically necessary during preg-
nancy (Gaffney, 2014). In nonpregnant women, noncon-
trasted head CT scan is usually the radiographic study
of choice to assess for emergency conditions such as sub-
arachnoid hemorrhage, ICH, and obstructive hydrocepha-
lus. CT is useful in identifying emergencies because it
requires very little time to perform, is sensitive for blood,
and can reveal preliminary information about changes in
brain structure (Jauch et al., 2013). Iodinated contrast is
pregnancy category B, and carries a possible risk of neo-
natal hypothyroidism (Bove and Klein, 2014). Ideally,
informed consent would be obtained before administra-
tion of iodinated contrast during pregnancy (Honiden
et al., 2013). In practice, iodinated contrast is usually
avoided in this patient population (Bove and Klein,
2014) unless essential for proper diagnosis (American
College of Obstetricians and Gynecologists, 2004).

Ultrasound and noncontrasted MRI are considered
safe during pregnancy (Gaffney, 2014). MRI provides
more detailed brain imaging and is the study of choice
to confirm acute ischemic stroke, and to look for brain
tumors, focal areas of infection, inflammatory condi-
tions, and demyelinating diseases. MRI is recommended
preferentially over CT for imaging spinal cord pathology,
but a CT of the spine to assess bony anatomy is often
obtained before MRI in the setting of trauma (Burns
and Selzer, 2009). MRI is useful in diagnosing PRES,
as it will show transient fluid-attenuated inversion recov-
ery and T2 abnormalities in the subcortical regions of the
parietal occipital lobes (Zeeman, 2006). Early cerebral
imaging in suspected stroke is important for prompt
diagnosis and treatment to improve maternal morbidity
and mortality. MRI is not usually done prior to consider-
ation of t-PA for stroke because of the time it takes to
complete the study. MRI of the brain with MR angio-
graphy of the head and neck should be performed in
patients with transient ischemic attack to maximize
stroke risk factor management, provided there is no
contraindication to MRI such as pacemaker (DeLaPaz
et al., 2011). MRI is preferred if CVST is suspected for
several reasons: it can provide vessel imaging without
contrast, it can demonstrate infarcts, and it spares the
fetus the risks of ionizing radiation (Bove and Klein,
2014). In nonpregnant patients, MRI is usually part of

the workup for new-onset seizures, if head CT is unre-
vealing of etiology (Bleck, 2012). In pregnant women
with new-onset seizures,MRI should probably be the ini-
tial imaging study of choice over CT if time permits,
since MRI is more sensitive for common seizure etiolo-
gies such as PRES (Edlow et al., 2013). Gadolinium
enhancement for MRI is pregnancy category C, and
therefore best avoided if possible (De Santis et al.,
2007) unless the information gained would directly ben-
efit the patient or fetus (Webb et al., 2005). Gadolinium
may theoretically introduce a risk of nephrogenic sys-
temic fibrosis of fetal kidneys and therefore the risks
and benefits of administration should be carefully con-
sidered (Chen et al., 2008).

HOSPITAL COURSE ANDMANAGEMENT

An initial treatment priority in critically ill pregnant and
postpartum women is to ensure adequate airway, breath-
ing, and circulation. In addition to issues of gas exchange
causing respiratory failure, airway compromise may
occur due to altered mental status or cranial nerve dys-
function from neurologic complications. Weakness due
to spinal cord or neuromuscular disease may cause hypo-
ventilation, as might irregular respiratory patterns from
brain pathology (Roppolo and Walters, 2004). Some
possible neurologic triggers for intubation include a
Glasgow Coma Scale of less than 8 (Dunham et al.,
2005), impaired gag reflex, inability to handle oral secre-
tions, failure to oxygenate, failure to ventilate, and antic-
ipated clinical decline (Roppolo and Walters, 2004).

Noninvasive positive-pressure ventilation is not com-
monly used in pregnant patients due to the increased risk
of aspiration (Al-Ansari et al., 2007). If it is considered in
patientswith rapidly reversible causes of respiratory insuf-
ficiency, careful monitoring is required (Mallampalli
et al., 2010). Noninvasive positive-pressure ventilation
should not be used in patients with impairedmental status,
hemodynamic instability, or difficulty handling oral secre-
tions due to cranial nerve abnormalities (Roppolo and
Walters, 2004; Mallampalli et al., 2010).

Besides the common preventive measures implemen-
ted to prevent thromboembolic disease, constipation,
peptic ulcer disease, and hospital-acquired infections,
patients with central nervous system injury require
efforts to prevent secondary brain injury. In general, this
requires promoting the balance between oxygen supply
and demand, while ameliorating factors that contribute
to inflammatory or excitotoxic damage. Oxygen supply
can be improved by avoiding hypoxia, controlling ICP
to allow for arterial delivery of blood, and determin-
ing appropriate blood pressure goals (Wright and
Geogadin, 2006). Fever and seizure can also cause
increased brain oxygen demand out of proportion to
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supply (Wright and Geogadin, 2006) and therefore
should be avoided or aggressively treated. Therapeutic
hypothermia has not been studied in pregnancy, but it
is used in the treatment of severely increased or refrac-
tory intracranial hypertension (Frontera and Ahmed,
2014), and has been reported as a supportive measure
in the setting of hemodynamic collapse from amniotic
fluid embolism (Ocegueda-Pacheco et al., 2014). Hypo-
natremia is the most commonly encountered electrolyte
disorder in pregnancy (Pazhayattil et al., 2015), but it
is not well tolerated in patients with acute intracranial
processes, because it can cause cerebral edema and is
a risk factor for seizures (Wright, 2012). In pregnant
and postpartum women, relieving pain and anxiety is
an important treatment goal (Price et al., 2008) and can
help maintain the balance between cerebral metabolic
supply and cerebral metabolic demand (Wright and
Geogadin, 2006).

Treatment of specific conditions

SEIZURES

It is unclear why seizure rate goes up in pregnant women
(Meador, 2014). More studies are needed to figure out
which AEDs have the lowest teratogenicity rates and
yet control the seizures, especially when used in combi-
nation (Meador, 2014). Based on a recent update on the
AEDs introduced since 1990, levetiracetam seems to be a
good choice in pregnant women, whereas valproic acid
seems to confer higher risk than other AEDs (Vadja
et al., 2014).

Magnesium sulfate is the medication of choice to pre-
vent recurrent eclamptic seizures (Neligan and Laffey,
2011). Respiratory depression or arrest can result from
magnesium toxicity, but can be reversed with calcium.
Magnesium toxicity is rare in the absence of renal failure
(Neligan and Laffey, 2011).

ISCHEMIC STROKE

Pregnant women were excluded from tPA trials, so many
questions about safety and efficacy remain unanswered
(Feske and Singhal, 2014). Pregnancy is a relative con-
traindication to intravenous tPA, but not an absolute con-
traindication (Jauch et al., 2013). Cases of successful IV
tPA and intra-arterial therapy have been reported
(Johnson et al., 2005; Murugappan et al., 2006; Del
Zotto et al., 2011). Case series indicate that adverse
effects are uncommon, therefore IV tPA should be con-
sidered during pregnancy (Frontera and Ahmed, 2014).
IV tPA should probably not be given in patients whose
stroke is due to hypertensive encephalopathy associated
with pre-eclampsia or eclampsia due to risk of cerebral
hemorrhage (Feske and Singhal, 2014). Patients with

contraindications to IV tPA or those who have large-
vessel strokes and are not improving after IV tPA should
be evaluated for intra-arterial thrombolysis or mechani-
cal clot retrieval (Frontera and Ahmed, 2014).

ANEURYSMAL SUBARACHNOID HEMORRHAGE

Early treatment of a ruptured aneurysm reduces mortality
for mother and fetus (Dias and Sekhar, 1990). Therefore,
treatment should proceed as in nonpregnant patients
(Feske and Singhal, 2014). The choice to clip or coil an
aneurysm remains controversial. Some authors suggest
that endovascular coiling in this patient population is pref-
erable to the operative risks of clipping, even though it
comes with greater radiation exposure (Frontera and
Ahmed, 2014). Others preferentially support aneurysm
clipping, but suggest that endovascular coiling may be
considered as a treatment option with proper shielding
to minimize fetal radiation (Meyers et al., 2000). As with
nonpregnant patients, aneurysmal subarachnoid hemor-
rhage patients should be treated at high-volume centers,
and by a multidisciplinary team that can evaluate each
patient for the proper aneurysm obliteration technique
and treat the serious complications that can result from
subarachnoid hemorrhage, including cerebral vasospasm
and hydrocephalus (Diringer et al., 2011). If there are
urgent obstetric issues, an emergent caesarean section
may need to take place, followed by surgical or endovas-
cular control of the aneurysm (Feske and Singhal, 2014).

BRAIN TUMORS

It has been hypothesized that hormonal changes during
pregnancy can influence tumor growth and trigger the
development of neurologic symptoms (Stevenson and
Thompson, 2005; Cowppli-Bony et al., 2011). In order
to safeguard maternal outcome, the same options that
are appropriate for nonpregnant women should be con-
sidered for pregnant women, and administered without
delay if possible (Verheecke et al., 2014). Neurosurgical
resection is the definitive therapy for most malignant
and growing benign intracranial tumors (Verheecke
et al., 2014). Optimal timing is a matter of debate, since
surgery in the first trimester can increase the risk of
miscarriage, yet early intervention can prevent progres-
sive maternal neurologic decline (Verheecke et al.,
2014). For example, high-grade glioma should be
resected as soon as possible (Antonelli et al., 1996;
Stevenson and Thompson, 2005). Steroids can help
reduce cerebral edema associated with brain tumors
(Stevenson and Thompson, 2005). The choice for adju-
vant chemotherapy in pregnant women is a more com-
plex matter that is beyond the scope of this chapter.
However, in general, the different treatment options
should be coordinated in a multidisciplinary setting
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based on available evidence regarding the risks and ben-
efits (Stevenson and Thompson, 2005). For the most
part, treatment with standard protocols during pregnancy
with a goal of a full-term vaginal delivery is feasible
(Verheecke et al., 2014).

CLINICALTRIALSANDGUIDELINES

Clinical trials and guidelines specifically addressing the
issue of neurologic complications in critically ill pregnant
women are lacking.Many of the guidelines published that
help guide the care of pregnant women do not address the
intersection of critical illness and neurologic complica-
tions, other than eclampsia. The Maternal Critical Care
Working Group published guidelines in 2011 that recom-
mended care settings based on level of illness. For exam-
ple, some indications for critical care unit placement could
include the need for ICP monitoring or magnesium infu-
sion to control seizures. The Food and Drug Adminis-
tration assigns risk categories to drugs depending on
evidence of risk of harm to the fetus (Doering et al.,
2014). While this can be helpful when choosing between
medications, some neurologic emergencies present lim-
ited options for treatment, and the “safest” option for
the fetus is the one that will best treat the mother.

It is increasingly common that hospitals have protocols
to address neurologic emergencies such as stroke and
status epilepticus. However, these guidelines do not com-
monly address issues specific to pregnancy. One can seek
guidance fromguidelines basedon specific diagnoses such
as acute ischemic stroke (Lansberg et al., 2012; Jauch
et al., 2013), subarachnoid hemorrhage (Diringer et al.,
2011), ICH (Morgenstern et al., 2010), transient ischemic
attack (Easton et al., 2009), nontraumatic headache
(Cortelli et al., 2004; Edlow et al., 2008), neuromuscular
disease (Gronseth and Barohn, 2000; Hughes et al., 2003;
Skeie andApostolski, 2010; Patwa et al., 2012), traumatic
brain injury (TheBrain Trauma Foundation, 2007), spinal
cord injury (Consortium for Spinal Cord Medicine,
2008), status epilepticus (Brophy et al., 2012), and bacte-
rial meningitis (Chaudhuri et al., 2008).

Status epilepticus

When a pregnant woman presents with status epilepticus,
she should be treated with standard protocols because
stopping any ongoing seizures will minimize harm to
the patient and fetus (Kass, 2014). Magnesium should
be given if eclampsia is suspected or confirmed, but addi-
tional AEDs may be needed (Brophy et al., 2012).
Recently published guidelines for the treatment of status
epilepticus recommend lorazepam for initial benzodiaz-
epine administration, followed by either fosphenytoin or
levetiracetam infusion as emergent initial therapy
(Brophy et al., 2012). Fosphenytoin is pregnancy class

D, but it is within the standard of care to use it when
treating this life-threatening emergency (Kass, 2014).
Data from recent registries suggest that newer AEDs
are associated with fewer risks to the fetus (Molgaard-
Nielsen, 2011), therefore levetiracetam for the treatment
of status epilepticus in pregnant women can be consid-
ered instead of fosphenytoin (Brophy et al., 2012).

Severe hypertension, severe pre-eclampsia,
and eclampsia

The American College of Obstetricians and Gynecologists
recommends treating severe systolic blood pressure eleva-
tions (defined as greater than 160 mmHg) or diastolic blood
pressure elevations (defined as greater than 110 mmHg)
that are sustained for at least 15 minutes. Labetalol and
hydralazine are generally considered first-line agents, but
nifedipine was added as an alternative for first-line therapy
in recent guidelines (American College of Obstetricians
and Gynecologists, 2015). Magnesium sulfate administra-
tion is indicated to prevent seizures in patients with pre-
eclampsia and to prevent seizure recurrence in eclampsia
(American College of Obstetricians and Gynecologists,
2015). Delivery of the fetus is recommended after the
patient is stabilized (American College of Obstetricians
and Gynecologists, 2002).

Acute ischemic stroke

When a pregnant or postpartum woman presents with
signs and symptoms consistent with stroke, first ensure
adequate airway, breathing, and circulation. Perform a
National Institutes of Health Stroke Scale (NIHSS) and
document the score. One must exclude ICH as a cause
of symptoms. Pregnancy is a relative contraindication
to IV tPA, but not an absolute contraindication (Jauch
et al., 2013). The time window for delivery of IV tPA
was traditionally 3 hours, but it can be extended from
3 to 4.5 hours if the patient is not on warfarin (regardless
of international normalized ratio), if the NIHSS is less
than 25, and provided that the patient does not have a
history of both diabetes and previous stroke. In order
to receive IV tPA, the patient or surrogate should
provide informed consent, and blood pressure must be
controlled such that systolic blood pressureP is less than
185 mmHg and diastolic blood pressure is less than
110 mmHg (Jauch et al., 2013). The guideline recom-
mendations for aspirin administration, statin therapy,
and glucose control are applicable regardless of preg-
nancy status (Jauch et al., 2013).

Cerebral venous thrombosis

The treatment for CVST is anticoagulation. Unfractio-
nated heparin has been associated with developmental
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abnormalities and bleeding in the fetus. Therefore, low-
molecular-weight heparin (LMWH) is preferred over
unfractionated heparin. Vitamin K antagonists such as
warfarin are contraindicatedduringpregnancy. Full antico-
agulant doses of LMWH should be continued throughout
pregnancy, and LMWH or vitamin K antagonists should
be continued for at least 6 weeks postpartum, for a mini-
mum treatment time of 6 months (Saposnik et al., 2011).
Fibrinolytic therapy can be considered in patients who
deteriorate despite full systemic anticoagulation, or in
patients who have absolute contraindications to anticoagu-
lation. Anticoagulation therapy should not be withheld in
the presence of hemorrhagic infarction that occurred as a
consequence of the CVST. In the setting of rapid deterio-
ration due to cerebral edema, decompressive hemicraniect-
omy can be life-saving (Saposnik et al., 2011).

COMPLEXCLINICAL DECISIONS

When an ethical debate occurs in the context of the
maternal–fetal relationship, it is often centered on the idea
that the fetus is considered an individual patient (van
Bogaert and Dhai, 2008). Clinicians should use respect
for the pregnant woman’s autonomy as the guiding princi-
ple through such ethical dilemmas (van Bogaert and Dhai,
2008). If neurologic complicationsprevent thewomanfrom
making her own decisions, surrogate decisions makers and
substituted judgment will need to be relied upon (van
Bogaert andDhai, 2008).Maternal critical illness poses sig-
nificant risk to the fetus (Price et al., 2008). It is usually the
case that attending to the health of the mother supports the
well-being of the fetus (Honiden et al., 2013). Rarely, how-
ever, the best interests of themother and the best interests of
the fetus conflict. American professional organizations
have emphasized that the professional’s obligation to save
the life of the mother supersedes the duty to the fetus.
The principle of autonomy dictates that no action should
proceed that is against the mother’s expressed wishes
(Honiden et al., 2013). At times, improving maternal path-
ophysiology is dependentondelivering the fetus.Clinicians
must balance the risks of premature delivery versus the
maternal benefit from delivery, but the mother’s health
should ultimately be the priority (Price et al., 2008).

Since stabilizing the mother is essential to good fetal
care, one should consider early transfer to a critical care
unit (Neligan and Laffey, 2011). Neurocritical care units
offer multidisciplinary expertise for critically ill pati-
ents with neurologic illness or neurologic complications
(Sheth and Sheth, 2012). Ideally, such patients should
be cared for in a setting that allows access to expertise
in obstetrics, neurology, neurosurgery, radiology, and crit-
ical care (Edlow et al., 2013) and in a way that applies
critical care principles based on the physiologic changes
unique to pregnancy (Gaffney, 2014).

Advances in treatment for acutely ill neurologic patients
include the proliferation of neurocritical care units. Neu-
rointensive care units provide multidisciplinary, multipro-
fessional care in a setting rich with advanced neurologic
monitoring devices (Wright, 2007). Neurocritical care pro-
viders are skilled at providing brain-oriented intensive
care, including aggressive ICP management with modali-
ties such as osmotherapy and hypothermia. (Wright and
Geogadin, 2006). Patients with nonsurgical neurologic
emergencies that could benefit from a neurointensive care
setting include those being evaluated for eclampsia, status
epilepticus, central nervous system infection, increased
ICP, large ischemic stroke, CVST, rapidly progressive
weakness, coma, and, of course, any patient with an acute
neurologic condition that would meet traditional hemody-
namic or respiratory triggers for ICU care.

Diagnoses that prompt urgent or emergent evaluation
by a neurosurgical service (Table 35.3) should similarly

Table 35.3

Emergency and pathologic causes of headache during

pregnancy and the puerperium

Emergency causes
Severe pre-eclampsia or eclampsia
Subarachnoid hemorrhage
Acute expansion of unruptured intracranial aneurysm,
intracranial tumor, or other intracranial mass lesion

Intracerebral hemorrhage
Cerebral venous sinus thrombosis
Ischemic stroke
Internal carotid or vertebral artery dissection
Posterior reversible leukoencephalopathy
Reversible cerebral vasoconstriction syndrome/postpartum
angiopathy

Epidural hematoma
Subdural hematoma
Pituitary apoplexy
Obstructive hydrocephalus
Meningitis
Herpes simplex encephalitis
Brain abscess
Other pathologic causes
Arteriovenous malformation
Brain tumor
Communicating hydrocephalus
Reversible cerebral vasoconstriction syndrome
Low-pressure headache
Idiopathic intracranial hypertension
Central nervous system infection
Idiopathic intracranial hypertension
Traumatic brain injury
Viral encephalitis and meningitis
Central nervous system vasculitis

Information from Cortelli et al. (2004); Edlow et al. (2008); Jamieson

(2009); Green (2012); Lester and Liu (2013).
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prompt admission to a critical care unit. Subarachnoid
hemorrhage patients need emergent evaluation for
ruptured aneurysm. If an aneurysm is found, early inter-
vention to secure it can present the catastrophic conse-
quences of re-rupture (Diringer et al., 2011). ICH does
not usually require surgical intervention, but it may be
caused by vascular malformation. Additionally, patients
with ICH or subarachnoid hemorrhage may need CSF
diversion via ventriculostomy. Neurosurgeons should
be made aware of patients with stroke or hemorrhage
of the cerebellum, as these patients may need suboccipi-
tal craniectomy for cerebral edema. Similarly, large
ischemic cortical stroke (which usually means a stroke
greater than one-third to one-half of the middle cerebral
artery territory) may require hemicraniectomy if swelling
becomes significant. Acute obstructive hydrocephalus
requires emergency CSF diversion, and further manage-
ment will depend on the cause.

Maternal brain death and somatic support

When a pregnant woman suffers cardiac arrest or if
maternal death is considered imminent, the welfare of
a potentially viable fetus should take a more prominent
role in the treatment paradigm. Brain death is defined
as the irreversible loss of all brain function, including that
of the brainstem. Once a formal declaration of death is
made, it is futile and unethical to continue to provide
support for vital organs (also called somatic support).
However, maternal brain death is a potential exception
since a fetus is present (Farragher and Laffey, 2005),
especially if that fetus is near or has reached viability
(Mallampalli and Guy, 2005).

Providing somatic support after brain death is rare
(Powner and Bernstein, 2003) and it should not be
done if it is against the express wishes of the mother.
Providing somatic support may seem expensive, but
Neligan and Laffey (2011) point out that the cost may
actually be lower than the long-term cost of supporting
a severely premature neonate. A brain-dead mother
can make fetal support difficult due to issues such as
hypothermia, panhypopituitarism, and hypotension.
If cardiac arrest occurs, cesarean delivery performed
within 4 minutes of cardiac arrest may optimize fetal
and maternal outcomes. In a nonbrain-dead pregnant
woman who suffers a cardiac arrest, cardiopulmonary
resuscitation should continue uninterrupted during
and following delivery (Honiden et al., 2013). How-
ever, in a woman who has already been declared
brain-dead, cardiopulmonary resuscitation would not
continue after delivery of the fetus. As with somatic
support, delivery in the setting of cardiac arrest should
not be performed if it is against the mother’s stated
wishes (Honiden et al., 2013).

OUTCOMEPREDICTION

Data regarding outcomeprediction in critically ill obstetric
patients are lacking. Speculating on the prognosis of the
most critically ill patients is difficult due to lack of accurate
prognostic models. Clinical nihilism can lead to a self-
fulfilling prophecy, meaning that a falsely skewed percep-
tion early in treatment that the patient will not do well will
lead to early termination of life-sustaining therapies,
which forces the poor-prognosis prediction to become true
(Hemphill and White, 2009). Scoring systems designed
for critically ill patients tend to be inaccuratewhen applied
to pregnant women for a variety of reasons (Lapinsky,
2014). First, obstetric patients only account for a small
percentage of ICU patients, so they tend to be underre-
presented in critical care studies (Pollock et al., 2010).
Second, normal physiologic changes in pregnancy are
scored as “abnormal” in many of the traditional ICU
predictive scoring models (Honiden et al., 2013). Addi-
tionally, some obstetric-specific disorders have unique
treatments not available otherwise (Honiden et al.,
2013). Ideally, one would use a scale with diagnosis-
specificweighting, but suchweighting is not usually avail-
able for obstetric diagnoses (Lapinsky, 2014).

Advances in critical care have resulted in reducedmor-
tality (Adhikari et al., 2010), so more patients are surviv-
ing critical illness. However, questions remain about the
effect of critical illness on brain structure and function
(Hopkins and Jackson, 2012). Survivors of critical illness
are prone to post-ICU cognitive impairment, though etiol-
ogy and mechanisms are unclear (Hopkins and Jackson,
2012). Some of the identifiedmechanisms include hypox-
emia, hypotension, glucose dysregulation, inflammation,
and cytokine-activated immune system dysregulation
(Elenkov et al., 2005;Hopkins et al., 2010).Other possible
risk factors probably include an interaction of factors like
genetic markers, age, and comorbid chronic medical dis-
orders (Hopkins and Jackson, 2012). It is unclear if preg-
nancy confers any additional risks for long-term cognitive
deficits. It is known that, in general, the overall prognosis
in pregnant women with ICH is worse than pregnant
womenwith ischemic stroke (Sharshar et al., 1995). How-
ever, specialized neurocritical care units have been shown
to improve outcomes in intracranial hemorrhage (Diringer
and Edwards, 2001; Damian et al., 2013), myasthenia
gravis, and GBS (Damian et al., 2013). A registry of
pregnant and postpartum patients with acute neurologic
emergencies might improve the understanding of out-
comes in this patient population (Edlow et al., 2013). In
general, however, a clinician should not be nihilistic when
caring for critically ill obstetric patients (Sheth and Sheth,
2012). Aggressive care can allow a patient to leave the
ICU and potentially participate in a rehabilitation program
(Sadowsky et al., 2011).
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NEUROREHABILITATION

Critically ill patientswith neurologic complications should
be assessed by physical therapy, occupational therapy, and
speech-language pathology as indicated, to assist in proper
transition out of the hospital. The patient might need addi-
tional multiprofessional, multidisciplinary rehabilitation
services after a hospital stay if her illness or injury has
caused functional limitation in order to help her improve
or recover lost function (Sadowsky et al., 2011).

Studies on the rehabilitation needs of critically ill
obstetric women are lacking. In one study, two-thirds
of obstetric patients with ischemic and hemorrhagic
stroke left the hospital with neurologic deficits
(Skidmore et al., 2001). Most (63%) patients with hem-
orrhagic stroke were discharged to a nursing home, but
most (73%) with ischemic stroke were able to be dis-
charged home (Skidmore et al., 2001). One case report
in a pregnant woman with GBS indicates that pregnant
women have some additional considerations for rehabil-
itation, including the need to perform childcare activities
after childbirth (Wada et al., 2010). Many patients leav-
ing the ICU may need cognitive rehabilitation (Hopkins
and Jackson, 2012). Understanding the post-ICU neuro-
logic deficits and cognitive morbidities will help more
firmly formulate rehabilitation needs and could help
better quantify the benefits of rehabilitation (Hopkins
and Jackson, 2012).
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Chapter 36

Neurologic complications of sepsis

E. SCHMUTZHARD* AND B. PFAUSLER
Neurocritical Care Unit, Department of Neurology, Medical University Innsbruck, Innsbruck, Austria

Abstract

Over the past decades, the incidence of sepsis and resultant neurologic sequelae has increased, both in
industrialized and low- or middle-income countries, by approximately 5% per year. Up to 300 patients
per 100 000 population per year are reported to suffer from sepsis, severe sepsis, and septic shock. Mor-
tality is up to 30%, depending on the precision of diagnostic criteria. The increasing incidence of sepsis is
partially explained by demographic changes in society, with aging, increasing numbers of immunocom-
promised patients, dissemination of multiresistant pathogens, and greater availability of supportive med-
ical care in both industrialized and middle-income countries. This results in more septic patients being
admitted to intensive care units. Septic encephalopathy is a manifestation especially of severe sepsis
and septic shock where the neurologist plays a crucial role in diagnosis and management. It is well known
that timely treatment of sepsis improves outcome and that septic encephalopathy may precede other signs
and symptoms. Particularly in the elderly and immunocompromised patient, the brain may be the first
organ to show signs of failure. The neurologist diagnosing early septic encephalopathy may therefore con-
tribute to the optimal management of septic patients. The brain is not only an organ failing in sepsis
(a “sepsis victim” – as with other organs), but it also overwhelmingly influences all inflammatory pro-
cesses on a variety of pathophysiologic levels, thus contributing to the initiation and propagation of septic
processes. Therefore, the best possible pathophysiologic understanding of septic encephalopathy is essen-
tial for its management, and the earliest possible therapy is crucial to prevent the evolution of septic
encephalopathy, brain failure, and poor prognosis.

EPIDEMIOLOGY

Sepsis is an increasing major health problem, affecting
millions of people annually, on a worldwide basis. Up
to 750 000 persons in the USA andmore than onemillion
in the European Union are diagnosed with sepsis each
year (Engel et al., 2007; Kumar et al., 2011; Angus
and van der Poll, 2013; Chaudhary et al., 2014; Cohen
et al., 2015; Cross et al., 2015; Tiru et al., 2015; Yealy
et al., 2015).

Up to a quarter of patients in general intensive care
units (ICUs) have severe sepsis (Engel et al., 2007).
Besides the aging of society, it is progress in all fields
of medicine, ranging from emergency medicine to sur-
gery, from dermatology to transplantation medicine,
from neurology to internal medicine and immunology

and, in particular, advances in immunomodulating ther-
apies, which has contributed to the increase of sepsis syn-
drome, severe sepsis, and septic shock and, in turn, septic
encephalopathy (Gaieski and Goyal, 2013; Chaudhary
et al., 2014; Kaukonen et al., 2015; Yealy et al., 2015).

Within less than a decade, the hospital admission rate
for severe sepsis in the USA increased from 143 per
100 000 persons to 343 per 100 000 (Kumar et al.,
2011). There was a similar increase in European coun-
tries and an even greater one in middle-income countries
(Engel et al., 2007). On a worldwide basis, up to 1400
patients die from sepsis each day (Gaieski and Goyal,
2013). Mortality due to sepsis is more frequent than mor-
tality due to myocardial infarction or ischemic stroke.
There is a strong relationship between the subtype of
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sepsis and mortality. Around 70% of all patients with
sepsis present only with sepsis syndrome, with a mortal-
ity of 5–15%. Another 20% have severe sepsis, with an
expected mortality of 25–35%, while 10% are admitted
to the ICU with septic shock, with a mortality ranging
from 40 to 60% (Winters et al., 2010). Septic shock
involves failure of the cardiocirculatory system, with
vasodilatation and therapy-refractory arterial hypoten-
sion, as well as myocardial dysfunction (“septic cardio-
myopathy”), which in turn leads to reduced myocardial
output (Kumar et al., 2000, 2006; Janssens and Graf,
2008; Yealy et al., 2015). If septic shock involves a fail-
ing brain (failing due to multiple factors, such as
increased sympathetic stress response, cerebral edema,
impaired blood–brain barrier, disrupted mitochondrial
function, apoptosis, impaired astrocytic function and
activated microglia), all these pathophysiologic pro-
cesses, aggravated by impaired microcirculation and
secondary hypoxia, contribute to severe neurologic mor-
bidity and even mortality (Bolton et al., 1993; Eidelman
et al., 1996; Ebersoldt et al., 2007; Terborg, 2012;
Sonneville et al., 2013; Hocker and Wijdicks, 2014).
Keeping these aspects in mind, and considering the
description of pathophysiologic processes involved in
organ failure, it is evident that timeliness is crucial in
the management of sepsis syndrome.

Sepsis is a medical and neurologic emergency. The
time elapsing between the first signs and symptoms and
the initiation of appropriate therapy is important for prog-
nosis, morbidity, andmortality (Schmidbauer et al., 2013).
In one large study, each hour of delay in specific antimi-
crobial chemotherapy was associated with a 7% increase
in the probability of death (Kumar et al., 2006). Thus, in
the critical care of sepsis, the first hour is termed the
“golden hour” of management. Treatment during this
“golden hour” should consist of rapid antibiotic therapy,
fluid resuscitation, and adequate oxygen delivery, together
termed early goal-directed therapy (Dellinger et al., 2013).
Although the management of a patient with severe sepsis
or septic shock with early and late bundled therapy has
been correctly criticized (Rivers et al., 2012; ARISE
Investigators et al., 2014; Marik, 2015), rapid emergency
management is still essential, particularly in the early
phases of sepsis management (Rivers et al., 2001;
Dellinger et al., 2013; Marik, 2014).

NEUROPATHOLOGY

Over decades, a range of synonymous terms has been
used for what we call today septic encephalopathy.
The term sepsis-associated delirium (Ely et al., 2001a,
b; Rosengarten et al., 2011) is used for milder cases of
functional impairment of consciousness in septic
patients, whereas in more severe cases, most likely with
structural damage in the brain, the term sepsis-associated

encephalopathy or septic encephalopathy is in use
(Bolton et al., 1993; Eidelman et al., 1996; Ebersoldt
et al., 2007; Terborg, 2012; Sonneville et al., 2013).
However, it needs to be noted that both terms are not easy
to differentiate and are more likely entities of an evolu-
tionary process in sepsis, developing into severe sepsis
or septic shock (Sonneville et al., 2013).

This chapter does not deal with severe infections of
the brain or its surrounding tissues, although sepsis syn-
drome might accompany and aggravate bacterial menin-
gitis, and bacterial meningitis might accompany and
aggravate a sepsis syndrome. Rather, it deals with the
influence of sepsis on the function and morphology of
the brain, a highly important and frequently overlooked
interplay, since the brain is also one of the first (fre-
quently the first) organs failing in sepsis.

Septic encephalopathy is defined as a diffuse, possi-
bly also multifocal, disturbance of cerebral function as
a consequence of the systemic inflammatory response
triggered by the contact of the host with potent patho-
genic microbes (Wilson and Young, 2003).

The brain itself – at least in the early phase – is not
directly “attacked” by the pathogenic microbes. Instead,
it is the overwhelming inflammatory response that is the
major contributor to the disturbance of cerebral function
seen in sepsis encephalopathy. Therefore, noninfectious
processes, which can elicit a similar overwhelming sys-
temic inflammatory response, might also lead to the signs
and symptoms of sepsis, including neurologic dysfunc-
tion, not to be differentiated from sepsis encephalopathy
originating from systemic bacterial or fungal infection.
Up to 70% of patients suffering from sepsis show at least
some kind of cerebral dysfunction, thus qualifying
as having septic encephalopathy (Bone et al., 2009;
Terborg, 2012). Septic encephalopathy is diagnosed both
clinically and electrophysiologically in patients with sep-
sis as severe sepsis (Levy et al., 2003).

The pathophysiologic processes hypothesized or
known to contribute to cerebral dysfunction, thus form-
ing at least part of the basis of septic encephalopathy, are
summarized here.

Endotoxins

Lipopolysaccharides are known to lead to blood–brain
barrier impairment and activation of intracranial cyto-
kines and free radicals, thereby influencing thermoregu-
latory or vegetative centers (T€ollner et al., 2000).

Inflammatory mediators

Release of proinflammatory cytokines (e.g., tumor necro-
sis factor-alpha, interferon-gamma, and interleukin-6)
(Thibeault et al., 2001) is provoked early in disease.
This hyperinflammatory response is followed by anti-
inflammatory counterregulation, with increased levels of
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interleukin-10, leading to a state of immune paralysis
(Semmler et al., 2008). Interleukin-6 induces cyclooxy-
genase II in glial cells, provoking (via prostaglandins)
the activation of the hypothalamus–pituitary axis, thereby
triggering fever and upregulating inducible nitric oxide
synthase, with consequent excessive formation of nitric
oxide (Rosengarten et al., 2009). This highly diffusible
radical easily penetrates the blood–brain barrier and con-
tributes to the formation of oxygen radicals and conse-
quent oxidative stress within the brain tissue, thereby
severely impeding brain function (Fialkow et al., 2007).
These reactive oxygen and nitrogen species are produced
by granulocytes and macrophages. The associated inflam-
matory irritation depletes the antioxidative capacity of the
brain and endothelial cells (Huet et al., 2008), thereby
contributing to disturbance of the microcirculation.

Microcirculation

Within a few hours of the systemic inflammatory
response, the regulatory mechanisms of the microcircu-
lation become severely impaired (Rosengarten et al.,
2009). Proinflammatory cytokines (e.g., tumor necrosis
factor-alpha, interleukin-1B) provoke the expression of
adhesion molecules (e.g., intercellular adhesion mole-
cule (ICAM) or vascular cell adhesion molecule
(VCAM)) and lead, within a short time period, to adhe-
sion of leukocytes, erythrocytes, and thrombocytes on to
the endothelial lining (so-called “rolling” or “sticking”),
in turn leading to cellular infiltration into blood vessel
walls and provoking the extravasation of inflammatory
mediators and fluid (Hoffmann et al., 1999). Such early
disturbance of the microcirculation is difficult to recog-
nize. If it has already led to multiple organ failure, the
reversal is extremely difficult, and overall mortality
is high.

Disturbance of the microcirculation may be responsi-
ble for both functional and structural impairment and dam-
age to the brain, but may also contribute to disturbances of
circulation, leading to hypotension or impairment of per-
fusion in other organs, provoking multiorgan failure
(Ragaller, 2008; Pottecher et al., 2010). Each failing organ
systemmay contribute further to brain dysfunction, aggra-
vating septic encephalopathy via metabolic mechanisms,
including hepatic encephalopathy, coagulation distur-
bances, and secondary bacteremia (Gram-negative bacte-
ria easily migrate through the hypoperfused intestinal
wall). In patients with septic encephalopathy, the vasor-
eactivity (Terborg et al., 2001; Rosengarten et al., 2008)
of intracranial blood vessels (employing acetazolamide
testing) has been shown to be impaired (Szatmári et al.,
2010; Teboul and Duranteau, 2012; De Backer and
Durand, 2014;Vaskó et al., 2014). In areas of the brain suf-
fering from reduced perfusion, the inadequate supply of
oxygen and energy is paralleled by an increase in

biomarkers for hypoxia (Mihaylova et al., 2012). This
inadequate supply of substrate increases the susceptibility
of neuronal cells to even minor secondary or tertiary
impacts, such as mildly increased intracranial pressure
or reduced cerebral perfusion pressure (Rosengarten
et al., 2009).

Blood–brain barrier breakdown

Early in the course of sepsis, the blood–brain barrier may
be disrupted by inhibition of complement, endothelial
inflammation, and nitric oxide-mediated disturbances
of perfusion. Vasogenic edema is quickly paralleled by
cytotoxic edema, and a cascade of excitotoxicity is pro-
voked, thereby contributing to the supply and demand
imbalance within neuronal cells. Blood–brain barrier
breakdown allows catecholamines to aggravate vasocon-
striction, initiate microthrombus formation, and further
reduce brain perfusion (Davies, 2002).

Mitochondrial dysfunction

Cytokines, reactive oxygen and nitrogen species, and
nitric oxide quickly interfere with mitochondrial func-
tion, eventually depleting the neuronal cells of adenosine
triphosphate and, again, tilting the energy balance of
neurons towards insufficient supply (Messaris et al.,
2004; d’Avila et al., 2008; Harrois et al., 2009; Bozza
et al., 2013).

Apoptosis

Caspase 8 and 9 are triggered early during the course of
sepsis and jointly stimulate caspase 3, which eventually
induces apoptosis of neuronal cells (Sharshar et al., 2003;
Messaris et al., 2004, 2008; Semmler et al., 2005). This
apoptosis of neuronal cells is seen predominantly in
highly active brain areas, such as the hippocampus, basal
ganglia, or cerebellum (Hotchkiss and Nicholson, 2006;
Polito et al., 2011; G€otz et al., 2014).

Astrocytic function and microglia activation

Microglial cells are activated and astrocytes malfunction
during the acute phase of inflammation. This activation
may persist, and prolonged inflammatory processes con-
tribute to faster aging of the brain (Semmler et al.,
2005; Widmann and Heneka, 2014). Sepsis surveillance
studies show continued cognitive impairment over time,
paralleled by hippocampal atrophy and electroencephalo-
gram (EEG) changes (Semmler et al., 2005, 2013; Jackson
et al., 2009; Iwashyna et al., 2010).

Fever

Hyperpyrexia has been shown to be a negative factor,
adding damage to otherwise stressed neuronal cells and
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eventually impairing their function, again via an imbal-
ance of energy supply and demand (Sharshar et al.,
2005; Adam et al., 2013).

The inflammatory response activates various hormonal
regulatory circles, including the hypothalamus–pituitary–
adrenal axis and the renin–angiogtensin–alddosterone
system.Cortisol, known to suppress the inflammatory cas-
cade and immune function, activates the gluconeogenesis
in the liver and depletes glucose frommuscles and perhaps
also from the brain, further contributing to energy imbal-
ance. Angiotensin II causes vasoconstriction, possibly
contributing to deterioration ofmicrocirculation and organ
perfusion (Sharshar et al., 2010).

In sepsis, the autonomic nervous system is known to
be clearly impaired. The highly complex interaction and
interplay of the sympathetic and parasympathetic ner-
vous system (Pavlov and Tracey, 2012) are typically dis-
turbed, with dysregulation of both inotropic and
chronotropic effects in the heart and dysmotility of the
gastrointestinal tract (Borovikova et al., 2000a, b;
Tracey, 2009). Activation of the sympathetic nervous
system leads to vasoconstriction (Rosas-Ballina and
Tracey, 2009; Gamboa et al., 2013).

CLINICAL PRESENTATIONAND
NEURODIAGNOSTICS

The diagnosis of septic encephalopathy requires full
recording of laboratory parameters relevant to sepsis
and organ dysfunction, bearing inmind that kidney, liver,
coagulation, and respiratory failure may all contribute to
impairment of brain function (Bone et al., 1992, 2009;
Adam et al., 2013; Hocker and Wijdicks, 2014).

Clinically, the first sign and symptomof a failing brain
in a septic patient is qualitative disturbance of con-
sciousness, with reduced memory, impairment of higher
cortical functions, and disorientation, potentially consis-
tent with delirium (Ely et al., 2001a). Only later in the
course of disease does quantitative impairment of con-
sciousness, with the development of stupor and coma,
occur. Delirium, assessed using standardized tests (such
as the Confusion Assessment Method for the Intensive
Care Unit (CAM-ICU) or Intensive Care Delirium
Screening Checklist (ICDSC)) have high validity and
interrater reliability, such that even early signs of delir-
ium can be detected (Bergeron et al., 2001; Ely et al.,
2001a, b). The neurologic signs and symptoms are usu-
ally diffuse rather than focal, or perhaps multifocal
(Adam et al., 2013). Typically, the cranial nerves do
not show any involvement. Multifocal myoclonus or
“flapping tremor” is usually not seen in sepsis encepha-
lopathy, but may be a consequence of hypoxia or hepatic
encephalopathy. Overt convulsive seizures are rare,
whereas nonconvulsive status epilepticus may be
detected in patients who undergo continuous EEG

monitoring (Chong and Hirsch, 2005; Kurtz et al.,
2014; Gilmore et al., 2015; Oddo and Taccone, 2015).

The severity of septic encephalopathy can be
described by means of quantitative scales (e.g., Glasgow
Coma Scale), neuropsychologic bedside testing, and
EEG (Gilmore et al., 2015).

Table 36.1 lists typical neurologic and neuropsychiat-
ric signs and symptoms of sepsis encephalopathy.

The use of CAM-ICU or ICDSC testing is highly
recommended, although analgesics, sedatives, and other
medications may severely influence this test (Bergeron
et al., 2001; Ely et al., 2001a). Neither meningismus
nor focal neurologic signs and symptoms are seen in
septic encephalopathy. If focality is present, further
active diagnostic workup is warranted to exclude venous
sinus thrombosis, meningitis, brain abscess, endocarditis
with embolization, or other causes of focal signs and
symptoms.

Increased levels of S100b (marker of glial damage)
and neuron-specific enolase (a marker for neuronal dam-
age) are sometimes found in septic encephalopathy
(Hamed et al., 2009), but are highly nonspecific and
should not be used for the quantification of the severity
of septic encephalopathy (Piazza et al., 2007; Hsu et al.,
2008; Zenaide and Gusmao-Flores, 2013; Honor�e et al.,
2014). Metabolic encephalopathies need to be excluded
by appropriate laboratory testing (Casserly et al., 2015).

Cerebrospinal fluid may show increased protein, but
not pleocytosis or increments in glucose or lactate. The
patient may undergo lumbar puncture to exclude a direct
infectious cause of the brain dysfunction, such as menin-
gitis or encephalitis.

Convulsive seizures, nonconvulsive status epilepti-
cus, periodic discharges (generalized, lateralized, or
bilaterally independent) and triphasic waves have all
been described in patients with septic encephalopathy
(Young et al., 1996, 1999; Chong and Hirsch, 2005;
Kamel et al., 2013; Gilmore et al., 2015; Oddo and
Taccone, 2015). The presence and severity of EEG
background abnormalities are associated with altered
clinical, laboratory, and neurologic findings, as well
as the severity of septic encephalopathy and increased
mortality (Young et al., 1999; Gilmore et al., 2015).

Table 36.1

Signs and symptoms of septic encephalopathy (Iacobone

et al., 2009; Lamar et al., 2011; Adamet al., 2013;Hosokawa

et al., 2014)

Fluctuating impairment of concentration
Disorientation
Impairment of attention
Psychomotor slowing
Agitation
Quantitative impairment of consciousness
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In very severe septic encephalopathy, suppression pat-
terns, continuous attenuation, or even-burst suppres-
sion may be found. Lack of EEG reactivity has been
reported to be associated with worse outcome. Tripha-
sic waves, periodic epileptic discharges, frontal inter-
mittent rhythmic delta activity, or electrographic
seizures have been shown to be associated with altered
mental status and severity of sepsis encephalopathy
(Gilmore et al., 2015). Status epilepticus is an indepen-
dent predictor of poor outcome.

Somatosensory evoked potentials show prolonged
interpeak latencies in patients with sepsis compared to
controls (Zauner et al., 2002; Rinaldi et al., 2008;
Hosokawa et al., 2014). In particular, the late-response
N70 generated by the somatosensory cortex ipsilaterally
to the stimulated median nerve and the N20–N70 latency
are more frequently prolonged. This delay is related to
the severity of sepsis, but unaffected by sedation. Audi-
tory evoked potentials have also been found to be
impaired in septic patients (Rinaldi et al., 2008), with
I–V interwave latency being prolonged in the majority
of patients. Visual evoked potentials do not appear to
be affected by sepsis encephalopathy (Hosokawa
et al., 2014).

Brain computed tomography (CT) or magnetic reso-
nance imaging (MRI) should be performed in all patients
who show focal neurologic signs and symptoms, epilep-
tic seizures, or meningismus to exclude other causes of
the brain dysfunction, especially cerebral ischemia, intra-
cranial hemorrhage, meningitis, cerebritis, or brain
abscess, as well as cerebral venous thrombosis. MRI
may reveal posterior reversible encephalopathy syn-
drome (PRES) in some patient, with vasogenic edema
that is usually occipitally accentuated and may involve
both cortical and subcortical structures. In animal exper-
iments, vasogenic and cytotoxic brain edema have been
found both in the basal brain regions, as well as in the
thalamus and cortex (Piazza et al., 2009). MR spectros-
copy yields a reduced N-acetylaspartate/choline ratio as
an indicator of neuronal damage (Davies et al., 2006;
Sharshar et al., 2007).

HOSPITAL COURSEANDMANAGEMENT

Management of sepsis requires appropriate resuscitation,
specific antimicrobial, source control, and adjunctive
therapy (Marik, 2014). These therapies should be initi-
ated as quickly as possible (i.e., within the golden hours)
(Gaieski et al., 2010; Levy et al., 2012; Chaudhary et al.,
2014; Huet and Chin-Dusting, 2014).

The Surviving Sepsis Campaign has proposed for
the first hour to administer the antimicrobial drug(s)
thought to be the most appropriate; initiate vol-
ume resuscitation; measure lactate; and draw blood
cultures.

Organ failure and septic encephalopathy (Siami et al.,
2008) will benefit from rapid administration of specific
antimicrobial therapy and surgical source control. Other
potential adjunctive therapeutic strategies are given in
Tables 36.2 and 36.3.

Table 36.2

Adjunctive therapeutic strategies in severe sepsis/septic

shock (Rivers et al., 2012; Cohen et al., 2015;Mouncey et al.,

2015; Wisdom et al., 2015)

Blood product Antithrombin
Reduction of duration of
disseminated intravascular
coagulation, reduction of mortality

Nutrition Immunonutrition is not supported by
literature; may lead to increased
mortality

Glucose control Avoid glucose variability
Intravenous
immunoglobulins

Do not improve outcome

Selenium Contradictory results
Statins No effect

Table 36.3

Further adjunctive therapeutic measures according to

the guidelines of Surviving Sepsis Campagn (Gaieski et al.,

2010, 2014; Levy et al., 2012; Dellinger et al., 2013;

Schmidbauer et al., 2013; ARISE Investigators et al., 2014;

Wisdom et al., 2015; Yealy et al., 2015)

Measure Recommendation

Mechanical
ventilation

Tidal volume 6 mL/kg kg, PEEP
(8 mmHg or higher), elevated
head of bed (30–45°)

Analgesia and
sedation

Depending on the underlying
disease, as little as possible
during weaning and awakening

Relaxation If possible, no muscle relaxants
If (for pulmonary reason)
unavoidable, maximum 48 hours
(duration)

Acute renal failure Intermittent dialysis or continuous
hemofiltration

Bicarbonate If pH >7.15: no bicarbonate
Deep venous
thrombosis
prophylaxis

Low-molecular-weight heparin,
mechanical prophylaxis

Stress ulcer
prophylaxis

H2-blocking agents and proton
pump inhibitors in case of
increased risk of hemorrhage

If no elevated risk, no prophylaxis
necessary

PEEP, positive end-expiratory pressure.
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Whether the application of cholinesterase inhibiting
agents or recombinant activated protein C are helpful
for septic encephalopathy patients has never been eval-
uated in prospective studies (Spapen et al., 2010).
Long-term sequelae of septic encephalopathy need to
be identified when present, and symptomatic therapy
offered (Annane and Sharshar, 2015).

Severe bacterial meningitis, especially pneumococcal
and meningococcal, may present with sepsis syndrome,
purpura fulminans, or Waterhouse–Friderichsen syn-
drome. Manifestations may be particularly overwhelm-
ing in splenectomized patients. These conditions are
discussed further in Chapter 13. Sepsis may also be com-
plicated by ICU-acquired weakness, which is addressed
in Chapter 29.
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Neurologic complications of acute environmental injuries
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Abstract

Environmental injuries can result in serious neurologic morbidity. This chapter reviews neurologic com-
plications of thermal burns, smoke inhalation, lightning strikes, electric injury, near drowning, decompres-
sion illness, as well as heat stroke and accidental hypothermia. Knowing the pathophysiology and clinical
presentation of such injuries is essential to proper management of primary and secondary medical com-
plications. This chapter highlights the most frequently encountered neurologic injuries secondary to com-
mon environmental hazards, divided into the topics: injuries related to fire, electricity, water, and the
extremes of temperature.

INTRODUCTION

Environmental injuries are common and often prevent-
able events that can be associatedwithmultisystem organ
failure. Management of these injuries often requires a
multidisciplinary approach at centers which specialize
in treating these complex patients - mostly burn centers
with over 100 in the US. The prevalence of environmen-
tal injuries varies depending on geographic location, as
well as the age of the victim. Knowing the pathophysiol-
ogy and clinical presentation of such injuries is essential
to proper management of primary and secondarymedical
complications. This chapter highlights the most fre-
quently encountered neurologic injuries secondary to
common environmental hazards, divided into the topics:
injuries related to fire, electricity, water, and the extremes
of temperature. We will discuss each injury separately.

INJURIESRELATEDTOFIRE (THERMAL
BURNSANDRESPIRATORY

INTOXICATION)

Epidemiology

Burns are a major cause of accidental deaths and injuries
worldwide, accounting for more than 2600 deaths and

13000 injuries in 2010 in theUSA (Istre et al., 2014). Fire-
fighters, military personnel, and industrial workers are
particularly at risk, and burn injuries are associated with
high morbidity and disability (Chapman et al., 2008;
Mian et al., 2011; Mason et al., 2012; Matt et al., 2012).
Moreover, a nation’s income level is negatively correlated
with burn mortality (Peck and Pressman, 2013).

Neuropathology

Survivors of large fires are exposed to different mecha-
nisms of injury, including direct thermal injuries, carbon
monoxide (CO) and cyanide poisoning. Thermal burns
lead not only to extensive deep compromise of the skin
layer, but also to severe systemic inflammation, a hyper-
metabolic, catabolic state, and multiple associated meta-
bolic derangements (Farina et al., 2013). Patients with
severe burns can also present with altered pharmacoki-
netics, due to protein loss, hypermetabolism, hepatic fail-
ure, shock, and renal failure (Blanchet et al., 2008; Steele
et al., 2015).

An entity previously known as “burn encephalo-
pathy” is now best described as burn-induced delirium.
It is believed to be secondary to the multitude of meta-
bolic derangements burn victims usually experience,
such as infections, hypotension, renal failure, electrolyte
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disturbances, altered pharmacokinetics, electrolyte dis-
turbances, hypoxia, pain, and systemic inflammation,
among many others. Psychiatry illnesses secondary to
the traumatic experience can also be contributors. More
recently, burn-induced cerebral inflammation has
emerged as a putative mechanism for the less frequently
encountered diffuse cerebral edema and neuronal dys-
function seen in patients with extensively burned body
surface (Flierl et al., 2009).

Peripheral neuropathies are commonly seen in
patients with extensive and deep burns. These neuropa-
thies derive from neuronal destruction in deep burns as
well as vasa nervorum ischemia, and/or compression
due to tight dressing and incorrect splinting. Medication
toxicity,myopathy/neuropathy of the critically ill patient,
as well as vitamin and mineral deficiencies may cause
secondary neuropathies in burn patients (Lee et al.,
2009b; Tamam et al., 2013).

Survivors of fires are usually exposed to dangerous
fumes leading to respiratory intoxication, including CO
and cyanide.CO is anodorless, colorless gas that is a prod-
uct of incomplete combustion of fuels from multiple
sources.Other sources ofCO include improperly function-
ing heaters or generators and motor vehicles operating in
inadequately ventilated areas. Methylene chloride is a
component of paint remover that is metabolized to CO
by the liver and can cause toxicity. CO exerts its effects
by interferingwithsystemicoxygenationbyrapidlydiffus-
ing through the alveolar-capillary membrane and binding
to hemoglobin more than 200 times faster than oxygen.
The byproduct of this binding is called carboxyhemoglo-
bin, a compoundwith much less capacity of carrying oxy-
gen, which causes a left shift in the oxyhemoglobin
dissociation curve.COpoisoning not only exerts its effects
in highly metabolic organs through severe hypoxia, but
also causes mitochondrial dysfunction, loss of cerebral
autoregulation, productionof reactiveoxygenspecies, per-
oxidation of lipids, and deposition of peroxynitrate in
blood vessel endothelium, among other inflammatory
and immune responses (Betterman and Patel, 2014).

There are acute as well as delayed neurologic effects
following CO intoxication. Acute symptoms are usually
the consequence of hypoxia in highly susceptible areas,
such as cerebellar Purkinje cells, globus pallidus, water-
shed areas, and the second and third cortical layers.
Many of the delayed neurologic complications may be
mediated by lipid peroxidation, radical oxygen species
generated by xanthine oxidase, as well as inflammatory
and immune responses, leading to subcortical and peri-
ventricular demyelination and axonal destruction. Some
evidence suggests that a mechanism similar to ischemia-
reperfusion injury may occur, such that exposure to
hyperoxia may worsen the initial CO injury (Weaver,
1999; Tomaszewski, 1999).

Cyanide inhalation can occur with the combustion of
material containing organic nitrogen, such as wood and
plastics. Tobacco smoking also leads to elevated blood
cyanide levels. Exposure can also occur with parenteral,
enteric, and dermal exposure. Intravenous sodium nitro-
prusside use in doses of 5–10 mg/kg/min for as few as
3 hours can result in death. Limiting light exposure to
the drug (wrapping tubing in foil) can prevent conversion
of nitroprusside into cyanide moieties. Excessive con-
sumption of bitter almonds, and the pits or seeds of apri-
cots, cherries, plum, peach, pear, and apples, can cause
cyanide toxicity. Cyanide andCOpoisoning usually occur
concomitantly. Cyanide disrupts normal mitochondrial
function by inhibiting reoxidation of cytochrome oxidase
and blocking oxidative phosphorylation (Lawson-Smith
et al., 2011). It leads to cellular hypoxia and blockage
of aerobic metabolism. Blood oxygen concentration is
typically normal and cyanide poisoning is sometimes
referred to as “asphyxia without peripheral cyanosis.”

Clinical presentation

Burn encephalopathy can present early or late, some-
times weeks from the initial insult. It can occur in up
to 80% of hospitalized ventilated burn patients
(Agarwal et al., 2010), and there is a trend for higher
prevalence in patients with extensive burns (Agarwal
et al., 2010; Palmu et al., 2011). Multiple manifestations
have been reported, including catatonia, seizures, confu-
sion, myoclonus, rigidity, hallucinations, disorientation,
aphasia, agitation, mania, depression, anxiety, or apathy
(Quinn, 2014). In some cases, delirium can result from
sensory deprivation due to blindness from occipital
infarcts or anterior ischemic optic neuropathy (Zeng
et al., 2010; Medina et al., 2015). Most patients will
completely recover from burn encephalopathy, but some
will experience some degree of long-term cognitive dis-
turbances (Andreasen et al., 1974; Quinn, 2014).

Burn-related peripheral neuropathies have been
reported in 2–84% of patients (Helm et al., 1985;
Marquez et al., 1993; Khedr et al., 1997). Recent studies
have shown that polyneuropathies and axonal neuropa-
thy are more frequent than mononeuropathy and demy-
elination (Lee et al., 2009b; Tamam et al., 2013). Flame
and electric injuries, as well third-degree injuries, were
the most common type of burns in patients with periph-
eral neuropathy in these two studies.

CO poisoning can cause acute and delayed signs and
symptoms. Acute symptoms depend on the concentra-
tion of carboxyhemoglobin in the blood (Table 37.1).
Patients with underlying chronic heart and lung disease
may present earlier at lower CO concentrations and with
more severe symptoms (Betterman and Patel, 2014).
Headache is one of the most common presenting features
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of CO poisoning, occurring in over 80% of victims and
mimicking tension headache or a migraine attack (Handa
and Tai, 2005). Other neurologic symptoms can occur,
such as generalized weakness, nausea, confusion, ataxia,
and in severe cases seizures, coma, cerebral edema, and
death can happen. The lips and skin may classically be
“cherry red,” though this is not a sensitive or specific
sign. Chronic exposure to CO can mimic a flu-like state.

Survivors of CO intoxication can present with a
delayed neuropsychiatric syndrome, usually the conse-
quence of delayed inflammation and demyelination
of the brain. It has been reported to occur 2–40 days
after the initial exposure (Tibbles and Perrotta, 1994),
in roughly 3% of exposed patients (Mimura et al.,
1999). Severe dementia, psychosis, anxiety, personality
changes, urinary and fecal incontinence, parkinsonism,
and other neuropsychologic symptoms may occur after
an initially full recovery following the primary exposure
(Betterman and Patel, 2014). Roughly 60–75% of
patients will recover within a year, but in 15% dementia
and parkinsonism become long-term sequelae (Bhatia
et al., 2007).

Cyanide poisoning can initially present with a brief
period of hyperpnea, due to stimulation of chemoreceptors
in the carotid bodies. Approximately 60% of patients are
able to detect the odor of bitter almonds following cyanide
inhalation. Because of decreased oxygen utilization by tis-
sue, venous oxyhemoglobin levels remain high, giving
venous blood and skin a bright cherry-red color. Milder
cases can present with headache, nausea, vertigo, anxiety,
altered mental status, tachypnea, hypertension, loss of
consciousness, seizures, cardiovascular collapse, pulmo-
nary edema, and death in severe exposures (Lawson-
Smith et al., 2011). Mild exposures can lead to long-term

neurologic sequelae, such as parkinsonism, dystonia,
ataxia, optic neuropathies, and chorea, as well as perma-
nent vegetative state (Uitti et al., 1985; Rosenberg et al.,
1989; Messing, 1991). Tobacco amblyopia, which pre-
sents as progressive vision loss, occurs in cigarette
smokers who may have an inherent inability to detoxify
cyanide. Tropical ataxic neuropathy, which occurs with
excessive cassava ingestion (which contains cyanogen),
is a demyelinating disorder associated with ataxia, optic
atrophy, paresthesias, and hearing loss. Both of these enti-
ties can be treated with vitamin B12 or hydroxocobalamin.

Neurodiagnostics and imaging

Burn encephalopathy is usually a state secondary to met-
abolic disturbances. Severe cases can lead to cerebral
edema, and there are reports of posterior reversible
encephalopathy in patients with extensive burns (Tan
et al., 2014). Electroencephalogram (EEG) can disclose
excessive slowing of brainwaves (Andreasen et al., 1977).

The most common finding in brain magnetic reso-
nance imaging (MRI) of patients with CO intoxication
is T2 hyperintensity of the globus pallidus and subcorti-
cal white matter, and less frequently the involvement of
the thalamus, lentiform nucleus, and caudate nucleus
(Beppu, 2014). Some of the MRI changes (such as those
seen on diffusion-weighted imaging) can be reversible
(Beppu, 2014). Apparent diffusion coefficient values
on MRI can help predict neurologic prognosis following
CO exposure (Chen et al., 2013). Co-oximetry is neces-
sary to quantify carboxyhemoglobin levels. Smokers
may have carboxyhemoglobin levels as high as
10–15%, while nonsmokers typically have levels <3%.
Carboxyhemoglobin levels do not precisely correlate with

Table 37.1

Acute symptoms of carbon monoxide poisoning

Carbon monoxide
concentration Symptoms

Time from exposure
to symptoms

Carboxyhemoglobin
level in the blood

35 ppm Headache and dizziness 6–8 hours <10%
100 ppm Slight headache 2–3 hours >10%
200 ppm Slight headache and loss of judgment 2–3 hours 20%
400 ppm Headache 1–2 hours 25%
800 ppm Dizziness, nausea, and seizures 45 minutes 30%
1600 ppm Headache, tachycardia, dizziness, and

nausea
20 minutes

(death <2 hours)
40%

3200 ppm Headache, dizziness, and nausea 5–10 minutes (death in
30 minutes)

50%

6400 ppm Headache and dizziness 1–2 minutes
(death<20 minutes)

60%

12 800 ppm Death <3 minutes >70%

Modified with permission from Betterman and Patel (2014). ppm, parts per million.
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the degree of poisoning or the risk of delayed neurologic
sequelae. This may be related to the timing of blood
sampling.

Cyanide poisoning can lead to hemorrhagic necro-
sis in the striatum and globus pallidus on MRI, as
well as pseudolaminar necrosis along the central
cerebral cortex (Rosenow et al., 1995; Rachinger
et al., 2002). 18F-2-Fluoro-2-deoxyglucose positron
emission tomography can show regional reduction of
the glucose metabolism in the posterior putamen
and temporoparieto-occipital and cerebellar cortex
(Rosenow et al., 1995).

Hospital course and management

There is no specific treatment for burn encephalopa-
thy. However, aggressive supportive management of
metabolic disarray is warranted, as delirium has been
shown to lead to worse outcomes in diverse clinical
situations (Ely et al., 2004; Thomason et al., 2005;
Pauley et al., 2015). A large study of delirium in burn
care units has shown that exposure to benzodiaze-
pines, organ failure, hyponatremia, and hypoglycemia
were directly correlated with the incidence of delirium,
whereas exposure to intravenous opiates and metha-
done lowered the risk of delirium (Agarwal et al.,
2010). Other studies have also confirmed the correla-
tion between benzodiazepine exposure and delirium in
burn patients (Stanford and Pine, 1988), and haloper-
idol has been shown to be safe and effective in this set-
ting (Brown et al., 1996).

Patients with CO poisoning should be treated with
100% oxygen, as this shortens the half-life of carboxy-
hemoglobin from 4–5 hours to 1 hour (Betterman and
Patel, 2014). The use of hyperbaric oxygen (HBO) ther-
apy remains controversial for the treatment of CO poi-
soning, as previous studies showed conflicting results
and a Cochrane review of six clinical trials did not sup-
port its use (Buckley et al., 2011). HBO therapy consists
of inhalation of 100% oxygen at higher than normal
ambient pressures to significantly increase the amount
of oxygen that is physically dissolved in blood, reduc-
ing the half-life of carboxyhemoglobin to roughly
20 minutes (Betterman and Patel, 2014). It is currently
suggested in patients with severe intoxication with
carboxyhemoglobin levels of >25%, presenting with
syncope, coma, seizures, focal neurologic deficits,
severe acidosis, or myocardial ischemia (Betterman
and Patel, 2014). It is also highly recommended in preg-
nant women, as the fetus is especially vulnerable to
intoxication, with high rates of fetal mortality and mor-
bidity (Prockop and Chichkova, 2007). HBO may mit-
igate against late neurocognitive deficits. It is most
beneficial if instituted within the first 6 hours of

exposure and treatment beyond 12 hours may have neg-
ligible benefit.

Cyanide exposure is normally approached with the
use of antidotes, combined with advanced life support.
Intubated patients or those at low aspiration risk can
receive activated charcoal within the first 2 hours of
exposure. Antidote treatment consists of binding
cyanide, induction of methemoglobinemia (methemo-
globin acts as an alternative binding site for cyanide),
and use of sulfur donors. Hydroxycobalamin is a precur-
sor of vitamin B12 and directly binds cyanide. It is the
preferred antidote for cyanide poisoning (dosed
70 mg/kg IV). Amyl nitrite, sodium nitrite, and 4-
dimethylaminopyridine can induce low levels of methe-
moglobinemia to scavenge cyanide. Methylene blue,
which is used to reverse methemoglobinemia, should
be avoided in the context of cyanide poisoning as it
can lead to the release of free cyanide. Additionally,
induction of methemoglobinemia should be avoided in
the context of smoke inhalation and/or CO poisoning
since this could lead to lethal tissue hypoxia. Sodium
thiosulfate is a sulfur donor which converts cyanide
into thiocyanide, which is renally excreted. For many
centers, the optimal antidotes to cyanide poisoning con-
sist of hydroxocobalamin and sodium thiosulfate. In
patients with coexposure to CO, HBO may be helpful
(Lawson-Smith et al., 2011).

Complex clinical decisions

All of the forms of intoxication in this section require
aggressive supportive care, and often admission to an
intensive care unit. Patients exposed to CO should be
closely followed for at least 2 months, as delayed
symptoms can ensue weeks after the initial exposure.
The use of HBO in patients with CO poisoning is
controversial and should be decided on a case-by-
case basis.

Outcome prediction

The clinical outcome of patients exposed to CO is
highly variable, and the real incidence of delayed
neuropsychologic deficits is not known (Betterman and
Patel, 2014). Weaver and colleagues (2002) found 46%
incidence of delayed neurologic deficits at 6 weeks
after exposure, and another study showed that depression
and anxiety were present in 45% of patients at 6 weeks,
44% at 6 months, and 43% at 12 months (Jasper et al.,
2005). Patients with lesions on brain MRI may be at
higher risk of developing delayed symptoms (Sohn
et al., 2000; Parkinson et al., 2002). A large retrospective
study showed that predictors for the development of
delayed symptoms might be CO exposure
duration >6 hours, a Glasgow Coma Scale (GCS) score
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<9, seizures, systolic blood pressure <90 mmHg, ele-
vated creatine phosphokinase concentration, and
leukocytosis (Pepe et al., 2011).

Neurorehabilitation

There is no specific treatment for the sequelae of these
types of neurologic injuries. Physical, occupational,
speech, respiratory, and vocational therapy, as well
as intensive rehabilitation can help ameliorate neuro-
logic deficits. Levodopa and anticholinergics have
generally had unclear benefit in post-CO poisoning
parkinsonism (Lee and Marsden, 1994). Case reports
have shown benefits of using donepezil for cognitive
symptoms and amantadine for attention deficits
(Price and Grimley Evans, 2002; Shprecher and
Mehta, 2010).

INJURIESRELATEDTOELECTRICITY
(LIGHTNINGANDACCIDENTSWITH

POWER LINES)

Epidemiology

In the USA, lightning causes more deaths than do most
other natural hazards, even though the incidence of
lightning-related deaths has decreased since the 1950s
(CDC, 1998). Data from the Centers for Disease Con-
trol have shown an average of 82 deaths per year from
lightning strikes during the period from 1980 through
1995 (CDC, 1998), with electric trauma from other
sources accounting for as many as 1000 additional
deaths annually (Cooper, 1995). Many of the survivors
will suffer from disability, derived from electric injury
to the nervous system and other organ systems
(Koumbourlis, 2002). Risk for occupational-related
electric injury increases substantially depending on pro-
fession (linemen, construction workers, electricians)
(Jumbelic, 1995). Lightning strikes are a hazard related
to outdoor leisure (mountain climbing, golf, boating)
and are more common in the southeast of the USA
(Lopez and Holle, 1995). Fatal lightning strikes are
much more common in men (85% of fatalities), 90%
occur in the spring and summer, and 70% occur in
the afternoon and evening (CDC, 1998). Stun guns
and tasers deliver a similar type of injury because the
high-voltage current can lead to fatal arrhythmias and
cardiac arrest.

Neuropathology

Electric injuries are divided as either high-voltage
(1000 Vand higher) or low-voltage (<1000 V), andmost
accidents in the USA are caused by low-voltage
(110–240 V), 60-Hz household alternating current elec-
tricity (Sanford and Gamelli, 2014). High-voltage

accidents are usually seen in industrial accidents or in
electric company line workers. The most striking differ-
ence between lightning and high-voltage electric acci-
dents is the longer duration of exposure to electricity
in the latter (Yarnell, 2005).

Even though the body of the survivor is exposed
to extremely high voltage, most of the severe brain inju-
ries are related to hypoxic-ischemic encephalopathy after
cardiac arrest and severe traumatic brain injuries second-
ary to falls or strikes to the head (Yarnell, 2005).

In the acute setting, patients can present to the hospital
unable to move their limbs, with physical findings of
flaccid paralysis and variable sensory findings. The
impairment commonly resolves over a 24-hour period
and has been termed “keraunoparalysis,” a transient form
of loss of motor and sensory function, usually seen in
lightning strike survivors (Lammertse, 2005). The path-
ogenesis is not completely understood, but it is believed
that an acute dysfunction of the autonomic nervous sys-
tem plays an important role (Rahmani et al., 2015). Signs
and symptoms include pulselessness, pallor, or cyanosis
and motor and sensory loss in the affected extremities,
usually the lower limbs, which resolves in a matter of
minutes or hours (Rahmani et al., 2015). Dysfunction
of the autonomic nervous system can also add to long-
term morbidity and mortality, as with the occurrence of
complex regional pain syndrome and cardiovascular
abnormalities (Rahmani et al., 2015).

Acute findings can sometimes be irreversible, if the
patient receives direct injury to peripheral nerves and/or
spinal cord, mediated either thermally or electrically.
Electricity can cause electroconformational changes in
membrane proteins, and the formation of pores in the cell
membrane, a phenomenon called electroporation (Lee
et al., 1995). Electric damage to a cell is particularly
related to its length in the direction of the electric field
(Thaventhiran et al., 2001). Acute vasospasm and endo-
thelial damage may also play a role in tissue injury
(Ko et al., 2004).

Delayed symptoms may occur days to weeks after the
initial insult, resulting in permanent disability, with
motor deficits more likely to occur than sensory findings
(Lammertse, 2005). It is hypothesized that a delayed
degeneration of very small-sized blood vessels could
be the mechanism of insult (Ko et al., 2004). Electropo-
ration, DNA breakdown, protein denaturation, free rad-
ical production, and glutaminergic hyperstimulation
could also play a role in the pathogenesis of delayed neu-
rologic deterioration (Reisner, 2013).

Finally, in most patients multiple mechanisms of inju-
ries can coexist, particularly in spinal cord injuries,
where the acute traumatic injury may be related to a fall
in conjunction with acute and delayed electricity-
induced injuries (Lammertse, 2005).
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Clinical presentation

Neurologic symptoms secondary to electricity-related
injuries can be divided into four categories:

● category I: signs and symptoms are temporary
and usually benign

● category II: acute injury leads to prolonged or
permanent neurological disability

● category III: delayed neurologic syndromes
● category IV: neurologic lesions resulting from

trauma secondary to falls or blast effects
(Cherington, 2005).

Table 37.2 summarizes the four categories.Acutely injured
patients can present to the hospital with brief loss of
consciousness (up to75%ofpatients), amnesia, confusion,
headache, paresthesia, and transient limb weakness or
paresthesia (approximately 80% of patients) (Rahmani
et al., 2015). Most of these symptoms are benign and tran-
sient. Keraunoparalysis, a transient form of loss of motor
and sensory function, is usually seen in lightning strike sur-
vivors, and can present as pulselessness, pallor, or cyanosis
and motor and sensory loss in the affected extremities,

usually the lower limbs. It can mimic an acute spinal cord
injury, but symptoms typically resolve in 1 day. Acute
dysfunction of the autonomic nervous system can lead
to hypertension and cardiac arrhythmias.

Acute permanent or prolonged neurologic injuries are
usually the result of direct thermal and electric injuries to
the central and peripheral nervous system. Symptoms
include behavior and neuropsychologic disorders,
encephalopathy, myelopathy, complex regional pain
syndrome, peripheral neuropathy, cerebellar syndrome,
and epilepsy (Cherington, 2005).

Delayed neurologic symptoms can occur days to
years after the initial injury. The most commonly
observed and described syndromes are delayed myelop-
athy, parkinsonism, dystonia, tics, motor neuron disease,
and cognitive dysfunction (Ko et al., 2004; Cherington,
2005; Sanford and Gamelli, 2014).

Neurologic injuries secondary to traumatic brain
injury, traumatic spinal cord injury, and hypoxic-
ischemic encephalopathy following cardiac arrest are
likely the most common sequelae observed in
survivors of lightning strikes and electric injuries
(Yarnell, 2005).

Finally, patients can suffer other consequences such as
cataracts (usually star-shaped), corneal burns, intraocular
hemorrhage or thrombosis, uveitis, retinal detachment,
choroidoretinitis, iridocyclitis, hyphema, ruptured tym-
panic membrane, and disruption of auditory ossicles
(Saffle et al., 1985; Cooper, 1995).

Neurodiagnostics and imaging

Generally, neuroimaging with MRI and computed
tomography (CT) studies of lightning injury patients
and electric injury patients usually reveal no abnormali-
ties (Reisner, 2013). However, patients with secondary
traumatic injuries or cardiac arrest may have imaging
findings reflective of hypoxic-ischemic insults or
trauma.

Patients with delayed spinal cord symptoms weeks to
months from the initial insult may haveMRI evidence of
either cord hyperintensity on T2-weighted images or
atrophy (Reisner, 2013). Reversible MRI changes can
be seen in the spinal cord in T2-weighted and short tau
inversion recovery sequences (Freeman et al., 2004).
Bilateral basal ganglia hemorrhages have been described
in lightning strikes of the head, and it is hypothesized
that the pathways through the basal ganglia offer less
resistance to the conduction of electricity (Ozgun and
Castillo, 1995; Kint et al., 1999).

Peripheral neuropathies and plexopathies are com-
mon after high-voltage electric shocks, occurring in
30–50% of survivors (Haberal et al., 1996; Ferreiro
et al., 1998).

Table 37.2

Categories of neurologic symptoms and syndromes

secondary to electricity-related injuries

Category Evolution Symptoms and syndromes

I Acute,
temporary,
and usually
benign

Headache, loss of
consciousness,
numbness and
weakness, including
keraunoparalysis

II Acute,
prolonged, or
permanent

Posthypoxic
encephalopathy,
intracerebral
hemorrhages, cerebral
infarction, cerebellar
syndrome, myelopathy,
peripheral nerve
lesions, autonomic
disorders, behavior and
neuropsychological
problems, epilepsy

III Delayed
neurologic
syndromes
(weeks to
months after
the insult)

Myelopathy, motor
neuron syndrome,
parkinsonism, dystonia,
and tics

IV Neurologic
lesions
resulting from
trauma

Falls, blast effects, or
trauma from flying
debris
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Hospital course and management

Supportive care is the mainstay for patients who sustain
electric injury. Cardiac resuscitation, and therapeutic
hypo- or normothermia should follow conventional post
cardiac arrest guidelines. Additional management of other
injuries, such as cardiac arrhythmias, rhabdomyolysis,
acute renal failure, pulmonary edema, and respiratory
arrest, typically require intensive care (Koumbourlis,
2002). Patients who also suffer severe thermal injuries
in points of contact with electricity often require deep
and extensive debridement.

Anecdotal use of steroids in the acute phase of spinal
cord injury secondary to electricity and the use of pros-
taglandins in delayed myelopathy have been reported
(Ko et al., 2004). Posttraumatic stress disorder and also
depression are commonly seen and require psychiatric
intervention (Primeau, 2005).

Clinical trials and guidelines

There are no current guidelines addressing the care of this
population. Future studies should be designed to better
delineate the prevention and management of delayed
neurologic manifestations.

Complex clinical decisions

Survivors of accidents with electricity are often critically
ill and have multisystem organ dysfunctions. Goals of
care should be addressed with family members and other
members of the multidisciplinary team (Gordon et al.,
2009; Shanmugarajah et al., 2011).

Outcome prediction

Approximately 30% of patients struck by lightning die
and 74% of survivors have long-term disability
(Browne and Gaasch, 1992; Zafren et al., 2005;
Ritenour et al., 2008). Most deaths related to lightning
strike are due to arrhythmias resulting in cardiac arrest
shortly after the injury.

The first 24 hours are critical in determining the extent
of spinal cord injuries due to accidents with electricity, as
patients with “temporary” paralysis will recover motor
function during this time period (Lammertse, 2005).
Accidents where electricity flows from a contact point
in the head to an upper extremity or from one upper
extremity to another are much more likely to cause per-
manent quadriplegia than accidents involving the exit
point in the lower extremities (Ko et al., 2004).

Accidents with high voltage in industrial settings or
power lines are related to more long-term sequelae, as
patients are exposed to electricity for a longer time
(Sanford and Gamelli, 2014). In one study of patients

who sustained work-related electric injuries, 82% had
long-term neurologic symptoms, and 71% had psycho-
logic complaints (Singerman et al., 2008). Despite
optimal medical management, only about 50% of
low-voltage work-related electrical injury patients will
return to a professionally productive life (Theman
et al., 2008). In contrast, a longitudinal study of 10 survi-
vors of lightning strikes over 12.3 years found that
no patient had long-term neurologic or psychologic
deficits (Muehlberger et al., 2001). The effectiveness
of cardiac resuscitation in the field may be a larger pre-
dictor of outcome than any sequelae derived from the
electricity discharge (Sanford and Gamelli, 2014).
Finally, better recovery from electricity-related injuries
is observed in acute neurologic insults as compared to
delayed neurologic injury (Sanford and Gamelli, 2014).

Though many patients experience unfavorable out-
comes, there are case reports of recovery several months
to years after injury in severely affected patients with
quadriplegia due to spinal cord injuries or polyneuropa-
thy (Christensen et al., 1980; Breugem et al., 1999;
Thaventhiran et al., 2001).

Neurorehabilitation

Rehabilitation planning should begin early after the
incident and may continue for extended periods of time
(Yarnell, 2005). Some of the most challenging issues
encountered in patients admitted for rehabilitation after
electric injuries are pain, memory and cognitive problems,
neglect, bladder dysfunction, and spasticity (Yarnell, 2005).

INJURIESRELATEDTOWATER
(NONFATAL DROWNINGAND
DECOMPRESSION ILLNESS)

Epidemiology

Nonfatal drowning and decompression sickness (DCS)
are the most dramatic accidents related to water submer-
sion. According to the World Health Organization, more
than 500 000 deaths occur annually worldwide as the
consequence of drowning (WHO, 2003). Drowning is
the second leading cause of injury-related death in the
USA among children 1–4 years of age, with a death rate
of 3 per 100 000 (Borse et al., 2008). The most relevant
risk factors for drowning are low income, alcohol abuse,
low educational status, male sex, age<14, lack of super-
vision, aquatic exposure, rural residency, risky behavior,
and epilepsy (Szpilman et al., 2012).

Decompression illness is normally secondary to
sports or work-related accidents. It is uncommon if
appropriate decompression procedures are taken during
ascent, with an incidence of 0.015% for scientific divers,
0.01–0.019% for recreational divers, 0.030% for US
Navy divers, and 0.095% for commercial divers (Ladd
et al., 2002; Vann, 2004).
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Neuropathology

The World Health Organization defined drowning in
2005 as “the process of experiencing respiratory impair-
ment from submersion/immersion in liquid” (van Beeck
et al., 2005). The term nonfatal drowning is used if the
person is rescued and the process of drowning is inter-
rupted, and fatal drowning is the term applied if the per-
son dies at any time as a result of drowning (Szpilman
et al., 2012). Terms such as “near drowning,” “dry or
wet drowning,” “secondary drowning,” “active and
passive drowning,” and “delayed onset of respiratory
distress” should be avoided (van Beeck et al., 2005).

During the initial minutes after submersion, small
amounts of fluid are aspirated into the hypopharynx, trig-
gering laryngospasm (Ibsen and Koch, 2002). In 85–90%
of cases, the initial laryngospasm abates and the victim
aspirates large volumes of water, sometimes followed
by aspiration of gastric contents (Ibsen and Koch, 2002).

During the first minutes following submersion, the
brain is severely deprived of oxygen, and when the car-
diovascular system fails, cerebral blood flow decreases,
leading to further ischemia. Selective vulnerability of the
brain to hypoxic-ischemic injuries varies depending on
the patient’s age, and the region of the brain (Ibsen and
Koch, 2002). The most affected areas are the hippocam-
pus, insular cortex, basal ganglia, and in vascular
“watershed” areas, and in cases of severe hypoxia/ische-
mia, extensive and global neocortical damage will occur
(Ibsen and Koch, 2002).

DCS is a disorder resulting from supersaturation of
inert gases in blood and tissues that result in free gas for-
mation (Bove, 2014). Arterial gas embolism (AGE) is
another disorder that results from diving and from other
mechanisms that result in injection of air into the circu-
lation. Decompression illness is the term used for the two
disorders, as they can be hard to differentiate, and therapy
for both relies on similar approaches. Although AGE can
arise after ascent from shallow depths, DCS almost never
occurs after a single dive to depths of less than 6 meters,
even for an extended time (Vann et al., 2011).

Barotrauma can occur during descent or ascent. During
descent, organs can be compressed due to increased pres-
sure and corresponding decreased volume of gas (accord-
ing to Boyle’s law, which states that volume and pressure
are inversely related in a fixed mass of an ideal gas at con-
stant temperature). This can lead to pulmonary hemor-
rhages (Bove, 2014). In ascent, barotrauma can occur
due to inadequate exhalation and overexpansion of the
lungs. Elevated intra-alveolar pressures can lead to their
rupture, with consequent migration of air to the pleural
space, mediastinum, peritoneum, subcutaneous space,
and in some circumstances air may enter the arterial circu-
lation. The most frightening complication of pulmonary
barotrauma is cerebral embolization of air.

DCS occurs when inert gas (normally nitrogen or
helium) comes out of solution, as bubbles form secondary
to a reduction in surrounding pressure during ascent. The
amount of inert gas dissolved depends on the depth and the
duration of the dive. Once gas bubbles form in tissues and
in venous blood, they can trigger a cascade of events,
leading to oxidative stress, excitatory amino acid release,
inflammation, endothelial injury resulting in extravasation
of plasma into the interstitium, neutrophil margination,
and loss of vasoreactivity (Massey and Moon, 2014).
Bubbles can have mechanical, embolic, and biochemical
effects, leading to specific organ dysfunction. The severity
of DCS is related to the extent of bubble formation.

Clinical presentation

The diagnosis of both DCS and AGE is based almost
exclusively on the clinical and neurologic examination,
and details of the dive history. It is difficult to differenti-
ate neurologic symptoms due to DCS versus AGE, as
they often occur together. Moreover, such differentiation
is not of clinical importance, as the treatment for both
conditions is essentially the same.

Classically, decompression illness is classified into
type I and type II. The minor form (type I) includes mus-
culoskeletal symptoms, skin rash, livedo reticularis, or
swelling and pain in lymph nodes. The major form (type
II) is characterized by neurologic, inner-ear, and cardio-
pulmonary symptoms (Table 37.3). Cerebral involvement
occurs in 30% of cases of type II DCS (Hawes and
Massey, 2008).

Table 37.3

Classification of decompression illness

Classification Symptoms

Decompression
sickness

Type I (mild form)

Joint and muscle pain, skin rash, livedo
reticularis, swelling and pain in
lymph nodes, malaise, fatigue,
headache

Type II (major
form)

Paresthesia, hearing loss and vestibular
dysfunction, confusion, lethargy,
difficulty with concentration, visual
disturbances, seizures, hemiparesis,
quadriparesis, and coma

Acute gaseous
emboli (AGE)

Subcutaneous emphysema,
pneumothorax,
pneumomediastinum,
pneumoperitoneum, cerebral
ischemia (hemiparesis, sensory
deficits, cortical blindness, coma),
shortness of breath, chest pain,
cardiovascular collapse
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Neurologic presentations of DCS can range frommal-
aise, fatigue, headache, pain, paresthesias, hearing loss
and vestibular dysfunction, confusion, lethargy,
“mental cloudiness,” difficulty with concentration,
visual disturbances, seizures, hemiparesis, quadriparesis,
and coma (Massey and Moon, 2014).

Injury to the spinal cord, usually at levels below T11
and T12 due to common anatomic factors leading to bub-
ble migration, can cause paresthesias, weakness, or
paralysis of the lower extremities, urinary retention,
bowel or bladder incontinence, and sexual impotence
(Hawes and Massey, 2008; Vann et al., 2011).

Nondermatomal hypoesthesia and truncal ataxia are
commonmanifestations of DCS. Additionally, coordina-
tion can be disproportionately affected. The National
Institutes of Health Stroke Scale has been used to help
with severity stratification and has adequate predictive
ability while providing a more standardized scale
(Holck and Hunter, 2006).

Divers with patent foramen ovale (PFO) have an
increased risk of developing decompressive illness, as
venous bubbles crossing the atrial septum can cause
AGE (Wilmshurst et al., 1994). The risk seems higher
in patients with larger PFOs (Torti et al., 2004).
Billinger and colleagues (2011) found a high incidence
of MRI lesions in divers with PFOs and showed that
PFO closure reduces the risk of recurrent symptomatic
DCS and asymptomatic ischemic neurologic events in
patients who continue to dive. Experts suggest that
PFO closure should be considered in commercial divers
who experience repeated DCS and have a large PFO
(Moon and Bove, 2004; Bove, 2014).

Other factors can obscure the neurologic evaluation in
divers immediately after resurfacing, such as CO intox-
ication due to faulty recirculation, nitrogen narcosis pro-
ducing an anesthetic effect, and oxygen toxicity leading
to auditory and visual hallucinations, and seizures, due to
excess of oxygen and nitrogen in breathing mixtures
(Bove, 2014).

Neurodiagnostics and imaging

The neurodiagnostics for near drowning are similar to
those employed for other forms of hypoxic/anoxic brain
injury. An initial head CT may disclose loss of differen-
tiation of the gray–white junction, sulcal effacement or,
in severe cases, global cerebral edema. However, a nor-
mal head CT does not necessarily imply a good neuro-
logic outcome. EEG may be used to detect seizures or
abnormal patterns reflective of global anoxia, such as
burst suppression pattern. Factors that predict a poor neu-
rologic outcome in survivors of cardiac arrest may also
apply to patients with near drowning. Absent bilateral
N2O responses 24–72 hours following near drowning,
myoclonic status epilepticus, and a burst suppression

pattern on EEG (not induced by sedative medications)
may all forebode a poor neurologic outcome. MRI
may reveal evidence of anoxic brain injury with imaging
patterns similar to cardiac arrest survivors. When a div-
ing injury complicates a near-drowning episode, cervical
spine CT and MRI are required.

A systematic review of several studies using MRI as
the neuroimaging of choice after nonfatal drowning with
neurologic symptoms identifiedeight studieswith68cases
(Nucci-da-Silva and Amaro, 2009). Of these, the main
finding was the presence of brain edema in 78%. Cerebral
edema was described as focal in 14% of patients and gen-
eralized in 86%. The second most prevalent finding was
abnormal MRI signal in basal ganglia in 75% (lentiform
nucleus, globus pallidus, caudate, putamen, subthalamic
and thalamic nuclei). Additionally, diffuse cerebral atro-
phy has been described in 36% of patients and infarcts
in 15%. The authors compared the findings to the ones
normally seen in hypoxic-ischemic encephalopathy car-
diac arrest (of other causes) and suggested that some of
the differences in lesion distribution might be accounted
for by other associated factors, such as hypothermia dur-
ing drowning.

There are no imaging, serum, or neurophysiology
tests to accurately detect DCS. Several MRI studies in
patients with neurologic type 2 DCS have been reported,
with variable and often controversial results regarding
the sensitivity and utility of this modality (Kamtchum
Tatuene et al., 2014). This could be likely explained by
variable study designs,MRI techniques and imaging pro-
tocols, as well as variable time delays between symptom
onset and imaging (Kamtchum Tatuene et al., 2014). It
should be noted that normal MRI findings of the spinal
cord do not exclude DCS as the cause of myelopathy
(Kamtchum Tatuene et al., 2014) and the negative pre-
dictive value of spine MRI following DCS is only
77% (Kamtchum Tatuene et al., 2014). However, hemor-
rhagic cord injury is correlated with poor neurologic out-
come and patients with lone spinal cord edema or normal
spine MRI typically have good neurologic recovery.

AGE may lead to DWI restricted lesions in the brain
(with low apparent diffusion coefficient values (Warren
et al., 1988; Kamtchum Tatuene et al., 2014) and T2/
fluid-attenuated inversion recovery hypersignal in the
spinal cord, primarily in the lateral and posterior column
white matter (Kim et al., 1984; Sparacia et al., 1997;
Manabe et al., 1998; Vollmann et al., 2011). There are
case reports of intracranial hemorrhages (Josefsen and
Wester, 1999) and extensive gas inclusions in cerebrospi-
nal fluid spaces (Ozdoba et al., 2005).

Hospital course and management

Survivors of severe drowning require intensive care dur-
ing the first days to mitigate complications to the lungs
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and brain. The current treatment of survivors who have
been rescued from drowning resembles that of patients
with the acute respiratory distress syndrome, and the
same ventilation-protective strategies should be fol-
lowed (Szpilman et al., 2012). A systemic inflammatory
response syndrome after resuscitation is sometimes
observed in persons who have been rescued from drown-
ing, and sepsis and disseminated intravascular coagula-
tion can occur within the first 72 hours.

Recent reports on drowning have documented good
outcomes with the use of therapeutic induction of hypo-
thermia after resuscitation (Guenther et al., 2009; Vanden
Hoek et al., 2010).

The mainstay of treatment for patients with DCS or
AGE is recompression in an HBO chamber (Bennett
et al., 2012; Bove, 2014). Once stabilization is achieved,
the patient is decompressed slowly to surface pressure.
Recompression therapy for decompressive illness
decreases the risk of permanent injury, but the severity
of the initial injury and the time to effective therapy affect
outcome (Bove, 2014). There should be no delay in ini-
tiating therapy, but treatment even several days after
injury has demonstrated efficacy (Bove, 2014).

Antiplatelet agents have been recommended to mini-
mize ischemia following DCS and AGE, but clinical tri-
als demonstrating their efficacy are lacking (Bennett
et al., 2010, 2012). Bennett and colleagues (2003) used
tenoxicam (a nonsteroidal anti-inflammatory medica-
tion) in a trial with patients with decompression illness,
and found that its use was associated with fewer recom-
pression treatments, but no significant change in clinical
outcomes.

Clinical trials and guidelines

The Undersea and Hyperbaric Medical Society and the
US Navy Department have published guidelines on the
use of HBO therapy (US Navy, 2008; Weaver, 2014).
Guidelines are also available for the rescue and initial
resuscitation of near-drowning victims (Soar et al.,
2010; Vanden Hoek et al., 2010).

Complex clinical decisions

In survivors of nonfatal drowning, immediate decisions
about withdrawal of life-sustaining therapy based on
neurologic examination on arrival should be avoided,
as some patients can improve substantially in the follow-
ing days. Accidental hypothermia may severely impair
the initial neurologic exam and confound prognostica-
tion (Ibsen and Koch, 2002).

Providers should be vigilant for any subtle signs of
decompression illness in divers, as most of the symptoms
will be present soon after ascent. A thorough neurologic
exam should be done, including cognition testing, as

symptoms sometimes are vague and nonspecific. Appro-
priate therapy should be instituted promptly if neurologic
findings are present.

Outcome prediction

Permanent neurologic sequelae are the most feared out-
come in patients who have been resuscitated after a
drowning incident. In cases where cardiopulmonary
resuscitation is required, the risk of long-term neurologic
damage is similar to that in other causes of cardiac arrest
(Szpilman et al., 2012). However, hypothermia associ-
ated with drowning might provide a protective mecha-
nism that allows patients (particularly children) to
survive prolonged submersion episodes (Szpilman
et al., 2012). Traumatic brain injury during submersion
can also increase morbidity. Long-term sequelae of
hypoxic-ischemic injury can manifest as cognitive and
memory problems, myoclonus, dystonia, parkinsonism,
epilepsy, myelopathy, dysfunction of arousal mecha-
nisms, including minimally conscious states and perma-
nent vegetative states (Lu-Emerson and Khot, 2010).

Prediction of functional neurologic outcome in
patients after nonfatal drowning becomes more reliable
with time. The neurologic examination in the first
24–72 hours of therapy is one of the best predictors of
neurologic outcome (Ibsen and Koch, 2002). Histori-
cally, a number of investigators have noted that a GCS
of <5 on presentation identified children at high risk
for poor outcome (Allman et al., 1986; Bratton et al.,
1994), but other case series have shown a significant
number of survivors with excellent neurologic recovery,
despite having a GCS <5 on arrival (Lavelle and Shaw,
1993). Bratton and colleagues (1994) found that all sur-
vivors with good neurologic outcome had spontaneous,
purposeful movement within 24 hours of rescue.

A study using MRI in children after nonfatal drown-
ing found that generalized or occipital edema correlated
with poor outcome, and indistinct lentiform nuclei mar-
gins on T1-weighted images were a frequent finding
(Dubowitz et al., 1998). A persistently attenuated record
on EEG without medications is predictive of a poor neu-
rologic outcome (Kruus et al., 1979).

Fortunately, most divers achieve a complete recovery
from decompression illness. In a case series of divers
with difficulty walking due to spinal cord DCS, at
long-term follow-up 50% had no residual symptoms,
and only one-third had manifestations that impacted
daily activities (Vann et al., 2011). The most common
residual symptoms were peripheral paresthesias, and a
minority of patients experienced spasticity, urinary
incontinence, impotence, or weakness (Massey and
Moon, 2014). Similarly, the majority of divers who sur-
vive AGE typically make a full recovery. Roughly 60%

694 I.R.F. DA SILVA AND J.A. FRONTERA



experience full recovery (van Hulst et al., 2003; Trytko
and Bennett, 2008). Even divers who do not fully return
to normal after AGE report only minor symptoms that do
not affect quality of life (Trytko and Bennett, 2008).
A study in Norway has shown that professional divers
had more neurologic symptoms and neurologic findings
than nondivers, primarily difficulties with concentration
and short- and long-term memory, as well as abnormal
findings such as distal spinal cord and nerve root dys-
function (Todnem et al., 1990).

Neurorehabilitation

Survivors of nonfatal drowning can experience neurologic
symptoms of hypoxic-ischemic encephalopathy, including
cognitive and memory problems, myoclonus, dystonia,
parkinsonism, epilepsy, myelopathy, minimally conscious
states, and permanent vegetative states. Recently, levo-
dopa, amantadine, zolpidem, baclofen, dorsal column
stimulation, and deep-brain stimulation have been used
in some studies to improve rehabilitation in patients with
chronic disorders of consciousness, with some success
(Pistoia et al., 2010; Oliveira and Fregni, 2011; Giacino
et al., 2012; Yamamoto et al., 2013; Formisano and
Zasler, 2014).

Even though the vast majority of divers will recover
without major sequelae, the minority will experience
some degree of disability. Rehabilitation should focus
on cognitive issues, such as memory and behavioral
disturbances, as well as on symptoms of chronic myelop-
athy, including spasticity, urinary incontinence, impo-
tence, and weakness.

INJURIESRELATEDTOEXTREMESOF
TEMPERATURE (HEAT STROKEAND

ACCIDENTALHYPOTHERMIA)

Epidemiology

Accidental hypothermia is usually defined as an involun-
tary drop of core body temperature to below 35°C (95°F)
(Brown et al., 2012). Such accidents carry significantmor-
bidity andmortality (Mair et al., 1994; Silfvast and Pettila,
2003), and approximately 1500 patients die each year in
the USA due to accidental hypothermia (Baumgartner
et al., 2008). Predisposing conditions include old age,
malnutrition, alcohol and substance abuse, self-neglect,
poverty, chronic debilitating conditions, dementia, hypo-
thyroidism, hypopituitarism, hypocortisolism, drowning
or immersion, neuroleptic drugs, severe dermatologic
problems, and sepsis (Epstein and Anna, 2006).

Hyperthermia can be defined as a rise in body temper-
ature above the hypothalamic set point when heat-
dissipating mechanisms are impaired or overwhelmed

by external or internal heat (Bouchama and Knochel,
2002). Heat stroke is an entity defined as a rise in core
body temperature above 40°C that is accompanied by
hot, dry skin and central nervous system dysfunction,
potentially leading to multiorgan failure (Bouchama
and Knochel, 2002; Table 37.4). Heat stroke can result
from exposure to high environmental temperature or
strenuous exercise. Risk factors for heat stroke include
extremes of age, genetic predispositions, medical comor-
bidities, poor access to climate-controlled environments,
psychosocial problems, as well as occupational or recre-
ational activities involving strenuous exercise in exceed-
ingly hot environments (Atha, 2013). Each year in the
USA, approximately 400 deaths are attributed to exces-
sive natural heat (CDC, 2002). In an extreme event, the
death of 14 800 individuals was attributed to a heat wave
in France in 2003 (Argaud et al., 2007). If global temper-
atures continue to rise as predicted throughout the
next century, it is hypothesized that the incidence of
heat-related illnesses is likely to increase dramatically
(Atha, 2013).

Neuropathology

Hypothermia can decrease cerebral metabolism by
6–10% for each 1°C reduction in body temperature.
When the core body temperature drops to 32°C, the
metabolic rate decreases to 50–65% of normal, and

Table 37.4

Systemic manifestations of elevated body heat

Category
Body
temperature Systemic manifestations

Heat stress <37°C Mild discomfort, cramps,
physiologic strain,
possibly syncope (hot
environment)

Heat exhaustion 37–40°C Water and salt
depletion. Mild
neurologic symptoms
(headache, dizziness,
anxiety, fainting),
but no organ
dysfunction

Heat stroke >40°C Anxiety, confusion,
bizarre behavior, loss
of coordination,
hallucinations,
agitation, seizures,
coma, acute renal
failure, rhabdomyolysis,
multiorgan failure
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oxygen consumption and CO2 production will decrease
by the same percentage (Polderman, 2009). The
decrease in cerebral metabolism is the explanation for
the progressive blunting of the neurologic exam in
the context of hypothermia. Cardiac output decreases
due to hypothermia-induced bradycardia. Because the
metabolic rate also decreases, the balance between sup-
ply and demand remains stable. Hypothermia can
induce neuroprotective responses, such as mitigation
of apoptosis and mitochondrial dysfunction, decreased
secretion of neuroexcitatory transmitters, decreased
production of proinflammatory cytokines and free rad-
icals, improved brain glucose metabolism, protection of
the blood–brain barrier, and also decreases vascular
permeability (Polderman, 2009). This could explain
why patients with accidental hypothermia and pro-
longed cardiac arrest might still experience surprisingly
positive neurologic outcomes (Brown et al., 2012).
Targeted temperature management has been shown
to improve neurologic outcomes after cardiac arrest
(Bernard et al., 2002; HACA, 2002; Nielsen et al.,
2013) and in neonates after perinatal asphyxia
(Azzopardi et al., 2009, 2014; Shankaran et al., 2012;
Jacobs et al., 2013).

The human body relies on thermoregulatory mecha-
nisms to avoid overheating. Heat is gained from the envi-
ronment and produced by metabolism. Any elevation in
body temperature about 37°C is sensed by the hypothal-
amus. Under normal conditions the hypothalamus sig-
nals the body to shunt blood to the periphery/
subcutaneous tissue so heat can be exchanged with the
environment. Sweat will vaporize and help cool the body
surface. Table 37.5 describes other mechanisms of heat
exchange between the human body and the surrounding
environment.

However, if the above mechanisms fail to stabilize
core body temperature, a stress response is mounted
and heat-related illness can develop. Excessive heat leads
to secretion of several cytokines and proinflammatory
cellular mediators, resulting in a response that resembles
systemic inflammatory response syndrome (Atha, 2013).
If not corrected, it can result in apoptosis and cell death,
endothelial injury, protein denaturation, as well as direct
activation of the coagulation cascade and progression to
disseminated intravascular coagulation (Atha, 2013).
Heat shock and acute-phase proteins are produced
through gene transcription to help counterbalance the
systemic inflammation and mitigate further damage
(Bouchama and Knochel, 2002).

The brain (particularly the cerebellum) and the liver
are the most vulnerable organs to damage by elevated
temperatures (Atha, 2013). Bazille and colleagues
(2005) reported almost total loss of Purkinje cells in 3
patients with heat stroke in a postmortem study.
Increased expression of heat shock protein 70 was noted
near remaining Purkinje cells and adjacent Bergmann
glia, suggesting selective vulnerability of Purkinje cells
to heat injury (Bazille et al., 2005).

Splanchnic ischemia, acute renal injury, rhabdomy-
olysis, acute respiratory distress syndrome, pancreatic
injury, and hemorrhagic complications can occur, and
more rarely, a direct cardiomyopathy without evidence
of coronary artery disease has been described.

Clinical presentation

The neurologic exam varies depending on core temper-
ature in the context of hypothermia. Initially, patients
can present with shivering. In patients with lower tem-
peratures, sluggishness, incoordination, worsening con-
fusion, and blunted deep tendon reflexes can occur.
Pupils tend to become dilated as temperature further
drops, and in patients with severe hypothermia, coma,
rigidity, and decreased or absent activity on EEG can
be present (Gomez, 2014; Table 37.7). Paradoxic undres-
sing can occur when peripheral vessels passively dilate
after protracted constriction to maintain core body tem-
perature. This passive vasodilation creates the sensation
of being overheated and patients may undress to relieve
this discomfort.

Heat stroke is defined by cerebral dysfunction in the
context of body core temperature >40°C. The usually
observed neurologic findings are anxiety, confusion,
bizarre behavior, loss of coordination, hallucinations,
agitation, seizures, and coma in severe cases (Yeo,
2004). The cerebellum is the part of the central nervous
system most commonly affected (Kosgallana et al.,
2013). Seizures might occur, especially during cooling

Table 37.5

Mechanisms of heat exchange

Type
Heat loss
percentage Mechanism

Radiation 60% Emanation of
electromagnetic infrared
heat rays

Evaporation 20% Water or sweat evaporation;
respiration

Conduction 15% Transfer of heat through
kinetic energy to an object
of lower temperature

Convection 5% Air currents on the surface

Adapted from Gomez (2014).
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(Bouchama and Knochel, 2002). There are case reports
of posterior reversible encephalopathy secondary to
hyperthermia (Tan et al., 2014). Virtually all patients
have tachycardia and hyperventilation (Bouchama and
Knochel, 2002). Heat stroke can lead to splanchnic

ischemia, acute renal injury, rhabdomyolysis, acute
respiratory distress syndrome, pancreatic injury, hemor-
rhagic complications, and cardiomyopathy. Table 37.6
describes some of the physiologic and clinical changes
secondary to hyperthermia.

Table 37.6

Complications of hypothermia

Physiologic changes and complications
by systems (hypothermia) Comments

Cardiovascular
Hypovolemia Normally secondary to cold diuresis
Heart rate Patients usually develop bradycardia, but matched with decreased body

metabolism.Malignant bradycardia and decreased stroke volumes normally only
seen with temperature<30°C (patients should be rewarmed, as atropine is
usually ineffective)

Electrocardiogram changes Increase in PR, QT, and QRS intervals. Arrhythmias normally seen in temperature
<30°C (atrial fibrillation and ventricular arrhythmias). Rewarming is the most
effective treatment in this situation. Osbornwaves normally noted only in cases of
severe accidental hypothermia

Renal and electrolytes Intracellular electrolyte shifts can occur. Acute tubular necrosis only observed in
case of accidental hypothermia with temperature <28°C

Endocrine Insulin resistance with hyperglycemia commonly seen
Infections Hypothermia can increase the chances of developing infections, particularly

pulmonary infections due to decreased airway ciliary clearance
Blood and coagulation Mild leukopenia, as well as mild coagulation cascade and platelet dysfunction, but

without significant clinical impact. Disseminated intravascular coagulation is
mostly commonly observed in accidental hypothermia with temperature <30°C

Thermoregulation Shivering markedly increases brain and body metabolism
Gastrointestinal
Motility Patients can develop ileus and delayed gastric emptying
Pancreas and liver Liver metabolism is markedly decreased and mild increases in liver function

enzymes can be observed, but usually of no significance. Amylase and lipase can
also bemildly elevated, but without representing cell injury. Pancreatitis has been
described in patients with severe accidental hypothermia

Drug metabolism Due to liver function decrease, drug metabolism is usually compromised and half-
lives of drugs primarily cleared by the enzymatic system may be prolonged

Skin Patients are at high risk for bedsores, due to skin vasoconstriction and immune
suppression

Respiratory and blood gases O2 and CO2 can be overestimated and pH underestimated if blood gas analyses are
not corrected to actual body temperature, due to changes in gas solubility with
temperature. Patients with hypothermia tend to have low PCO2, due to decreased
metabolism. It is controversial whether pH and PCO2 value management should
be guided by corrected ABG (alpha-stat versus pH-stat theories). The authors
believe that a combination of corrected ABG aiming for PCO2 levels mildly lower
than normal (around 35 mmHg) could avoid cerebral ischemia secondary to
extremely low PCO2 or hyperemia (with increased ICP) due to high “actual” PCO2

levels
Neurologic
32–35°C Shivering, confusion, agitation
28–32°C Sluggishness, incoordination, worsening confusion
20–28°C Amnesia, irrational behavior, severe incoordination, dilated pupils, hyporeflexia,

decreased responsiveness
<20°C Coma, rigidity, decreased or absent activity on electroencephalogram

ABG, arterial blood gas; ICP, intracranial pressure.
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Neurodiagnostics and imaging

MRI of the brain in patients with heat stroke may show
no acute abnormalities (Fushimi et al., 2012). Abnormal
signal may appear in cerebellar efferent pathways over
time, suggesting a possible mechanism of deafferenta-
tion (Fushimi et al., 2012). Cytotoxic edema (increased
diffusion-weighted imaging signal and reduced apparent
diffusion coefficient signal changes) has been described
in the bilateral dentate nuclei (Lee et al., 2009a), bilateral
superior cerebellar peduncles and thalami (Ookura et al.,
2009), and decussation of the superior cerebellar pedun-
cles (Bazille et al., 2005). In chronic cases, diffuse atro-
phy of the cerebellum on MRI can be observed
(Albukrek et al., 1997).

Hospital course and management

Priorities for prehospital treatment in patients with acci-
dental hypothermia include careful transport of the
patient (to avoid cardiac arrhythmias), advanced life sup-
port, and passive/active external rewarming (Brown
et al., 2012). In hemodynamically stable patients, active
external and minimally invasive rewarming is indicated,

to avoid further complications, as well as the absence of
firm evidence that invasive treatments might change the
outcome (Brown et al., 2012). In patients with cardiac
instability or cardiac arrest, fast rewarming should be
attempted, and extracorporeal membrane oxygenation
(ECMO) can play a major role. ECMO has been shown
to be safe and effective (Walpoth et al., 1997; Silfvast and
Pettila, 2003), and among patients treated with it, the rate
of survival with good neurologic outcome is 47–63%
(Walpoth et al., 1997; Farstad et al., 2001; Silfvast and
Pettila, 2003; Ruttmann et al., 2007). In facilities without
the availability of ECMO, cardiopulmonary resuscitation
should not be stopped until the core temperature has
reached approximately 35°C, as there are reports of
patients resuscitated for up to 390 minutes with good
neurologic outcome (Lexow, 1991).

Heat stroke is a medical emergency, and evidence
suggests that morbidity is significantly reduced if cool-
ingmeasures are started within 30minutes of recognition
(Heled et al., 2004). Currently, there are no controlled
studies comparing the effects of different cooling
methods on cooling times and outcome in patients with
heat-related illness. Traditionally, cold water and ice

Table 37.7

Complications of hyperthermia

Physiologic changes and complications
by system (hyperthermia) Comments

Cardiovascular
Hemodynamics The initial response is hyperdynamic, characterized by an elevated cardiac index,

decreased systemic vascular resistance, and elevated central venous pressure.
Later, cardiovascular system becomes compromised from the effects of
dehydration and vasoconstriction, leading to low cardiac index and increased
systemic vascular resistance

Arrhythmias Sinus tachycardia, atrial fibrillation, and supraventricular tachycardia
Heart Thermal myocardial dysfunction, myocardial ischemia
Electrocardiogram Right bundle branch block, intraventricular conduction delays, prolongation of the

Q-T interval, and nonspecific ST segment changes
Acid–base disorders Lactic acidosis, respiratory alkalosis
Muscular Rhabdomyolysis
Renal Acute renal failure secondary to rhabdomyolysis, systemic inflammation,

disseminated intravascular coagulation
Respiratory Acute respiratory distress syndrome
Hematologic
Coagulation Disseminated intravascular coagulation
Platelets Thrombocytopenia
Gastrointestinal
Liver Hepatocellular injury, liver failure
Bowel Intestinal ischemia or infarction
Neurologic Secondary to metabolic disturbances, metabolic encephalopathy, cerebral edema

and ischemia, and possibly hypernatremic cerebral damage. Seizures, weakness
and uncoordinated movements, encephalopathy, coma, anxiety, hallucination,
agitation, cerebellar syndrome, infarcts
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packages have been used to decrease core temperature,
which might lead to overshooting and consequent hypo-
thermia (Bouchama and Knochel, 2002). It might be rea-
sonable to use newer surface and intravascular cooling
devices to reach goal core temperature without over-
shooting. Cooling blankets are often ineffective, and
alternative internal cooling measures, such as cold-water
gastric, peritoneal, rectal, or bladder lavages, are insuffi-
ciently studied in humans and can lead to water intoxica-
tion (Atha, 2013).

Clinical trials and guidelines

There are no current clinical trials delineating manage-
ment strategies for hypo- or hyperthermia. Trials analyz-
ing different strategies to achieve goal core temperature
(either in hypothermic or hyperthermic patients) using
newer devices (surface and intravascular cooling
methods) are necessary.

Complex clinical decisions

It can be extremely difficult to decide when to stop car-
diopulmonary resuscitation in patients with accidental
hypothermia, since rewarming is often necessary before
return of spontaneous circulation can be achieved. As
with other patients who suffer cardiac arrest, prognosti-
cationmay bemost reasonable after several days of treat-
ment and observation of the neurologic exam.

Outcome prediction

The lowest reported core body temperature associated
with full neurologic recovery was 13.7°C (57°F) in a
patient with accidental hypothermia (Gilbert et al.,
2000) and 9°C (48°F) in a case of induced hypothermia
during surgery (Niazi and Lewis, 1958). Virtually all
patients with cardiac stability treated with active external
and minimally invasive rewarming in a study were neu-
rologically intact at discharge (Kornberger et al., 1999).
In patients treated with ECMO, the rate of survival with
good neurologic outcome is 47–63% (Walpoth et al.,
1997; Farstad et al., 2001; Silfvast and Pettila, 2003;
Ruttmann et al., 2007). The presence of associated major
trauma or avalanche burial for more than 35 minutes is a
marker of unfavorable prognosis (Brown et al., 2012).

Dematte and colleagues (1998) studied 58 patients
with classic heat stroke admitted to an intensive care unit
and analyzed their long-term outcome. All patients expe-
rienced multiorgan dysfunction with neurologic impair-
ment, with an in-hospital mortality of 21%. Most
survivors recovered near-normal renal, hematologic,
and respiratory status, but moderate to severe functional
impairment was present in 33% of patients at hospital
discharge. At discharge, 24% did not have neurologic

impairment, 43% had minimal impairment, and 33%
had moderate to severe impairment. At 1 year, no patient
had improved functional status, and an additional 28% of
patients had died. Recovery of cerebral function during
cooling is a favorable prognostic sign and should be
expected in the majority of patients who receive imme-
diate and effective therapy (Bouchama and
Knochel, 2002).

Neurorehabilitation

Survivors of severe heat stroke can experience signifi-
cant incoordination and imbalance due to cerebellar dys-
function, and some might develop cognitive impairment
and parkinsonism. Currently, no evidence exists for the
care of this subset of patients, but traditional approaches
to these issues derived from studies in other neurologic
diseases might be entertained.
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Chapter 38

Neurologic manifestations of major electrolyte abnormalities

M. DIRINGER*
Department of Neurology, Washington University, St. Louis, MO, USA

Abstract

The brain operates in an extraordinarily intricate environment which demands precise regulation of elec-
trolytes. Tight control over their concentrations and gradients across cellular compartments is essential and
when these relationships are disturbed neurologic manifestations may develop.

Perturbations of sodium are the electrolyte disturbances that most often lead to neurologic manifesta-
tions. Alterations in extracellular fluid sodium concentrations produce water shifts that lead to brain
swelling or shrinkage. If marked or rapid they can result in profound changes in brain function which
are proportional to the degree of cerebral edema or contraction. Adaptive mechanisms quickly respond
to changes in cell size by either increasing or decreasing intracellular osmoles in order to restore size
to normal. Unless cerebral edema has been severe or prolonged, correction of sodium disturbances usually
restores function to normal. If the rate of correction is too rapid or overcorrection occurs, however, new
neurologic manifestations may appear as a result of osmotic demyelination syndrome.

Disturbances of magnesium, phosphate and calcium all may contribute to alterations in sensorium.
Hypomagnesemia and hypocalcemia can lead to weakness, muscle spasms, and tetany; the weakness from
hypophosphatemia and hypomagnesemia can impair respiratory function. Seizures can be seen in cases
with very low concentrations of sodium, magnesium, calcium, and phosphate.

The nervous system operates in an exquisitely complex
environment which requires precise distribution and
concentration of electrolytes in various compartments.
Normal neurologic function requires tight control of their
gradients across cellular compartments and when these
relationships are disturbed neurologic manifestations
may occur (Table 38.1). In addition electrolyte distur-
bances can have a profound effect on brain function
when they lead to fluid shifts that cause cells to swell
and shrink.

Perturbations of sodium are the electrolyte distur-
bance that most often leads to neurologic manifestations.
They are particularly common in patients with central
nervous system (CNS) disease due to the essential role
the CNS plays in regulation of sodium and water homeo-
stasis. Additionally, seriously ill neurologic patients are
often administered treatments designed to perturb normal
regulation of electrolytes and water.

PHYSIOLOGICREGULATIONOFSODIUM
ANDOSMOLALITY

The manifestations of sodium disturbances are best
understood in the context of the physiologic regulation
of extracellular osmolality and body water.

Water regulation

Changes in osmolality are detected by specialized neu-
rons called osmoreceptors in the anterior hypothalamus
(Leng et al., 1985). When an osmotic gradient develops
between the intracellular and extracellular compart-
ments, water moves passively to maintain osmolal
equilibrium and the size changes. The osmoreceptors
communicate this change to the magnocellular neurons
of the supraoptic and paraventricular nuclei of the hypo-
thalamus which synthesize antidiuretic hormone (ADH,
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also known as arginine vasopressin). The peptide travels
down their axons, passing through the median eminence,
to the neurohypophysis or the posterior lobe of the pitu-
itary, where they release ADH into the circulation. Stim-
ulation of this system by as little as a 1% increase in
extracellular fluid (ECF) osmolality causes secretion of
ADH (Robertson et al., 1977). Maximal osmotic stimu-
lation of ADH release occurs at approximately 310 mos-
mol/kg; ADH concentrations fall to almost zero when
osmolality is below about 280 mosmol/kg. The system
is sensitive to administration of hypertonic solutions –
hyperosmolar solutions that do not easily cross the cell
membrane such as sodium, glucose, or mannitol and pro-
duce water shifts. Hyperosmolar urea, on the other hand,

is not hypertonic since it crosses the cell membrane and
does not produce water shifts or change in cell size and
does not stimulate ADH release.

The magnocellular neurons that synthesize and release
ADH also respond to large changes in intravascular vol-
ume and blood pressure. Low-pressure baroreceptors in
the left atriumof the heart and high-pressure baroreceptors
in the aortic arch and carotid sinus monitor blood pressure
and volume. This information is transmitted via cranial
nerves IX and X to relay stations in the brainstem, the
nucleus tractus solitarius, and ultimately to the hypo-
thalamus (Share and Levy, 1962; Coenraad et al., 2001).
Input from baroreceptors indicating moderate to severe
hypotension or hypovolemia will overwhelm osmotic

Table 38.1

Electrolyte disturbances

Electrolyte disturbance Causes Signs/symptoms

Hyponatremia Water retention
SIADH
Postoperative
Heart failure
Cirrhosis
Sodium loss
Gastrointestinal losses
Renal losses
Adrenal insufficiency

Muscle cramps
Weakness
Alter sensorium
Coma
Seizures

Hypernatremia Diabetes insipidus
Excess sweating or diarrhea

Confusion
Altered sensorium
Coma
Seizures

Hypomagnesemia Diuretics
Osmotic agents
Hypervolemic therapy
Metabolic acidosis

Muscle spasms/weakness
Paresthesia
Disorientation/coma
Seizures
Arrhythmias
Hypotension
Heart failure

Hypomagnesemia Renal failure
Iatrogenic

Weakness

Hypophosphatemia Diuretics
Osmotic agents
Acidemia
Hypomagnesemia
Hyperparathyroidism

Muscle weakness
Tremor
Altered sensorium
Rhabdomyolysis
Hemolysis

Hypocalcemia Diuretics
Osmotic agents
Hypervolemic therapy
Sepsis
Chelators
Hyperphosphatemia

Hypotension
Cardiac insufficiency
Bradycardia
Muscle spasms
Tetany

SIADH, syndrome of inappropriate secretion of antidiuretic hormone.
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regulation and produce massive release of ADH (Dunn
et al., 1973). Therefore, in the setting of hypovolemia,
ADH levels are higher than would be seen for a given
osmolality. This acts to preserve intravascular volume at
the expense of osmolality. Additional nonosmotic stimuli
to ADH release include physical pain, emotional stress,
nausea, emesis, and hypoxia (Robertson, 1976). The pres-
ence of these factors often leads to high ADH levels in
trauma and postoperative patients (Robertson et al., 1977).

Circulating ADH stimulates receptors in the kidneys
and blood vessels. It increases water permeability in the
final portion of the distal tubule and collecting duct of
nephrons, resulting in water retention, a fall in ECF
osmolality, which in turn leads to suppression of ADH
secretion. ADH also acts to increase vascular resistance
(Cowley, 1985), helping preserve blood pressure during
hypovolemia or hypotension. In pharmacologic doses it
can act as a vasopressor.

Even with maximal renal water conservation, water
intake is essential to maintain homeostasis. Elevations
of osmolality over approximately 300 mosmol/kg stimu-
late thirst (Vokes and Robertson, 1988; Ober, 1991), ini-
tiating behavioral responses directed toward increasing
water intake. Under normal circumstances, the response
to thirst is potent enough to maintain normal water
balance even in the absence of ADH release.

Sodium regulation

Regulation of body sodium content is directed toward
maintaining adequate blood pressure and intravascular
volume. High- and low-pressure baroreceptors monitor
these parameters and relay information to hypothalamic
centers which integrate and coordinate a multifaceted
response. Both neural and humeral messengers are used
to produce renal, vascular, and behavioral changes
directed toward restoring homeostasis.

Sodium regulation involves opposing systems. The
renin–angiotensin–aldosterone system and the sympa-
thetic nervous system promote sodium retention and
vasoconstriction. They are opposed by a number of natri-
uretic factors that promote renal sodium loss and relaxa-
tion of vascular smooth muscle, producing vasodilation.

Blood pressure is monitored by renal baroreceptors
located in the preglomerular arterioles.When blood pres-
sure falls the baroreceptors stimulate the release of renin.
The sodium concentration of the distal tubule of the
kidney also acts to influence renin release. Another
important modulator of renin release is sympathetic input
via the renal nerve. Acting via angiotensinogen and
angiotensin I, renin stimulates the production of angio-
tensin II which in turn induces aldosterone secretion from
the adrenal medulla. Additional actions of angiotensin II
include stimulating thirst (Lappe et al., 1986) and acting
as a potent vasoconstrictor. Aldosterone stimulates the

distal tubule of the nephron to retain sodium in exchange
for potassium and hydrogen.

Under normal conditions about 98% of the sodium fil-
tered by the glomerulus is reabsorbed in the proximal
tubule. Minor changes in how much is reabsorbed can
lead to large changes in sodium excretion. In addition
to its role in influencing renin release, the sympathetic
nervous system has an important modulatory influence
on sodium reabsorption in the proximal tubule.
(DiBona, 1977, 1985) Thus, neural mechanisms alter
sodium excretion by acting on both the renin–angioten-
sin–aldosterone system and the kidney.

Opposing systemspromote sodiumexcretion andvaso-
dilation. Theprototype, atrial natriuretic factor (ANF), acts
both centrally and peripherally to promote sodium and
volume loss. It is released from the heart by rises in atrial
pressure (Lang et al., 1985; Laragh, 1985). Experimental
infusions of ANF produce natriuresis and diuresis, relax
vascular smooth muscle, and antagonize the release of
ADH, renin, and aldosterone (Laragh, 1985). Central
administration of ANF produces natriuresis and diuresis
(Samson, 1987), inhibits angiotensin II-induced drinking,
and inhibits ADH release. Brain natriuretic peptide,
another centrally and peripherally acting peptide, plays a
similar role in regulating sodium homeostasis.

PATHOPHYSIOLOGYANDADAPTIVE
RESPONSESTOSODIUM

DISTURBANCES

Hyponatremia

Hyponatremia develops when there is an excess of extra-
cellular water relative to sodium. In congestive heart fail-
ure and cirrhosis a reduction in effective arterial blood
volume stimulates release of ADH and aldosterone and
increases sympathetic nervous system activity (Schrier,
1988a, b). This state leads to hyponatremia by increasing
the body’s water content more than it increases sodium
content.

Hyponatremia can also exist when there is an increase
in water but no change in sodium content. Excessive
water ingestion can lead to acute hyponatremia such as
seen in psychiatric patients (psychogenic polydipsia),
overhydrated runners (exercise-associated hyponatre-
mia) (Urso et al., 2014), and consumption of substantial
amounts of beer (beer potomania) (Sanghvi et al., 2007).
Excessive water retention leading to dilutional hypona-
tremia also develops when there is nonosmotic release
of ADH stimulated by pain, stress, and drugs, or in the
syndrome of inappropriate secretion of ADH (SIADH)
(Lester and Nelson, 1981).

Finally, hemodynamic factors, independent of osmo-
lality, influence ADH secretion. Moderate or marked
hypovolemia or hypotension is a potent stimulus to
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ADH release (Schrier et al., 1979). In this setting ADH is
acting to restore hemodynamic homeostasis at the
expense of osmotic regulation. Gastrointestinal and renal
losses of sodium in excess of water can also produce
hyponatremia. Renal loss may be due to diuretic excess
(especially thiazides), mineralocorticoid or glucocorti-
coid deficiency, hypothyroidism, or salt-losing nephritis.

In conditions where multiple nonosmotic stimuli to
release ADH exist, intake of hypotonic fluids can rapidly
lead to dilutional hyponatremia. Postoperative patients
are at a relatively high risk for hyponatremia as stress,
nausea, pain, volume contraction, and medications all
promote nonosmotic ADH secretion (Chung et al.,
1986). Administration of hypotonic fluids during a
period of nonosmotic release of ADH can lead to severe
symptomatic hyponatremia and even respiratory arrest
(Arieff, 1986).

CEREBRAL ADAPTATION TO HYPONATREMIA

Large rapid falls in sodium concentration lead to marked
cellular swelling and global cerebral edema (Holliday
et al., 1968; Rymer and Fishman, 1973). Within hours,
the swelling triggers the initiation of adaptive mecha-
nisms to restore homeostasis which continue to act
over the course of several days. Initially, interstitial fluid
pressure rises, which drives brain ECF into the cerebro-
spinal fluid space (Pullen et al., 1987). Adaptive mecha-
nisms allow electrolytes to exit brain cells within hours
(rapid adaptation) and intracellular potassium is lost rap-
idly through activation of ion channels, limiting the
adverse consequences of cellular swelling (Strange and
Jackson, 1995). As brain cells begin to lose solutes an
osmotic gradient is created which drives movement of
water out of the cells (Strange, 1992; McManus et al.,
1995). Later organic solutes are lost and substantial
depletion of brain organic osmolytes occurs within
24 hours. Osmolytes, including amino acids (e.g., tau-
rine, glutamine, glutamate, and aspartate), polyalcohols,
and methylamine, are extruded (Massieu et al., 2004).

Hypernatremia

Hypernatremia results when there is a shift in the ratio of
sodium to water that favors less water and/or more
sodium. The primary causes of extrarenal water loss are
sweating and diarrhea. Renal loss of water may occur
through osmotic diuresis from hyperglycemia or adminis-
tration of mannitol, nephrogenic diabetes insipidus when
kidney fails to respond toADH, or insufficient level of cir-
culatingADH (central diabetes insipidus).Despite consid-
erable water loss, hypernatremia will generally not
develop when thirst mechanisms are intact and access
to water is unrestricted. Primary hyperaldosteronism,

Cushing’s syndrome, and excessive sodium administra-
tion in hypertonic intravenous or oral solutions can result
in hypernatremia through retention of sodium in excess
of water.

CEREBRAL ADAPTATION TO HYPERNATREMIA

A rise in ECF osmolality leads to rapid movement of
water out of the cellular compartment, leading to cell
shrinkage. While this has little effect on other organs,
CNS function can be severely affected. Within several
hours the brain begins to adapt to this hyperosmolar
stress. The number of intracellular osmotically active
particles is increased in order to draw in water and return
cell size to normal.

The first step involves the uptake of solutes by the
cells. This acts to move water from the cerebrospinal
fluid, through the interstitial space, to the intracellular
compartment, restoring the cell size. The uptake of sol-
utes begins with sodium, potassium, and chloride
(Melton et al., 1987), followed by idiogenic osmoles
(McDowell et al., 1955) which are, in part, made up of
myo-inositol, glutamine, glutamate, and taurine.

This phenomenon has important therapeutic implica-
tions. When the brain has been exposed to hypertonic
conditions sustained for several hours to days, compen-
satory mechanisms have been activated. The accumula-
tion of osmolytes makes the brain very susceptible to
cellular swelling from hypotonic solutions. Therefore,
such patients should have their hyperosmolal state cor-
rected very slowly, usually over about a week, to prevent
rebound cerebral edema (Fig. 38.1).

Hypernatremia usually results from the combination
of an insufficient release of ADH from the neurohypoph-
ysis and inadequate water intake. Disturbed water regu-
lation in adults is usually characterized by polyuria,
thirst, polydipsia, and occasionally a preference for ice
water (Berl et al., 1976).Water intakemay be insufficient
to keep up with losses when thirst mechanisms are dis-
turbed or access to water is limited due to paresis, disori-
entation, or obtundation (Hammond et al., 1986). In rare
cases, severe hypernatremia can result in brain dehydra-
tion severe enough to tear the bridging veins, causing
subdural hematomas.

Iatrogenic causes of hypernatremia in hospitalized
patients may be inadvertent or deliberate. Failure to
pay strict attention to water and electrolyte losses and
adjust fluid appropriately can lead to hypernatremia in
patients with unrecognized large free-water losses. In
addition, the use of osmotic therapy with mannitol or
hypertonic saline in neurologic patients is a frequent
cause of hypernatremia; mannitol acts by increasing
water loss and hypertonic saline through raising sodium
content relative to water.
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NEUROLOGICMANIFESTATIONS

Acute hyponatremia

The symptoms of hyponatremia are primarily neurologic
and their severity is determined by the degree of cerebral
edema. In rapidly developing hyponatremia water enters
the intracellular compartment of the brain and causes
rapid cerebral swelling (Strange, 1992). Initially there
is a reduction in cerebrospinal fluid and blood volume
to compensate for the swelling and keep intracranial
pressure from rising; however, given the limited space
inside the cranial vault, those mechanisms are rapidly
exhausted and intracranial pressure rises. As pressure
rises cerebral perfusion is reduced and eventually, if
the progression is not reversed, fails entirely, causing
global ischemic infarction. While there is a correlation
between symptoms and degree of hyponatremia, the
rapidity with which the hyponatremia develops is prob-
ably a more important determinant of clinical symptoms
(Holliday et al., 1968; Cowley, 1985; Rossi and
Cadnapaphornchai, 1987).

Acute hyponatremia is most often seen in the setting
of acute excessive water ingestion that may be self-
induced, as in psychogenic polydipsia, beer potomania,
and exercise-associated hyponatremia. Iatrogenic causes
include administration of hypotonic fluids to postopera-
tive or trauma patients. Finally an acute “relative
hyponatremia” can occur when hyperosmolar patients,
often as a result of aggressive osmotic therapy, have their
osmolality rapidly lowered toward normal.

The earliest clinical manifestations of acute hypona-
tremia include nausea and malaise, which can be seen

when sodium levels fall to<125–130 mEq/L. With
further declines, headache, lethargy, and obtundation
follow. In severe cases seizures, coma, and respiratory
arrest may occur when serum sodium concentration rap-
idly falls below 115–120 mEq/L (Ayus et al., 1992; Ellis,
1995; Sterns, 2015). Patients with pre-existing focal
intracranial disease may be particularly sensitive to sud-
den drops in sodium concentration (regardless of starting
sodium level), especially vasogenic lesions such as
tumors, ischemic stroke, and inflammation. They will
typically exhibit worsening of pre-existing signs
followed by altered sensorium progressing to coma.

Chronic hyponatremia

When the onset of hyponatremia is slower and adaptive
mechanisms have sufficient time to minimize edema
formation, symptoms are limited to mild cognitive
impairment or may be absent. This accounts for the
asymptomatic presentation (Sterns et al., 1986) in cases
of slowly developing, chronic hyponatremia. Symptoms
that may appear are relatively nonspecific and include
headache, nausea, vomiting, dizziness, gait disturbances,
forgetfulness, confusion, muscle cramps, lethargy, and
irritability (Sterns et al., 1994; Ellis, 1995).

Central pontine myelinolysis and osmotic
demyelination syndrome

For decades the management of hyponatremia has been
complicated by fear of inducing central pontine myelino-
lysis (CPM). CPM, also referred to as osmotic demyelin-
ation syndrome (ODS) (Sterns et al., 1986, 2010), is a

Fig. 38.1. Effects of rapidly lowering sodium in a hypernatremic patient. Following admission for a large hemispheric stroke (left

panel), this 75-year-old patient was empirically treated with osmotic therapy and sodium rose to 168 mEq/L on day 2 (middle

panel). On day 4 the family chose to limit care to comfort measures and fluids were changed to one-half normal saline.

Thirty-six hours later the patient had become unresponsive and a computed tomography scan demonstrated a dramatic increase

in edema and shift (right panel).
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demyelinating condition, sometimes restricted to the
pons, originally described in alcoholic and malnourished
patients (Adams et al., 1959).

In the initial reports of patients with CPM, many had
normal serum sodium concentrations (Narins, 1986) and
CPM was linked to hypoxia, liver disease (Estol et al.,
1989), and hyperosmolality independent of hyponatre-
mia (McKee et al., 1988). As numerous reports appeared
associating the conditionwith hyponatremia and its treat-
ment (Sterns et al., 1986; Ayus et al., 1987), two expla-
nations were offered as to the mechanism responsible for
the disorder: either too rapid correction of hyponatremia
(Norenberg et al., 1982; Sterns et al., 1986; Brunner
et al., 1990) or overcorrection of serum sodium concen-
tration (Ayus et al., 1985; Boon et al., 1988). The risk of
myelinolysis associated with rapid serum sodium correc-
tion increases when the brain’s adaptive responses to
cerebral edema have been activated for a period of time,
as in chronic rather than acute hyponatremia. Clinically,
ODS is more frequently associated with rapid correction
or overcorrection of chronic but not acute hyponatremia.
Correction of hyponatremia that has only been present
for several hours has a very low risk of inducing ODS
since cerebral adaptation is at an early stage.

The pathogenesis of ODS appears to be related to the
brain’sadaptive response tohyponatremia.Thesolutes that
were lost from the intracellular compartment to adapt to the
hyponatremic state require time to replace. If the rise of
sodium concentration outpaces the ability to replace lost
intracellular solutes the brain rapidly swings from a swol-
len to a shrunken state. This, along with possible injury to
the blood–brain barrier, may damage astrocytes, lead
to impaired myelin production by oligodendrocytes,
release inflammatory cytokines, and activate microglia
(Gankam Kengne et al., 2011).

The clinical signs of ODS generally do not appear
until 2–6 days after correction of hyponatremia (Sterns
et al., 1986, 1994, 2010). The clinical picture is that of
initial neurologic improvement, with the rise in sodium
concentration followed by deterioration days later.

The entity of CPM was first described by Adams and
colleagues in 1959 and they state that:

The neurologic illness was characterized by flac-
cid quadriplegia, weakness of the face and tongue,
and inability to speak and swallow. There was no
response to painful stimuli; eventually the corneal
reflexes were lost. All of these signs are readily
explained by the lesion in the basis pontis.

Of note, in these patients CPM occurred in the context of
alcoholism and malnutrition.

The first cases were identified at autopsy. With the
subsequent development of magnetic resonance imaging
(MRI), a much broader spectrum of disease has been

identified. A more recent retrospective review suggests
that about half of patients have extrapontine involvement
(Graff-Radford et al., 2011). In the 24 cases identified,
75% had hyponatremia and 75% had alcoholism and
malnutrition. Presenting symptoms included encepha-
lopathy, ataxia, dysarthria, eye movement abnormalities,
and seizures. Initial brain MRI was normal in 20% of
patients, but all became abnormal with serial imaging.
A literature review found that the most common predis-
posing factor to ODS was hyponatremia (78%) and the
most common presentation was encephalopathy (39%)
(Singh et al., 2014). Movement disorders and cognitive
problems due to involvement of the basal ganglia may
occur early in the course of the illness, or may present
as delayed manifestations after the patient survives the
acute phase (de Souza, 2013).

Risk factors for developing ODS in the setting of
hyponatremia are the serum sodium concentration at pre-
sentation, the duration of the hyponatremia, and the rate
of correction. The vast majority of reported cases are in
patients with a serum sodium of <120 mEq/L (Sterns
et al., 1986, 1994; Barth et al., 2007; Sterns, 2015).
Relowering of the serum sodium may be beneficial in
patients where the correction has been too rapid (Oya
et al., 2001; Perianayagam et al., 2008).

In a review of cases, favorable recovery occurred in
about half and death in a quarter of patients. Outcome
was considerably worse in liver transplant patients
who developed ODS (Graff-Radford et al., 2011). Other
recent series have also reported that good recovery from
ODS is not uncommon and almost complete recovery
from severe symptoms is possible (Menger and Jorg,
1999; Louis et al., 2012; Sai Kiran et al., 2014;
Bernhardt et al., 2015).

Initially ODS was thought to have a consistently poor
outcome because the diagnosis was only confirmed by
necropsy. However, recent series have shown that good
recovery from ODS is not infrequent and total, or near-
total and at least remission of severe symptoms is possi-
ble (Singh et al., 2014; Sai Kiran et al., 2014).

NEUROLOGICMANIFESTATIONSOF
DISTURBANCESOFOTHER IONS

Calcium

Symptoms of hypocalcemia may be mild and nonspeci-
fic, including fatigue, hyperirritability, anxiety, and
depression. Tetany, the hallmark of hypocalcemia,
includes both sensory and muscular symptoms (Tohme
and Bilezikian, 1993). It typically begins as perioral
numbness, paresthesias of the hands and feet. Early
motor symptoms include stiffness and clumsiness, myal-
gia, and cramps and may progress to include muscle
spasms and focal or generalized seizures. In the hands
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the result is carpopedal spasm and when the glottis is
involved the result is laryngismus stridulus, which can
cause acute respiratory distress, cyanosis, and death
(Chang et al., 2014). Patients in whom the onset of
hypocalcemia is gradual tend to have fewer symptoms
at the same serum calcium concentration (Tohme and
Bilezikian, 1993). Occasionally hypocalcemia may pre-
sent with generalized or focal seizures (Tohme and
Bilezikian, 1993; Mrowka et al., 2004).

One of the classic findings in patients with tetany is
the induction of carpopedal spasm by inflation of a
sphygmomanometer above systolic blood pressure for
3 minutes (Trousseau’s sign). Chvostek’s sign consists
of eliciting contraction of the ipsilateral facial muscles
by tapping the facial nerve just anterior to the ear
(Cooper and Gittoes, 2008).

Magnesium

Patients with chronic magnesium deficiency often present
with complaints of neuromuscular hyperexcitability man-
ifest by tremor, tetany, and weakness. They demonstrate
positive Trousseau and Chvostek’s signs, muscle spasms,
andmuscle cramps (Vallee et al., 1960; Shoback, 2000). In
patients who are critically ill, weakness of the respiratory
muscles may contribute to respiratory failure (Shiber and
Mattu, 2002).

CNS symptoms involve alterations in sensorium, sei-
zures, and involuntary movements. Mental status changes
range from apathy and delirium to lethargy and finally
coma. Generalized tonic-clonic seizures may occur but
may also be multifocal motor in nature. Occasionally
involuntary athetoid or choreiform movements are seen.

Magnesium concentration is maintained primarily by
renal mechanisms. Diuretics, antibiotics, osmotic agents,
sepsis, volume expansion, phosphate depletion, andmeta-
bolic acidosis promote renal magnesium loss. Cardiovas-
cular manifestations include arrhythmias, hypotension,
increased sensitivity to digitalis, and heart failure. Hypo-
magnesemia is linkedtoworseoutcomeinmedicalpatients
(Rubeiz et al., 1993) and correction improves outcome in
models of head injury (McIntosh et al., 1989).Magnesium
supplementationhasbeensuggested in subarachnoidhem-
orrhage; however, several trials failed to demonstrate clin-
ical benefit. (Dorhout Mees et al., 2015; Yamamoto
et al., 2015).

Phosphate

Phosphate concentration is primarily controlled by
intrarenal mechanisms. Factors that contribute to the
development of hypophosphatemia include chronic alco-
holism, diabetic ketoacidosis, intravenous alimentation
with insufficient phosphate, urinary phosphate-wasting
syndromes, chronic ingestion of antacids or other

phosphate binders, hypomagnesemia, acidemia, hyper-
parathyroidism, infection, and renal tubular defects,
parathyroid hormone, dextrose, digoxin, and chronic
administration of corticosteroids.

The clinical expression of hypophosphatemia is
primarily due to intracellular phosphate depletion. Man-
ifestations includemuscleweakness, tremor, alteredmen-
tal status, respiratory insufficiency, rhabdomyolysis, and
hemolysis (Weisinger and Bellorin-Font, 1998). Severe
hypophosphatemia can lead tomild irritability, metabolic
encephalopathy, paresthesias, delirium, generalized sei-
zures, and coma (Subramanian and Khardori, 2000).
Severe phosphate depletion may also contribute to the
development of CPM (Turnbull et al., 2013). Neuromus-
cular manifestations include proximal myopathy and
dysphagia.
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Chapter 39

Management of neuro-oncologic emergencies

J.T. JO AND D. SCHIFF*
Neuro-Oncology Center, University of Virginia, Charlottesville, VA, USA

Abstract

Patients with brain tumors and systemic malignancies are subject to diverse neurologic complications
that require urgent evaluation and treatment. These neurologic conditions are commonly due to the tumor’s
direct effects on the nervous system, such as cerebral edema, increased intracranial pressure, seizures,
spinal cord compression, and leptomeningeal metastases. In addition, neurologic complications can
develop as a result of thrombocytopenia, coagulopathy, hyperviscosity syndromes, infection, immune-
related disorders, and adverse effects of treatment. Patients may present with typical disease syndromes.
However, it is not uncommon for patients to have more subtle, nonlocalizing manifestations, such
as alteration of mental status, that could be attributed to other systemic, nonneurologic complications.
Furthermore, neurologic complications are at times the initial manifestations of an undiagnosed malig-
nancy. Therefore a high index of suspicion is essential for rapid assessment andmanagement. Timely inter-
vention may prolong survival and improve quality of life. In this chapter, we will discuss the common
neuro-oncologic emergencies, including epidemiology, pathophysiology, clinical presentation, diagnosis,
and treatment.

INTRODUCTION

The incidence and survival of patients with primary
and metastatic brain tumors are increasing, attributable
to better recognition and improved treatment strategies.
It is essential for neurocritical care professionals to
recognize and appropriately treat common neuro-
oncologic emergencies associated with these malignan-
cies. These emergencies can be the result of direct effects
of brain tumors on the central nervous system (CNS)
(e.g., increased intracranial pressure (ICP), seizures,
and spinal cord compression), indirect effects (e.g.,
stroke and CNS infection), or complications of various
treatment modalities. Prompt diagnosis and timely man-
agement may preserve neurologic function andmay even
be life-saving.

DIRECT EFFECTSOF CANCER

Cerebral edema and increased
intracranial pressure

EPIDEMIOLOGY

Increased ICP is a consequence of an expanding mass
lesion and associated cerebral edema. Cerebral edema
is a prominent feature of high-grade primary brain
tumors such as glioblastoma (GBM), brain metastases,
and sometimes meningiomas. Large brain metastases
are the most common cause of increased ICP in onco-
logic patients (Pater et al., 2014). GBM and certain brain
metastases such as melanoma, renal cell carcinoma, thy-
roid carcinoma, and choriocarcinoma have a particularly
high propensity to develop intratumoral hemorrhage,
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leading to worsening mass effect. Brain herniation is a
grave consequence of rapid-incremental mass effect,
often necessitating emergency intervention. Table 39.1
lists the common primary and metastatic brain tumors.

NEUROPATHOLOGY AND PATHOPHYSIOLOGY

Cerebral edema associated with brain tumors is most
often vasogenic rather than cytotoxic (Kaal and Vecht,
2004). Vascular endothelial growth factor (VEGF) plays
a key role in tumor angiogenesis and vasogenic edema
formation. The newly formed tumoral blood vessels
are structurally and functionally abnormal, with a com-
promised blood–brain barrier, resulting in fluid leakage
into the surrounding brain parenchyma (Jo et al.,
2012). VEGF may also impair the function of occludin,
induce fenestration of the endothelium, and lead to syn-
thesis and release of nitric oxide, which in turn leads to
opening of tight junctions and enhancement of capillary
permeability (Davies, 2002; Kaal and Vecht, 2004).
VEGF expression is correlated with malignant progres-
sion and vascular density in gliomas. Upregulation of
VEGF has also been observed in metastases and certain
meningiomas, including the transitional and menin-
gotheliomatous types (Stummer, 2007).

Peritumoral edema causes mass effect, resulting in
increased ICP, compromise of local blood supply, brain
tissue displacement, and ultimately brain herniation.
Based on the Monro–Kellie hypothesis, an increase in
brain parenchyma volume forces depletion of either
the cerebrospinal fluid (CSF) or blood compartments
(Mokri, 2011). The slower the tumor growth and the
more gradual the incremental mass effect exerted by
edema, the more effective the compensatory mechanism.
Clearance of extravasated fluid is accomplished by bulk

flow of edema fluid to the ventricular space, absorption
through subarachnoid space, and absorption by local
capillaries (Stummer, 2007). A rapid rise in ICP increases
the risk of brain herniation. Marked transient elevation of
ICP, classically in excess of 40 mmHg and lasting for a
minimum of 5 minutes, is referred to as a plateau wave,
and results in reduced cerebral perfusion pressure. Pro-
longed elevation of ICP for more than 30–40 minutes
leads to insufficient cerebral blood flow, causing perma-
nent damage and unfavorable outcomes (Castellani et al.,
2009; Pater et al., 2014).

CLINICAL PRESENTATION

Peritumoral edema leads to signs and symptoms related
to focal mass effect and increased ICP. These clinical
manifestations usually begin insidiously over weeks to
months, but some tumors presents acutely from intratu-
moral hemorrhage or obstructive hydrocephalus. History
and rapid physical examination, focusing on signs of
impending brain herniation, are important in the recogni-
tion and timely management of increased ICP.

Headache is present in almost half of patients with pri-
mary and metastatic brain tumors. The classic early-
morning headache is relatively uncommon. Headache
is usually characterized as a nonthrobbing, pressure-like
sensation similar to tension-type headaches, and almost
40% of patients describe it as “the worst pain of their
life.” The headache due to increased ICP in brain tumor
patients is generally severe, not relieved by common
analgesics, and often associated with nausea and vomit-
ing (Forsyth and Posner, 1993; Damek, 2009).

Headache can also be episodic due to plateau waves
from abrupt fluctuations of ICP for 5–20 minutes,
frequently accompanied by nausea, vomiting, visual
loss, ataxia, and loss of consciousness, typically trig-
gered by changes in body position. This phenomenon
is sometimes confused with seizures (Damek, 2009).
Impaired level of consciousness occurs in a third of
patients with brain tumors, ranging from lethargy to
coma (Damek, 2009; Pater et al., 2014). Papilledema
may be observed in almost half of patients with
increased ICP, although a decline to less than 10%
has been reported owing to earlier diagnosis (Forsyth
and Posner, 1993; Wen, 1997).

The presence of focal deficits depends on the location
of the mass. Herniation syndromes commonly occur in
patients with new large intracranial mass lesions or
edema. Warning signs of impending herniation include
impaired consciousness, abnormal breathing patterns
(e.g., Cheyne–Stokes respiration or central neurogenic
hyperventilation), repetitive respiratory reflexes (i.e.,
hiccups or yawning), and Cushing’s triad (hypertension,

Table 39.1

Common primary andmetastatic brain tumors (Barnholtz-

Sloan et al., 2004; Ostrom et al., 2014)

Primary Secondary/metastases

Malignant tumors
Glioblastoma
Diffuse astrocytoma
Oligodendroglioma
Lymphoma

Lung
Melanoma
Renal
Breast
Colorectal

Nonmalignant tumors
Meningioma
Pituitary tumors
Nerve sheath tumor
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bradycardia, and irregular respiration or apnea). Temporal-
lobe masses cause uncal herniation, typically presenting
with ipsilateral cranial nerve III palsy, hemiparesis, and
impaired consciousness. Supratentorial masses can lead
to central herniation, causing occlusion of the ipsilateral
posterior cerebral artery, with resultant infarction
(Stevens et al., 2012; Pater et al., 2014).

NEUROIMAGING

Brain magnetic resonance imaging (MRI) is superior to
computed tomography (CT) in evaluation of the size, loca-
tion, and number of brain masses, as well as secondary
effects of brain tumors, such as edema and mass effect.
However, noncontrast head CT is the preferred initial test
due to speed and availability (Quinn and DeAngelis,
2000). Acute hemorrhage, hydrocephalus, edema, and
mass effect can be easily visualized using CT. Once
the patient is stable, cranial MRI can be obtained for
more detailed characterization of the lesion. High water
content, as with CSF and cerebral edema, appears hy-
perintense on T2-weighted imaging sequences. Fluid-
attenuated inversion-recovery (FLAIR) MRI sequences
suppress the CSF signal, and are beneficial in depicting
the full extent of tumor and surrounding edema, especially
for lesions adjacent to sulci and ventricles. Lesions
with disrupted blood–brain barrier such as metastases,
high-grade gliomas or secretory meningiomas avidly
enhance on gadolinium-enhanced T1-weighted sequences

(Fig. 39.1). T1 hyperintensity or “T1 shortening” and gra-
dient recall echo (GRE) or susceptibility-weighted imag-
ing (SWI) MRI sequences reveal hemorrhage within
tumors. This is most common in metastases from mela-
noma, renal, thyroid, or choriocarcinoma (Kaal and
Vecht, 2004; Walker and Kapoor, 2007).

HOSPITAL COURSE AND MANAGEMENT

If there is a high clinical suspicion of increased ICP or
impending herniation, immediate measures to lower
ICP take precedence over emergency neuroimaging.
Intubation and hyperventilation to target pCO2 between
25 and 30 mmHg is the most rapid method to decrease
ICP. Decreased pCO2 causes cerebral vasoconstriction
and a subsequent decline in cerebral blood volume and
ICP. This effect occurs within as little as 30 seconds of
lowering pCO2, but is transient and may cause cerebral
ischemia (Ropper et al., 2003). Consequently, additional
adjunctive therapies should be simultaneously initiated,
and the pCO2 should subsequently be normalized. Corti-
costeroids play a crucial role in alleviating symptomatic
vasogenic edema associated with brain tumors. Dexa-
methasone is preferred over other corticosteroids, as it
has the best CNS penetration, the least mineralocorticoid
effect, a long half-life, and is the least protein-bound
(Chamberlain, 2010a). The recommended starting
dose is 4–8 mg daily for symptomatic patients, while
an initial dose of 10 mg intravenous (IV) followed by

Fig. 39.1. Brainmetastasiswith vasogenic edema. Brainmagnetic resonance imaging: postgadolinium study demonstrates periph-

erally enhancing mass in the left basal ganglia and left temporal lobe (A) with surrounding vasogenic edema on fluid-attenuated

inversion recovery images (B) causing mass effect and left-to-right midline shift.
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approximately 16 mg daily is advised for patients with
acute signs of increased ICP (Kaal and Vecht, 2004).
Therapeutic effect is usually reachedwithin 24–72 hours.

Once clinical benefit is achieved, the dose should be
titrated to the lowest possible in order to minimize
adverse effects, such as immunosuppression, increased
risk of opportunistic infection, and hyperglycemia. Pro-
phylactic treatment for peptic ulcers is generally not
recommended, except for patients with a history of pre-
vious ulcers, those concomitantly taking nonsteroidal
anti-inflammatory drugs, or in the elderly (Wen et al.,
2006). Hyperosmolar agents such as hypertonic saline
solution (3–23.4% concentration) and 20–25% mannitol
(0.5–1 g/kg) may reverse impending cerebral herniation
and decrease ICP. These agents create an osmotic gradi-
ent that draws water across an intact blood–brain barrier
to the higher osmolarity in the blood (Damek, 2009; Pater
et al., 2014). Repeated doses may be required for clinical
decline after initial improvement. However, frequent
administration of hyperosmolar agents without time for
clearance in between doses may lead to a rebound
increase in ICP.

If the patient’s condition continues to decline despite
maximal medical management, neurosurgical interven-
tion may be warranted for tumor debulking or hematoma
evacuation, as well as ventriculostomy placement for
obstructive hydrocephalus (Quinn and DeAngelis,
2000). Apart from rapidly reducing intracranial mass
effect and permitting steroid tapering, resection of brain
metastases in certain subgroups of patients provides local
disease control and better quality of life when combined
with whole-brain radiotherapy (RT) after surgery
(Patchell et al., 1990, 1998; Vecht et al., 1993; Mintz
et al., 1996). In patients with GBM, gross total resection
along with RT and temozolomide improves overall sur-
vival (Stupp et al., 2005). Tumor location is an important
factor, as lesions in the thalamus, basal ganglia, and
brainstem are generally not amenable to resection. RT
is an essential component of treatment for brain tumors.
However, initiation of RT is not advisable in patients with
significantly raised ICP, as this can further induce brain
edema and herniation (Quinn and DeAngelis, 2000;
Pater et al., 2014).

Tumor-associated epilepsy and status
epilepticus

EPIDEMIOLOGY

Seizures are a frequent complication of primary and met-
astatic brain tumors. New-onset seizures are more com-
mon in slowly growing tumors than in more aggressive,
rapidly growing ones. Seizures are either focal or second-
arily generalized. Tumor-associated epilepsy usually
occurs early in the course of the disease and the risk is

inversely proportional to the World Health Organization
tumor grade. In contrast, tumor-associated status epilep-
ticus most often arises later in the course and may indi-
cate tumor progression. This may be due to poor
penetration of antiepileptic drugs (AEDs) into epilepto-
genic lesions, secondary to expression of multidrug-
resistant proteins. In addition, there may be reduced
AED efficacy due to drug interactions with concomitant
chemotherapeutic agents used in the treatment of high-
grade tumors (Goonawardena et al., 2015).

Among primary brain tumors, seizures most com-
monly occur with glioneuronal malignancies, such as
dysembryoplastic neuroepithelial tumors (DNET) and
gangliomas (80–100%), diffuse low-grade gliomas
(60–88%), and GBM (40–60%). Among patients with
low-grade gliomas, those with oligodendrogliomas and
oligoastrocytomas are more prone to develop seizures
than those with astrocytoma, owing to the more cortical
location in the former and white-matter involvement in
the latter (Ruda et al., 2012; Vecht et al., 2014). Seizures
are less common with brain metastases, with an inci-
dence of 20–40% (Maschio, 2012). This most commonly
occurs in patients with melanoma (67%), presumably
due to its tendency to involve the cerebral cortex and high
propensity for hemorrhage. Metastases from primary
lung cancer (29%) and gastrointestinal tumors (21%)
have intermediate risk, while breast cancer has the lowest
risk of seizures (16%) (Oberndorfer et al., 2002; van
Breemen et al., 2007).

Status epilepticus is a neurologic emergency, with a
reported 30-day mortality of more than 20% and a higher
risk of death in patients with systemic malignancy
(Cavaliere et al., 2006). Between 15 and 22% of patients
with tumor-associated epilepsy develop status epilepti-
cus. This is lower than the reported incidence of status
epilepticus (30–40%) in patients with epilepsy in the
general population (Goonawardena et al., 2015).

NEUROPATHOLOGY AND PATHOPHYSIOLOGY

Tumors located in epileptogenic areas, such as the mesial
temporal lobe, insula, and cortex, aremore likely to cause
seizures. Glioneuronal tumors are commonly located in
the temporal lobe, explaining their strong tendency to
trigger seizures (Baldwin et al., 2012).

Molecular factors are postulated to play a role in epi-
leptogenesis of brain tumors. Isocitrate dehydrogenase 1
(IDH1) and 2 (IDH2), which are driver mutations in low-
grade gliomas, are reported to be associated with an
increased risk of seizures. IDH1 mutation is expressed
in 70–80% of low-grade gliomas, as opposed to only
5–10% of high-grade gliomas (Cohen et al., 2013;
Vecht et al., 2014). Mutated IDH1 catalyzes isocitrate
to 2-hydroxyglutarate (2-HG), which is structurally
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similar to glutamate, instead of a-ketoglutarate in the
Krebs cycle. The accumulation of 2-HG can activate
N-methyl-D-aspartate (NMDA) receptors and promote
tumor-associated epilepsy (Liubinas et al., 2014). Gluta-
mate, a known “tumor growth factor” in gliomas, is
also implicated in epileptogenesis. An increase in gluta-
mate concentration and altered glutamate transporter
expression are linked to tumor-associated seizures
(Yuen et al., 2012; Pallud et al., 2013). In addition,
GABAergic signaling is involved in tumor growth with
perturbation of neuronal and tumor cell chloride homeo-
stasis, potentially resulting in epileptiform activity
(Pallud et al., 2013).

CLINICAL PRESENTATION

Specific seizure semiology reflects the tumor’s location.
Seizures in patients with brain tumors generally have
characteristics of localization-related epilepsy, with typ-
ical subtypes including simple partial seizures (23–58%),
complex partial seizures (7–31%), and focal seizures
with secondary generalization (10–68%) (Vecht et al.,
2014). Postictal or Todd’s paralysis is common in
patients with structural lesions, and may sometimes be
prolonged (Damek, 2009). Status epilepticus can occur
at tumor presentation (29%), during tumor progression
(23%), and even when tumors are stable (23%)
(Cavaliere et al., 2006). The clinical manifestations of
nonconvulsive status epilepticus (NCSE) are nonspeci-
fic, and may include changes in personality, fluctuating
mental status, focal myoclonic jerks, or abnormal ocular
movements. NCSE is found to be the underlying etiology
of altered mental status in up to 6% of cancer patients
(Damek, 2009).

NEUROIMAGING

A thorough history and physical examination can estab-
lish a clinical diagnosis of seizures. However, other
mimics, such as complex migraine, syncope, medication
effects, extrapyramidal tremors, and posturing, should be
ruled out. The first unprovoked seizure in adults warrants
neuroimaging studies regardless of a known diagnosis of
brain or systemic malignancies. CT is more readily avail-
able in the emergency setting and allows identification of
some acute changes, such as overt hemorrhage or wors-
ening intracranial mass effect. MRI is superior to CT in
revealing number, size, and location of brainmasses, sec-
ondary effects of tumors such as edema and mass effect,
evidence of tumor progression, complications such as
infarcts, as well as radiographic changes related to
seizures, such as restricted diffusion in the cortical
mantle of the epileptogenic focus. An electroencephalo-
gram (EEG) is abnormal in approximately one-third of

patients and may reveal epileptiform discharges localiz-
ing to the brain tumor region. An emergency EEG is
essential in the diagnosis of NCSE. However, EEG is
not necessarily routinely indicated for patients with
witnessed seizures who have recovered (Damek, 2009;
Baldwin et al., 2012).

HOSPITAL COURSE AND MANAGEMENT

Treatment of status epilepticus in patients with brain
tumors is similar to standard management, which is dis-
cussed in Chapter 9. However, the choice of ongoing
anti-epileptic drugs (AED) therapy is challenging due to
the potential interaction between AEDs and chemothera-
peutic agents. Older-generation AEDs, such as phenobar-
bital, phenytoin, and carbamazepine, induce cytochrome
P450 enzymes, which can accelerate the metabolism of
common chemotherapeutic agents and decrease their
effectiveness (Baldwin et al., 2012). Newer AEDs,
including levetiracetam, lamotrigine, and lacosamide,
are preferred due to their low probability of pharmacoki-
netic interactions and a more favorable tolerability profile
(Usery et al., 2010; Saria et al., 2013;Rossetti et al., 2014).

In a prospective study including 176 patients with
newly diagnosed gliomas with epilepsy, 91% of patients
treated with levetiracetam were seizure-free with no lab-
oratory abnormalities observed with concomitant che-
motherapy (Rosati et al., 2010). Levetiracetam is
recommended for initial monotherapy due to its efficacy,
tolerability, and pharmacokinetic properties. It has both
oral and intravenous formulations and may be initiated
at therapeutic dose.

If an additional AED is required, lacosamide is a rea-
sonable second-line agent (Schiff et al., 2015). Valproic
acid is another appropriate choice, with a possible addi-
tional advantage of some antitumor effect (Vecht and
Wilms, 2010). In one study, patients with newly diag-
nosed GBM who received valproic acid either for sei-
zure prophylaxis or treatment appeared to derive more
survival benefit from the combination of temozolomide
and RT than patients receiving enzyme-inducing AEDs
or patients not receiving any AED. One potential mech-
anism for its antitumor effects is that valproic acid is a
histone deacetylase inhibitor (Duenas-Gonzalez et al.,
2008). However, valproic acid is also a CYP450 inhib-
itor and can potentially increase toxicity from chemo-
therapy (Schiff et al., 2015). Patients treated with
valproic acid develop serious thrombocytopenia and
leukopenia more often than other patients (Weller
et al., 2011). Evidence has failed to show benefit of pro-
phylactic AEDs in decreasing the incidence of new-
onset seizures, and is therefore not recommended
(Glantz et al., 2000). A randomized, placebo-controlled
trial using lacosamide for seizure prophylaxis in patients
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with high-grade gliomas is currently under way
(NCT01432171).

AED refractoriness appears to be more prevalent in
tumor-associated epilepsy than in other patients with epi-
lepsy, with as high as 60% failure with first-line AEDs
(Goonawardena et al., 2015). AED resistance seems to
be directly proportional to the tumor grade, with more
than 60% of patients with high-grade glioma requiring
polytherapy in one study, compared with only 36%
and 29% in patients with low-grade gliomas or other
brain tumors, respectively (van Breemen et al., 2009).
These data support treating seizures in patients with
high-grade gliomas relatively aggressively, with a low
threshold for concomitantly using multiple AEDs
(Goonawardena et al., 2015). Paradoxically, tumor-
associated status epilepticus appears to be more respon-
sive to simple AEDs than tumor-associated epilepsy or
epilepsy in the general population (Cavaliere et al.,
2006; Neligan and Shorvon, 2010; Goonawardena
et al., 2015). First-line drug treatment (usually with ben-
zodiazepines and phenytoin) terminates status epilepti-
cus in the majority of patients (Lowenstein and
Alldredge, 1993; Cavaliere and Schiff, 2007). Themech-
anisms accounting for this responsiveness remain elusive
(Cavaliere and Schiff, 2007; Goonawardena et al., 2015).
Treatment directed at the tumor, including surgery, radi-
ation, or systemic therapy (i.e., chemotherapy and tar-
geted therapy), may also significantly contribute to
seizure control.

Epidural spinal cord compression

EPIDEMIOLOGY

Epidural spinal cord compression (ESCC) affects
approximately 3% of patients with cancer per year.
ESCC is by far the most common presentation of spinal
cord metastases, and often occurs in patients with dis-
seminated disease. Lung cancer is the most common pri-
mary source, followed by breast and prostate cancer,
lymphoma, and multiple myeloma (Spinazze et al.,
2005; Mak et al., 2011). The distribution of the spinal
segments involved reflects the number and volume of
vertebral bodies in each segment, with the thoracic spine
most commonly involved (70%), followed by lumbar
(20%) and cervical (10%) regions. In 10–40% of cases,
multiple noncontiguous lesions are encountered (Klimo
and Schmidt, 2004; Spinazze et al., 2005).

ESCC is a medical and/or surgical emergency, as neu-
rologic deterioration may progress rapidly, potentially
leading to irreversible deficits such as paralysis and
sphincter dysfunction. Early recognition and urgent
treatment are required to improve the chance of neuro-
logic recovery and/or stabilization. The patient’s pre-
treatment neurologic status is the most important

prognostic factor for functional recovery, with about
70% of initially ambulant patients, 30% of paraparetic
patients, and 5% of paraplegic patients retaining or
regaining the ability to ambulate (Findlay, 1984; Bach
et al., 1990). A prospective study of all newly diagnosed
patients with ESCC demonstrated significant deteriora-
tion of motor or bladder function with a median delay
from onset of symptoms of spinal cord compression to
treatment of 14 (range 0–840) days. Of the total delays,
3 (range 0–300) days were accounted for by patients, 3
(0–330) days by general practitioners, 4 (0–794) days
by district general hospitals, and 0 (0–114) days by the
treatment unit (Husband, 1998). Themedian survival fol-
lowing diagnosis of metastatic ESCC is 3–6months. The
patient’s neurologic status at the time of diagnosis and the
tumor type are the strongest factors affecting survival.
Nonambulatory patients, and those with bowel and blad-
der dysfunction tend to have the worst prognosis
(Spinazze et al., 2005).

NEUROPATHOLOGY AND PATHOPHYSIOLOGY

Tumor cells reach the epidural space by hematogenous
spread to vertebral bodies in about 85% of cases, while
15% of the time there is spread through an intervertebral
foramen. The latter mechanism is especially common
in patients with lymphoma and neuroblastoma. Hema-
togenous dissemination occurs either via Batson’s
plexus, which serves as a pathway to transmit metastatic
cells from thoracic, abdominal, and pelvic organs to the
vertebral column, or through the arterial circulation to
vertebral bodies. The metastatic tumor cells cause
destruction to the vertebral bone, and expansion within
the vertebral body, in turn leading to outgrowth into
the epidural space. Direct hematogenous spread to the
epidural space is relatively rare. Spinal cord injury
can also occasionally result from direct mechanical
injury to axons and myelin, and from compression
of 2the epidural venous plexuses and spinal arteries,
resulting in spinal cord edema and infarction (Schiff,
2003; Perrin and Laxton, 2004; Sun and Nemecek,
2010; Hammack, 2012).

CLINICAL PRESENTATION

Back pain is the most common presenting symptom
(95%), followed bymotor (60–85%) and sensory deficits
(60%). Autonomic manifestations, such as bowel and
bladder dysfunction, sexual disturbance, and orthostatic
hypotension, usually occur later in the course of disease
(Schiff, 2003; Hammack, 2012).

Pain is usually described as sharp, shooting, deep, or
burning. It may be initially confined to the involved ver-
tebral bodies, owing to stretching of the periosteum and
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adjacent pain-sensitive structures. However, the location
of pain does not always correspond to the site of com-
pression. C7 compression may cause referred pain to
the midscapular region, and T12 compression to the
sacroiliac or hip joints. Over half of patients with T1–
T6 compression complain of lumbosacral pain (Levack
et al., 2002, Abrahm, 2004). When nerve roots are
compressed, patients present with radicular pain or a tight
band sensation around the chest or abdomen. AValsalva
maneuver, or lying supine, may precipitate pain, which
is suggestive of venous plexus distention. Back pain
typically evolves over several weeks and gradually
increases in severity. Acute pain may indicate a
pathologic compression fracture. Spinal cord compression
above L1 and L2 vertebral bodies produces an upper
motor neuron pattern of weakness, with quadri- and
paraparesis when there is cervical and thoracic cord
involvement, respectively, as well as increased deep
tendon reflexes. A sensory level is consistent with cord
compression, while a dermatomal deficit implies nerve
root compression. Compression of dorsal columns in
the cervical and thoracic cord can produce l’Hermitte’s
phenomenon. If the cauda equina is compressed, a lower
motor neuron pattern of weakness; diminished sensation
over the buttocks, posterior superior thighs and perianal
regions; urinary retention with overflow incontinence;
and decreased anal sphincter tone are common presenting

manifestations (Schiff, 2003; Abrahm, 2004; Sun and
Nemecek, 2010; Hammack, 2012).

NEUROIMAGING

MRI is the gold standard for detecting an epidural disor-
der and consequent spinal cord compression, with over-
all accuracy of at least 95%. The entire spine should be
imaged, since multilevel involvement is not uncommon
in patients with ESCC. Vertebral metastases are typically
hypointense on T1-weighted MRI sequences, hyperin-
tense on T2-weighted sequences, and enhance with gad-
olinium (Fig. 39.2). Increased T2 signal within the cord
suggests venous congestion or ischemia. CT myelogram
is an acceptable alternative whenMRI is contraindicated.
Spinal CT, plain radiographs, and bone scans are not
sufficient for diagnosis, as these do not accurately depict
the tumor, the paraspinal region, and the extent of spinal
cord involvement (Schiff et al., 1998; Schiff, 2003;
Hammack, 2012).

HOSPITAL COURSE AND MANAGEMENT

The main treatment goals are pain control, preservation
or recovery of neurologic function, and avoidance of
complications. Treatment begins immediately with corti-
costeroid administration, followed by more definitive

Fig. 39.2. Epidural spinal cord compression. Thoracic spine magnetic resonance imaging: (A) sagittal and (B) axial postgadoli-

nium images demonstrate bone marrow infiltration and vertebral body collapse of T2, with circumferential epidural mass

surrounding the thecal sac, notably within the posterior aspect of thecal sac, causing severe mass effect on the thoracic cord.
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treatment with surgery, radiation therapy, chemotherapy,
or a combination of these modalities.

Glucocorticoids, typically dexamethasone, usually
improvepain through their antiprostaglandin effects, stabi-
lize or restore neurologic function by reducing vasogenic
edema, and may have a cytotoxic effect in lymphoma and
multiple myeloma. A bolus dexamethasone dose of
8–10 mg followedby16 mg/day in divided doses is advis-
able for patients with minimal or nonprogressive weak-
ness. For patients with paraplegia, higher loading dose
of up to 100 mg and maintenance doses of 96 mg/day
can be given, although a recent Cochrane review did not
find any advantage over lower-dose corticosteroids
(George et al., 2015). Rapid steroid taper is important to
prevent riskof complications, suchasmyopathies, psycho-
sis, opportunistic infection, and peptic ulcer disease (Sun
and Nemecek, 2010; Loblaw et al., 2012; Ribas and
Schiff, 2012). Patients with back pain without signs of
myelopathy and nomassive invasion of the spine on imag-
ing studies may forgo steroids (Maranzano et al., 1996).

Prompt surgical consultation is recommended follow-
ing radiologic diagnosis to prevent neurologic decline.
Surgery can provide pain relief, spinal cord decom-
pression and restoration of neurologic status,
re-establishment of spine stability, correction of defor-
mity, as well as histologic diagnosis (Loblaw et al.,
2012; Ribas and Schiff, 2012) (Patchell et al., 2005).
Prior to availability of RT, simple laminectomy was
the only form of definitive treatment for ESCC. With
the advent of RT, several retrospective studies and small,
randomized trials were conducted and demonstrated no
benefit in combined laminectomy plus RT versus RT
alone. However, since most metastases involve the ver-
tebral body, laminectomy alone is not an optimal surgical
approach. Tumor removal and immediate circumferen-
tial decompression are better achieved by anterior-
approach vertebrectomy (Siegal et al., 1985).
A randomized, nonblinded trial demonstrated superiority
of combined direct decompressive surgery plus postop-
erative RT to RTalone for patients with spinal cord com-
pression due to metastatic cancer. Of the 101 patients
included, 84% were able to walk after combined treat-
ment compared to 57% of patients who received RT
alone; 62% in the surgery group regained the ability to
walk compared to only 19% in the RT group; those trea-
ted with surgery retained the ability to walk significantly
longer than those in the RT group (median days 122 vs.
13 days). In addition, corticosteroid and opioid analgesic
requirements were significantly lower in the surgical
group. Surgery resulted in significant benefit in mainte-
nance of continence, muscle strength, and functional
ability, while also increasing survival time (Patchell

et al., 2005). Patients who presented more than 48 hours
after total paraplegia were excluded in this study. Mean-
ingful recovery is rarely attained after prolonged com-
pression where irreversible vascular injury has already
transpired. Patients with spinal cord compression at a sin-
gle level presenting with incomplete motor deficits
within 48 hours generally have a good prognosis and
benefit from immediate surgery. Patients with life expec-
tancy of less than 3–6 months are poor surgical candi-
dates (L’Esperance et al., 2012).

All patients who are not candidates for surgery should
receive RT. RT has been shown to reduce back pain in
about 60%, and tomaintain or restore ambulation and con-
tinence in 70% and 90% of patients, respectively
(Maranzano et al., 2005; Loblaw et al., 2012). The
patient’s performance status at the start of RT, degree of
tumor radiosensitivity, and speed of onset of the neuro-
logic deficits are important predictors of RT response
(Hammack, 2012). External-beam RT confers durable
local control, particularly in radiosensitive malignancies
such as lymphoma, multiple myeloma, and germ cell
tumors. Various fractionation schedules have been used.
Short-course therapy (8 Gy in one fraction or 16 Gy in
two fractions) has the advantage of being faster and more
convenient to the patient. However, the risk of tumor
recurrence or progression within the field of radiation is
lower in patients who receive a more protracted course
(e.g., 30 Gy in 10 fractions). For patientswho have limited
life expectancy, due to either poor functional status or
extensive systemic metastases, short-course therapy is
recommended, since these patients are unlikely to survive
long enough to develop radiation toxicity (Hammack,
2012; L’Esperance et al., 2012; Loblaw et al., 2012).

Stereotactic radiosurgery (SRS) allows precise deliv-
ery of high-dose radiation to metastases within or adja-
cent to the vertebral body and surrounding spinal cord.
Since it has a steep dose gradient, it minimizes toxicity
to the surrounding tissues. SRS appears to provide pain
relief, with an overall improvement rate of 85–100%, and
radiographic tumor control in 90% of patients (Gerszten
et al., 2007; Sohn and Chung, 2012). Spinal column sta-
bilization and epidural tumor resection followed by SRS
result in high local tumor control at 1 year (Moussazadeh
et al., 2014). This approach is effective regardless of
histologic diagnosis and can be utilized in previously
irradiated patients. However, high-quality supportive
data are still lacking (Sohn and Chung, 2012).

Chemotherapy is considered for patients with chemo-
sensitive tumors such as lymphoma and seminoma,
who have minimal or no neurologic deficits. However,
its role in emergency treatment of ESCC is limited
(Hammack, 2012).
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Leptomeningeal metastases

EPIDEMIOLOGY

Leptomeningealmetastases (LM) are a rare, but debilitat-
ing, complication of malignancy, with dissemination of
cancer cells to the CSF, and pia and arachnoid mater. It
occurs in 5–15% of hematologic malignancies, including
lymphoma and leukemia; 1–5% of patients with solid
tumors, most often breast or lung cancer, and melanoma;
and 1–2% of patients with primary brain tumor such as
high-grade gliomas, medulloblastoma, ependymoma,
and pineoblastomas (Wassertrom et al., 2006;
Chamberlain, 2010b; Groves, 2011). LM often occur
in the setting of advanced disease. At autopsy, LM are
detectable in almost 20% of cancer patients with neuro-
logic signs and symptoms (Glass et al., 1979). The
median survival after diagnosis of LM is only 4–6 weeks
for untreated patients and 4–8 months with treatment.
LM from hematologic tumors tends to have better prog-
nosis than from solid tumors (median survival 4.7 vs.
2.3 months) (Chamberlain, 2010b; Groves, 2011;
Clarke, 2012).

NEUROPATHOLOGY AND PATHOPHYSIOLOGY

Routes of leptomeningeal seeding include hematoge-
nous spread via Batson’s plexus or arterial dissemination,
direct extension from adjacent structures, choroid plexus
metastases into the CSF, and retrograde invasion along
perineural or perivascular spaces (Clarke, 2012). Lepto-
meningeal involvement is associated with spread of
tumor cells throughout the subarachnoid space, resulting
in multifocal seeding, most prominent in the skull base,
dorsal surface of spinal cord, and cauda equina. Hydro-
cephalus and increased ICPmay result from tumor depo-
sition and CSF flow obstruction (Chamberlain, 2010b;
Groves, 2011; Clarke, 2012).

CLINICAL PRESENTATION

Themajority of patients with LM present with multifocal
symptoms reflecting multilevel nervous system involve-
ment. Patients with cerebral involvement can manifest
with headache, encephalopathy, nausea, vomiting, dizzi-
ness, and seizures. Cranial neuropathies may result in
diplopia, facial motor and sensory impairment, dysar-
thria, dysphagia, hoarseness, and sensorineural hearing
loss. Spinal symptoms include radiculopathy, back or
neck pain, weakness or numbness in the anatomic distri-
bution of involved levels, and bowel and bladder dys-
function (Groves, 2011; Clarke, 2012).

NEUROIMAGING

Clinical presentation, CSF cytology, and gadolinium-
enhanced MRI are methods used to diagnose LM.
MRI of the entire neuraxis is warranted to evaluate
the extent of involvement and to plan treatment. It is
positive in approximately 95% of cases (Clarke et al.,
2010; Passarin et al., 2015). MRI findings suggestive
of LM include linear or nodular enhancement in the
cerebral sulci, cerebellar folia, basal cisterns, and cauda
equina (Fig. 39.3), as well as enhancement of the sub-
ependyma, cranial and spinal nerves, and hydrocepha-
lus (Groves, 2011).

Identification of malignant cells in the CSF remains
the gold standard for diagnosis, with specificity of about
95%, but low sensitivity of less than 50% (Enting, 2005).
To minimize false-negative cytology studies, withdraw-
ing at least 10-mL samples, obtaining CSF from the site
of known LM, immediate processing, and repeated CSF
samplings are recommended. The yield increases from
71% with a single sample to 86% with a second, and
up to 93% with a third (Glantz et al., 1988). CSF flow
cytometry is more sensitive than cytology in patients
with hematologic malignancies. With the exception of
nonseminomatous germ cell tumors, CSF tumor markers
generally have unproven clinical value (Chamberlain
et al., 2014). According to the National Comprehensive
Cancer Network guideline, the presence of any of the fol-
lowing in a patient with cancer is sufficient to diagnose
LM: positive CSF cytology, positive radiologic findings
with supportive clinical findings consistent with LM dis-
ease, or signs and symptoms consistent with LM disease
and nonspecific (but abnormal) CSF studies (i.e., high
white blood cell count, low glucose, and high protein)
(Nabors et al., 2013).

HOSPITAL COURSE AND MANAGEMENT

The first dilemma in the management of LM disease is
deciding which patients need aggressive treatment and
which are better treated only with supportive care.
Patients with low tumor burden, good functional perfor-
mance status, lack of major neurologic deficits, no evi-
dence of bulky disease on imaging studies, absence of
CSF flow block using radioisotope imaging, expected
survival>3 months and limited extraneural metastatic
disease are ideal patients to receive aggressive treatments
(Chamberlain et al., 2014).

If LM-directed treatment is considered, the second
challenge is determining the mode of treatment, includ-
ing RT, systemic chemotherapy, or intrathecal (IT) che-
motherapy. The goals of treatment are to improve or
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stabilize neurologic function, maintain quality of life,
and possibly extend survival (Chamberlain, 2010b).

RT directed at the bulky or symptomatic disease sites
provides palliation of symptoms and restoration of CSF
flow.Whole-brain RT, in some cases followed by chemo-
therapy, is utilized for widespread CSF treatment. Cra-
nial irradiation also targets focal collections of tumor
cells causing noncommunicating hydrocephalus. Cra-
niospinal irradiation is rarely recommended due to its
significant adverse effects, including gastrointestinal
toxicity, mucositis, and bone marrow suppression, and
the lack of significant survival benefit (Chamberlain,
2010b; Clarke, 2012; Kak et al., 2015). Chemotherapy
can be given either systemically or intrathecally. Sys-
temic chemotherapy provides uniform drug distribution,
can be administered to patients with bulky disease, is safe
in patients with CSF flow block, and obviates the need
for surgical placement of a reservoir (Glantz et al.,
1998). Certain chemotherapeutic agents achieve
cytotoxic CSF concentrations when given at high doses,
including methotrexate (3–8 g/m2) or cytarabine
(3 g/m2). Capecitabine, thiothepa, and temozolomide
also cross the blood–brain barrier. The majority of
chemotherapy, and targeted agents such as lapatinib, tras-
tuzumab, and rituximab, do not penetrate the intact
blood–brain barrier in sufficient concentrations to be
effective (Chamberlain, 2010b; Clarke, 2012;
Chamberlain et al., 2014).

IT delivery, either via lumbar puncture or intraventric-
ular (Ommaya) reservoir, has the advantage of

circumventing the blood–brain barrier, reducing the
overall dosage, and decreasing systemic adverse effects
(Grewal et al., 2012). Methotrexate, cytarabine, longer-
acting liposomal cytarabine, and (less often) thiotepa
can be given by the IT route. Several randomized con-
trolled trials suggest modest benefit from IT treatment,
but the median survival remains dismal (3 months),
and often associated with treatment-related toxicity. No
specific IT agent or regimen has shown superior efficacy
in the treatment of LM, except for liposomal cytarabine
in lymphomatous meningitis. One randomized con-
trolled trial found no survival advantage in using
single- versus multiagent treatment of LM (Jaeckle,
2006; Chamberlain et al., 2014). Furthermore, ITchemo-
therapy did not show a significant clinical response or
improved median survival compared to systemic chemo-
therapy and CNS-directed RT (Boogerd et al., 2004).
IT administration of trastuzumab, an antihuman epider-
mal growth factor receptor (HER-2) monoclonal anti-
body, has been shown to be safe and in some cases
effective for treatment of meningeal carcinomatosis in
HER-2-positive metastatic breast cancer (Zagouri
et al., 2013). A phase I trial has identified a safe, well-
tolerated IT trastuzumab dose (Raizer et al., 2014) and
a phase II study is under way (https://clinicaltrials.gov/
ct2/show/NCT01325207).

IT rituximab, an anti-CD20 monoclonal antibody,
may have a role in recurrent CNS non-Hodgkin’s lym-
phoma (Schulz et al., 2004; Rubenstein et al., 2007,
2013). Intra-CSF interleukin-2 (IL-2) has been

Fig. 39.3. Leptomeningeal carcinomatosis involving cauda equina. Lumbar magnetic resonance imaging: (A) sagittal and (B)

axial postgadolinium images demonstrate diffuse nodularity of the cauda equina nerve roots (arrows) and bone marrow involve-

ment of lumbar vertebral bodies with pathologic compression fracture at L1 and L2.
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investigated in patients with LM from disseminated
melanoma (Mitchell, 1989; Samlowski et al., 1993;
Herrlinger et al., 1998).

INDIRECTCOMPLICATIONSOF CANCER
TOTHENERVOUS SYSTEM

Cerebrovascular disease

EPIDEMIOLOGY

Cancer patients are at increased risk for cerebrovascular
disease (CVD). An autopsy study found pathologic evi-
dence of CVD in 15% of patients with cancer, with about
half having clinical manifestations of stroke (Graus et al.,
1985). Intracerebral hemorrhage (ICH) is the most
common form of stroke in patients with hematologic
malignancies, while there is an approximately even
distribution of ICH and ischemic stroke with solid
tumors (Graus et al., 1985). Multiple embolic events
are the predominant pattern of ischemic stroke in cancer
patients (Hong et al., 2009). Vascular risk profiles are
typically similar in stroke patients with or without cancer
(Cetari et al., 2004; Zhang et al., 2006). However,
approximately 40% of stroke patients with cancer lack
a conventional stroke mechanism and 18% are found
to have cryptogenic stroke (Kim et al., 2010). Patients
with stroke and cancer have worse prognosis compared
to the noncancer population (Zhang et al., 2006;
Taccone et al., 2008).

NEUROPATHOLOGY AND PATHOPHYSIOLOGY

Classic CVD risk factors, such as hypertension, diabetes
mellitus, atrial fibrillation, hyperlipidemia, carotid dis-
ease, and smoking, are still the main risk factors for
stroke in cancer patients. In those without conventional
stroke risk factors, cancer-related and treatment-induced
mechanisms must be considered (Grisold et al., 2009;
Bang et al., 2011).

Cancer-related mechanisms for ischemic stroke
include: hypercoagulability via tumor production of
mucin, leading to formation of platelet-rich thrombi;
release of procoagulant molecules such as tissue factor
and cancer procoagulant; and production of procoagulant
cytokines such as tumor necrosis factor-alpha, IL-1, and
IL-6, which in concert potentiate the clotting cascade
(most commonly encountered in patients with adenocar-
cinoma); hyperviscosity leading to obstruction of small
end vessels (usually seen in multiple myeloma, polycy-
themia vera, Waldenstr€om’s macroglobulinemia or
Bing–Neel syndrome, acute myelogenous leukemia, or
chronic lymphocytic leukemia); and direct tumor effect
either from tumor compression of blood vessels through
invasion or edema, such as those seen in brain metasta-
ses, primary CNS tumors, and with LM.

Direct vascular occlusion by tumor cells can also
cause ischemic stroke through severalmechanisms. Non-
bacterial thrombotic endocarditis (NBTE), which is com-
monly seen in patients with adenocarcinoma, results
from deposition of acellular aggregates of fibrin and
platelet on normal heart valves, in turn leading to emboli.
Direct tumor embolism can occur in patients with myx-
oma and lung tumors. Tumor infiltration of the blood
vessel wall, as seen in patients with intravascular diffuse
large B-cell lymphoma, can lead to vessel wall irregular-
ities and subsequent arterial occlusion or embolism,
resulting in multifocal cerebral infarction.

Hemorrhagic stroke can occur due to tumoral
hemorrhagic conversion (common especially with
glioblastoma and brain metastases frommelanoma, renal
cell carcinoma, and choriocarcinoma); as a complica-
tion of thrombocytopenia or coagulation disturbances;
or by rupture of a neoplastic aneurysm (e.g., with
choriocarcinoma).

Cerebral venous thrombosis can occur as a conse-
quence of hypercoagulability and by direct compres-
sion or invasion of cerebral sinuses from dural or
calvarial metastases and meningioma (Rogers, 2003;
Nguyen and DeAngelis, 2006; Grisold et al., 2009;
Bang et al., 2011; Dearborn et al., 2014). Pituitary apo-
plexy is a rare, potentially life-threatening complica-
tion, caused by hemorrhage and/or infarction of
pituitary adenomas. The rapid increase in the contents
of the sella results in direct compression of pituitary
tissue and interruption of its blood supply. Acute alter-
ations of the balance between pituitary tumor perfusion
and metabolism (e.g., with hypotension or pregnancy)
may precipitate pituitary apoplexy (Johnston et al.,
2015; Oldfield and Merrill, 2015). Table 39.2 summa-
rizes the patterns of stroke, causes, mechanisms, and
associated malignancies.

CLINICAL PRESENTATION

Clinical presentations of acute ischemic stroke in patients
with cancer range from silent disease to diffuse vascular
encephalopathies and vascular events with focal deficits.
Transient ischemic attacks can occur in patients with lep-
tomeningeal disease owing to arterial vasospasm
(Rogers, 2003; Grisold et al., 2009; Dearborn et al.,
2014). Signs of increased ICP such as headache, vomit-
ing, and papilledema may occur in patients with ICH and
cerebral venous thrombosis. Patients with intravascular
lymphoma usually present with diffuse encephalopathy
or multifocal cerebral infarcts. Acute expansion of the
pituitary gland causes sudden visual field and acuity
defects, and various cranial neuropathies (Damek,
2009; Johnston et al., 2015).
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Table 39.2

Cerebrovascular disease classification, cancer-related mechanism, and associated malignancies

Vascular events Causes Mechanisms Associated malignancies

Ischemic
(thomboembolic)

Hypercoagulability* Microthrombi formation
Release of tissue factor and
cancer procoagulant

Release of procoagulant
cytokines (TNF-alpha,
IL-1, and IL-6)

Adenocarcinoma
(pancreas, colon, breast,
lung, prostate and ovary)

GBM
Hematologic malignancies

Hyperviscosity Vessel obstruction by
neoplastic cells

Multiple myeloma
Bing–Neel syndrome
AML
CLL

Direct tumor effect Tumor invasion of vessels
Compression of large
vessels

Brain metastases
Primary CNS tumors
LM

NBTE Cerebral emboli from
sterile vegetations on
heart valves

Adenocarcinoma,
particularly pancreas

Tumor emboli Tumor cells enter
pulmonary circulation
and distributed to the
circulation

Cardiac myxoma
Lung cancer
Lung metastases
Heart metastases

Angioinvasive Proliferation of tumor cells
with vessel wall

Intravascular B-cell
lymphoma

Hemorrhagic Intratumoral hemorrhage Hemorrhagic conversion
of vascular tumors

GBM
Brain metastases
(melanoma, RCC,
choriocarcinoma,
papillary thyroid
carcinoma)

Coagulation disorders Thrombocytopenia
Hyperleukocytosis
syndrome

DIC
Primary fibrinolysis
Protein synthesis
deficiency from liver
injury

Hematologic malignancy,
particularly AML,
APML, CLL, lymphoma

Multiple myeloma
Mucin-producing
adenocarcinomas

Ruptured aneurysm Aneurysm formation from
neoplastic infiltration of
arteries

Choriocarcinoma
Lung cancer
Cardiac myxoma

Cerebral venous
thrombosis

Direct tumor effects on venous sinus Compression or invasion
of veins or sinuses

Dural or calvarial
metastases

Meningioma
Hypercoagulability As above∗ As above∗

Pituitary apoplexy Direct compression and interruption of
blood supply

Infarction and/or
hemorrhage of pituitary
tumor from
precipitating factors

Pituitary macroadenoma
(prolactinoma and
growth hormone-
secreting adenoma)

NBTE, nonbacterial thrombotic endocarditis; TNF-a, tumor necrosis factor-a; IL-1, interleukin-1; DIC, disseminated intravascular coagulopathy;

GBM, glioblastoma; AML, acute myelogenous leukemia; CLL, chronic lymphocytic leukemia; CNS, central nervous system; LM, leptomeningeal

metastasis; RCC, renal cell carcinoma; APML, acute promyelocytic leukemia.
∗Hypercoagulability mechanisms and associated malignancies.
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NEUROIMAGING

All cancer patients presentingwith a change inmental sta-
tus warrant at least a cranial CTscan and, in most cases, a
gadolinium-enhancedMRI. Multiple lesions not respect-
ing vascular territories, of varying ages, are frequently
encountered in cancer-related ischemic stroke compared
to involvement of one arterial territory in conventional
stroke patients (Navi and Segal, 2009; Kim et al., 2010;
Bang et al., 2011). Atypical location of ICH, multiple
parenchymal hemorrhages, and the presence of enhanc-
ing masses are suggestive of bleeding from brain tumors.
A high prevalence of embolic signal is detected by tran-
scranial Doppler ultrasound in cancer patients with ische-
mic stroke (58%) compared to patients without cancer
(33%). Detection of embolic signal in transcranial Dopp-
ler may provide clues regarding cancer-specific mecha-
nism related to hypercoagulopathy, and may be useful
for treatment monitoring (Grisold et al., 2009; Seok
et al., 2010). Echocardiography, preferably transesopha-
geal, demonstrates vegetations in most patients with
NBTE (Grisold et al., 2009), but may sometimes be unre-
vealing, suggesting intravascular clot formation causing
artery-to-artery embolism (Bang, 2011).

Complete blood count, coagulation profile, and
disseminated intravascular coagulopathy panel should
be obtained in stroke patients without conventional
risk factors and in cancer patients without identifiable
stroke etiology (i.e., direct tumor effects or treatment
effects) (Dearborn et al., 2014). A platelet level of
<10 000 mm3 creates high risk for spontaneous ICH,
while a level over 1 000 000 mm3 is associated with
ischemic infarction. ElevatedD-dimer is a direct measure
of activated coagulation; a high level in the presence of
infarcts in multiple vascular territories is consistent with
cancer-related stroke (Kim et al., 2010). Tissue factor or
thromboplastin, a potent procoagulant, is frequently
upregulated in patients with cancer. The factors and prod-
uctsof thrombogenesis arepotential biomarkers, including
D-dimer, lipoprotein (a), homocysteine, tissue plasmino-
gen activator, plasminogen activator inhibitor-1, and
tissue factor-bearing microparticles (Navi and Segal,
2009; Bang et al., 2011; Jo et al., 2014). CSF examination
may be useful in the diagnosis of leptomeningeal disease
(Rogers, 2003).

HOSPITAL COURSE AND MANAGEMENT

In patients with cancer and ischemic stroke with identifi-
able CVD risk factors, secondary preventionwith antipla-
telet agents or anticoagulation and risk factormodification
is appropriate. The role of antiplatelet agents in secondary
prevention for cancer-related stroke remains uncertain
(Dearborn et al., 2014). Although there is no proven

therapy for cancer-related stroke, treatment mainly
involves anticoagulation (Grisold et al., 2009; Dearborn
et al., 2014). Low-molecular-weight heparin (LMWH)
and warfarin are indicated in the treatment of venous
thromboembolism (VTE) in cancer patients, including
in those with brain tumors (Lyman et al., 2013). Whether
these recommendations can be extrapolated to arterial
stroke in the setting of hypercoagulability requires further
investigation. Anticoagulation is the standard treatment
for patients with CVD (Grisold et al., 2009). LMWH
products are preferredoverwarfarin due tobetter bioavail-
ability, longer half-life, lack of drug–drug interactions,
and more predictable response (Jo et al., 2014). The
CLOT trial demonstrated LMWH was more effective in
reducing recurrent VTE without increasing the risk of
bleeding in cancer patients (Lee et al., 2003). Use of novel
oral anticoagulants that directly inhibit thrombin or factor
Xa is currently not recommended for patients with malig-
nancy due to limited data. Nevertheless, these agents can
be used in patients with heparin-induced thrombocytope-
nia (Lyman et al., 2013).

The treatment approach for intratumoral hemorrhage
depends on the site and size of hemorrhage, clinical status
of the patient, and presence of coagulopathy. Correction of
coagulation abnormalities is paramount with goal platelet
level >50 000/mL and normal coagulation tests. Surgical
evacuation of the clot and ventricular drainage may be
indicated to decrease ICP and relieve hydrocephalus
(Quinn and DeAngelis, 2000; Grisold et al., 2009). Corti-
costeroids may reduce surrounding vasogenic edema. In
pituitary apoplexy, prompt surgical decompression is indi-
cated (Damek, 2009; Grisold et al., 2009).

Central nervous system infections

EPIDEMIOLOGY

CNS infection is an important cause of neurologic mor-
bidity and mortality in patients with cancer. CNS infec-
tion ismost commonwith hematologicmalignancies, but
may also occur with primary tumors (Pruitt, 2003).
Increased susceptibility in cancer patients is primarily
due to immunologic compromise from the underlying
malignancy or treatment thereof.

NEUROPATHOLOGY AND PATHOPHYSIOLOGY

Infectious agents reach the CNS by hematogenous
spread, metastasis from focal infection elsewhere, or
direct extension from surrounding structures (Patchell
and Posner, 1985). The potential pathogens can be nar-
rowed depending on the patient’s type of immunodefi-
ciency as well as the duration and degree of
immunosuppression (Table 39.3) (Pruitt, 2004). Neutro-
penia (<500/mm3) secondary to intensive chemotherapy
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Table 39.3

Central nervous system (CNS) infection, common pathogens, and treatment (Patchell and Posner, 1985; Pruitt, 2004, 2012)

CNS infection Associated malignancies/conditions Empiric treatment

Bacterial
Streptococcus
pneumoniae

Lymphoma
Leukemia
Multiple myeloma
Solid tumors

PCN intermediate resistance: ceftriaxone or cefotaxime
PCN-resistant: vancomycin

Staphylococci Head and spine tumors
Patients with VP shunt

Methicillin-sensitive: nafcillin+cefotaxime
Methicillin-resistant: vancomycin� intraventricular
vancomycin

Gram-negative
rods

Lymphoma
Leukemia
Solid tumors
Patients with VP shunt
Cranial surgeries
HSCT
Chemotherapy- or radiation-induced bone
marrow suppression

Ceftriaxone+gentamycin
Ceftazidime for Pseudomonas aeruginosa

Listeria
monocytogenes

Lymphoma
Chronic steroid use
HSCT

Ampicillin+gentamicin

Nocardia
asteroides

Lymphoma
Chronic steroid use
HSCT

Sulfadiazine

Viruses
Herpes simplex
virus

Lymphoma
Leukemia
Solid tumors
HSCT
Organ transplant
Chronic steroid use

Acyclovir

Varicella-zoster Lymphoreticular neoplasms
Organ transplant
Chronic steroid use

Acyclovir

Cytomegalovirus Lymphoma
Leukemia
Solid tumors
HSCT
Chemotherapy or radiation-induced bone
marrow suppression

Ganciclovir

Epstein–Barr virus
(PTLD)

Lymphoreticular neoplasms
Organ transplant
Chronic steroid use

Acyclovir

Fungi
Cryptococcus
neoformans

Lymphoma
Organ transplant
Chronic steroid use

Induction therapy: amphotericin+flucytosine or
amphotericin B lipid complex for 2 weeks

Maintenance therapy: fluconazole for at least 6 months
Candida albicans Lymphoma

Organ transplant
Chronic steroid use

Amphotericin+flucytosine

PCN, penicillin; VP, ventriculoperitoneal; HSCT, hematopoietic stem cell transplant; PTLD, posttransplantation lymphoproliferative disorder.
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or bone marrow invasion increases the risk of bacterial
and fungal infections (Pruitt, 2004, 2012). Impairment
of B lymphocytes and immunoglobulin production in
patients with blood dyscrasias (i.e., chronic lymphocytic
leukemia and multiple myeloma) increases risk of infec-
tion with encapsulated organisms, such as Haemophilus
influenzae and Streptococcus pneumoniae. Impaired
T-cell-mediated immunity, as in patients with lymphoma,
hematopoietic stem cell transplantation (HSCT) recipi-
ents, and patients receiving immunosuppressive therapy
such as tacrolimus, mycophenolate, bortezomib, cyclo-
sporine, and chronic corticosteroids, predisposes to a
wide variety of opportunistic CNS pathogens, including
viruses (cytomegalovirus, herpes simples virus,
varicella-zoster virus, JC virus, and Epstein–Barr virus),
fungi (Cryptococcus neoformans and Candida albi-
cans), parasites (Toxoplasma gondii and Strongyloides
stercoralis), and bacteria (Listeria monocytogenes,
Nocardia asteroides, and Mycobacterium tuberculosis).
Barrier disruption after cranial surgery, ventricular shunt
placement, and skin injury from radiation therapy predis-
pose to infections with Staphylococcus aureus,
S. epidermidis, and Propionibacterium acnes, as well
as Candida species (Pruitt, 2004, 2012).

CLINICAL PRESENTATION

Patients with cancer may not display the typical signs and
symptoms of CNS infection, such as fever, nuchal rigid-
ity, or headache, due primarily to their deficient immune
status (Patchell and Posner, 1985; Baldwin et al., 2012).
Altered mental status may be the only presentation in
severely immunocompromised patients (Patchell and
Posner, 1985). Patients with brain abscess may present
with focal deficits.

NEUROIMAGING

Diagnosis of CNS infection in cancer patients requires a
careful clinical history, neuroimaging studies, and ancil-
lary tests. The presence of focal deficits suggests bacte-
rial or fungal infection; menigoencephalitic presentation
is seen with viruses, bacteria, or fungi; diffuse encepha-
litis is likely viral in etiology; and cerebral infarction
raises suspicion for bacterial or fungal endocarditis
(Damek, 2009; Baldwin et al., 2012; Pruitt, 2012).

Brain CT or MRI may be helpful in identifying focal
lesions concerning for abscess and meningeal enhance-
ment seen in meningitis. However, neuroimaging studies
do not distinguish CNS infection from its mimics
(Baldwin et al., 2012; Pruitt, 2012). CSF analysis is indi-
cated in appropriate patients suspected of having CNS
infection. A neuroimaging study is recommended prior
to lumbar puncture to rule out mass lesions (Patchell
and Posner, 1985; Baldwin et al., 2012). As many as

one-third of neutropenic patients with culture-proven
bacterial or fungal meningitis demonstrate a normal
CSF white blood cell count (Pruitt, 2012). CSF Gram
stain and culture, and if indicated, cytology should be
obtained in all patients. Polymerase chain reaction anal-
ysis is widely used to detect viral pathogens (Pruitt,
2004). Histopathologic analysis obtained by biopsy dis-
tinguishes brain abscess from metastasis (Baldwin
et al., 2012).

HOSPITAL COURSE AND MANAGEMENT

Empiric treatment is based on the patient’s clinical pre-
sentation, suspected organisms, and initial laboratory
findings. Treatment of CNS infections is described fur-
ther in Chapter 19.

Paraneoplastic neurologic disorders

EPIDEMIOLOGY

Paraneoplastic disorders are nonmetastatic, immune-
related conditions that result from cancer (Martel et al.,
2014). They are relatively uncommon, affecting less than
1% of patients with cancer overall. However, certain
paraneoplastic syndromes are well described, such as
Lambert–Eaton myasthenic syndrome (LEMS), which
affects up to 3% of patients with small-cell lung carci-
noma, and myasthenia gravis (MG), which occurs in
up to 15% of patients with thymoma (Darnell and
Posner, 2003; Pittock et al., 2004). Subacute cerebellar
degeneration and limbic encephalitis are the most com-
monly diagnosed paraneoplastic syndromes affecting
the CNS (24% and 10%, respectively), while sensory
neuronopathy is the most common condition involving
the peripheral nervous system (23%) (Giometto et al.,
2010). Recognition of the paraneoplastic nature of the
disorder may be challenging, but is important to enable
initiation of treatment before neurologic injury becomes
irreversible (Greenlee, 2010).

NEUROPATHOLOGY AND PATHOPHYSIOLOGY

Paraneoplastic syndromes can be divided into two
groups based on epitopic targets and immunopathogenic
mechanisms (Table 39.4).

One group of patients are those in whom the antibody
response is directed against intracellular neuronal or neu-
roglial proteins. Examples include paraneoplastic cere-
bellar degeneration or encephalomyelitis. The culprit
onconeuronal antibodies are associated with malignan-
cies that target intracellular epitopes. It is known that
these autoantibodies can trigger the activation of
T cells. However, the antigen itself has been proposed
to be capable of triggering a T-cell or humoral immune
response through different pathways (Dalmau and
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Table 39.4

Paraneoplastic neurologic syndromes

Location Syndromes Clinical presentation Antibodies Associated malignancies

Brain Paraneoplastic cerebellar
degeneration*

Gait disturbance, nausea, dizziness, diplopia Anti-Yo (PCA-1) Gynecologic and breast CA
Anti-Tri Hodgkin’s lymphoma
Anti-mGluR1 Hodgkin’s lymphoma

Limbic encephalitis* Seizures, memory loss, change in personality,
hallucinations, insomnia

Anti-Ma1 NSCLC
Anti-Ma2 Testicular, germ cell tumors,

NSCLC, other solid tumors
Anti-Tri Hodgkin’s lymphoma
Anti-mGluR1 Hodgkin’s lymphoma
AMPAR (Anti-GluR1/2) Lung, breast thymus CA

Encephalomyelitis* Multifocal neurologic deficits, involving
brainstem (diplopia, dysphagia, dysarthria);
cerebellar (ataxia, dizziness); autonomic
(orthostatic hypotension, arrhythmias)

Anti-Hu (ANNA-1) Small-cell CA (lung),
neuroendocrine tumors

Anti-CV2 (anti-CRMP5) Small-cell CA (lung)

Opsoclonus-myoclonus* Ataxia, myoclonus, opsoclonus, dysarthria,
encephalopathy

Anti-Ri (ANNA-2) Breast CA

Retina Cancer-associated
retinopathy

Painless, often bilateral photosensitivity, loss
of color vision, central scotomas, visual
flashes

Anti-recoverin SCLC

Melanoma-associated
retinopathy

Sudden onset of night blindness, photopsia Antibipolar cells of retina Melanoma

Spinal cord Stiff-person syndrome Progressive rigidity and intermittent painful
spams (distal lower limbs, sphincters,
cranial nerves are spared)

Antiamphiphysin Breast, SCLC
Anti-GAD Thymoma, RCC



Peripheral nerves Sensory neuronopathy* Multifocal, asymmetric numbness, severe
pain and paresthesia, loss of deep tendon
reflexes

Anti-Hu (ANNA-1) SCLC
Anti-CV2 (anti-CRMP5) Small-cell CA

Chronic sensorimotor
neuronopathy

Mild to moderate distal symmetric
sensorimotor deficits

Anti-CV2 (anti-CRMP5) Small-cell CA

Autonomic neuropathy Panautonomic neuropathy (sympathetic,
parasympathetic, and enteric; orthostatic
hypotension; gastrointestinal dysfunction;
arrhythmia)

Anti-Hu (ANNA-1) SCLC
Anti-CV2 (anti-CRMP5) SCLC and thymoma
Antiganglionic AChR Thyroid, lung, pancreas,

bladder, rectal CA
Autonomic neuropathy
with pseudo-
obstruction*

Persistent constipation & abdominal
distention, dysphagia, nausea, vomiting

Anti-Hu (ANNA-1) SCLC

Peripheral nerve
excitability
(neuromyotonia)

Muscle cramps, stiffness, weakness, excessive
sweating

Anti-VGKC Thymoma, breast CA, lung
CA

Neuromuscular junction Lambert–Eaton
myasthenic syndrome*

Progressive proximal muscle weakness,
reduced deep tendon reflexes, autonomic
dysfunction (late in course)

Anti-VGCC SCLC

Myasthenia gravis Fatigable weakness of voluntary muscles Anti-AChR Thymoma
Muscles Dermatomyositis* Skin: heliotrope rash (rash of upper eyelids),

Gottron papules (scaly plaques on bony
surfaces); shawl sign (photosensitive skin
rash on face, neck, chest, back and
shoulder)

Muscles: symmetric progressive proximal
muscle weakness

Anti-TIFI1-g, anti-NPX2 Ovaries, lung, colorectal,
breast, gastric CA

CA, cancer; NSCLC, nonsmall-cell lung cancer; SCLC, small-cell lung cancer; RCC, renal cell carcinoma; VGKC, voltage-gated potassium channel; VGCC, voltage-gated calcium channel; AChR,

acetylcholine receptor.

*Classis paraneoplastic neurologic disorders.



Rosenfeld, 2008; Didelot and Honnorat, 2014; Martel
et al., 2014). Onconeuronal antibodies include anti-Yo
(APCA, PCA1), anti-Hu (ANNA-1), anti-Ri (ANNA-2),
anti-Tr, anti-CV2 (CRMP5), antiamphiphysin, anti-Ma1,
and anti-Ma2. The mGluR1 is expressed both inside
the cell and in the cell membrane. The expected response
to immunomodulation treatment in this group is poor due
to irreversible damage to neuronal cells (Greenlee, 2010;
Martel et al., 2014).

A second group of patients are those in whom anti-
bodies react with cell surface antigens. Neuronal cell sur-
face antibodies impair neuronal function by targeting
antigens in the neuronal or neuromuscular junctionmem-
branes (Greenlee, 2010; Martel et al., 2014). This group
may or may not have an underlying malignancy. Rele-
vant antibodies include NMDA receptor antibodies asso-
ciated with encephalitis, voltage-gated calcium channel
antibodies in LEMS, acetylcholine receptor antibodies
in MG, and anti-GAD antibodies in stiff-person syn-
drome. These groups of patients have favorable
responses to immunomodulation (Greenlee, 2010;
Didelot and Honnorat, 2014; Martel et al., 2014).

CLINICAL PRESENTATION AND NEURODIAGNOSTICS

Neurologic symptoms are the first manifestation of a
tumor in more than two-thirds of patients with paraneo-
plastic disorders, such that a high index of suspicion is
required for early diagnosis. The onset of symptoms is
typically subacute, followed by a rapidly progressive
course (Damek, 2009; Pelosof and Gerber, 2010).

Patients with paraneoplastic encephalitis have evi-
dence of inflammation in the CSF, typically with
lymphocytic pleocytosis, elevated protein concentration,

high IgG index, and, in some cases, oligoclonal bands
(Dalmau and Rosenfeld, 2008). High titers of onconeur-
onal antigens are highly specific for diagnosis of paraneo-
plastic disease, while detection of neuronal surface
antigen antibodies may be associated with malignancy
or idiopathic. When possible, serum and CSF antibody
titers should be obtained. Tissue-based assays have
higher yield for intracellular antigens (Gultekin, 2015).

MRI may demonstrate high signal intensity in
affected areas on T2 and FLAIR sequences involving
the mesial temporal lobe in paraneoplastic limbic
encephalitis and transient diffuse cerebellar hemispheric
enlargement or widespread abnormalities in encephalo-
myelitis can be seen in MRI studies. However, normal
neuroimaging studies are not uncommon (Damek,
2009; Xia et al., 2010, Kaira et al., 2014). Cerebral or
cerebellar atrophy can be seen in chronic cases
(Damek, 2009; Gultekin, 2015). Proposed diagnostic
criteria for paraneoplastic neurologic disorders are
proposed and summarized in Table 39.5 (Graus
et al., 2004).

Thorough screening for occult neoplasm is indica-
ted when a paraneoplastic disorder is suspected. If
chest, abdomen, and pelvis CT are negative,
fluorodeoxyglucose-positron emission tomography
(FDG-PET) may still reveal the tumor. In cases where
a potential primary malignancy is suspected, a more spe-
cific test such as mammography, lower/upper gastroin-
testinal endoscopy, pelvic and transvaginal ultrasound,
and testicular ultrasound may be diagnostic (Dalmau
and Rosenfeld, 2008; Pelosof and Gerber, 2010;
Titulaer et al., 2011; Gultekin, 2015). Positive screening
is seen in 70–80% of patients (Dalmau and Rosenfeld,
2008; Damek, 2009). If the screening studies fail to

Table 39.5

Diagnostic criteria for paraneoplastic neurologic disorders (PND) (Graus et al., 2004)

Definite PND Possible PND

1. A classic syndrome and cancer that develops within 5 years of the
diagnosis of the neurologic disorder

1. A classic syndrome, no onconeuronal antibodies, no
cancer but a high risk of having an underlying tumor

2. A nonclassic syndrome that resolves or significantly improves
after cancer treatment without concomitant immunotherapy
provided that the syndrome is not susceptible to spontaneous
remission

2. A neurologic syndrome (classic or not) with partially
characterized onconeuronal antibodies and no cancer

3. A nonclassic syndrome with onconeuronal antibodies (well
characterized or not) and cancer that developswithin 5 years of the
diagnosis of neurologic disorder

3. A nonclassic syndrome, no onconeuronal antibodies,
and cancer present within 2 years of diagnosis

4. A neurologic syndrome (classic or not) with well-characterized
onconeuronal antibodies (anti-Hu, Yo, CV21, Ri, Ma2, or
amphiphysin), and no cancer
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identify malignancies, repeat screening after 3–6
months, followed by every 6 months for several years,
is recommended, except in LEMS, where 2 years is suf-
ficient (Titulaer et al., 2011).

HOSPITAL COURSE AND MANAGEMENT

In patients with rapidly progressive symptoms highly
suggestive of a paraneoplastic disorder, prompt initiation
of treatment is necessary to prevent neurologic deteriora-
tion. Rapid administration of treatment directed towards
the underlying malignancy has been the most successful
strategy for improvement or stabilization of neurologic
deficits (Damek, 2009; Gultekin, 2015). Beyond this,
no evidence-based studies above class III have been
reported for most paraneoplastic disorders, with the
exception of class II evidence for MG, LEMS, and
stiff-person syndrome (Greenlee, 2010). Plasma
exchange is beneficial mostly among patients with anti-
bodies directed at cell surface antigens; its utility in
patients with antibodies directed at intracellular anti-
bodies remains uncertain (Vernino et al., 2004;
Greenlee, 2010). Immunomodulatory treatments with
corticosteroids (e.g., methylprednisolone 1 g/day for
3–5 days), intravenous immunoglobulin (0.4 g/kg IV
for 5 days to a total dose of 2 g/kg), and cyclophospha-
mide (e.g., 2 mg/kg/day administered by mouth), singly
or in combination, are often beneficial in paraneoplastic
disorders affecting the peripheral nervous system, neuro-
muscular junction, and muscles. CNS paraneoplastic
disorders are usually more refractory to treatment,
although anecdotal reports have demonstrated responses
to corticosteroids or IVIG (Damek, 2009; Greenlee,
2010). Rituximab, an anti-CD20 monoclonal agent,
has shown beneficial effects in patients with anti-Hu
associated sensory neuropathy and gastric pseudo-
obstruction, anti-GAD and anti-amphiphysin in stiff-
person syndrome, and patients with anti-Yo antibodies
(Baker et al., 2005; Shams’ili et al., 2006; Coret et al.,
2009; Dupond et al., 2010; Greenlee, 2010). 3,4-
Diaminopyridine for LEMS, benzodiazepines for stiff-
person syndrome, and cholinesterase inhibitors such as
pyridostigmine for MG have been shown to be effective
as supportive treatment (Jani-Acsadi and Lisak, 2007;
Greenlee, 2010).

IATROGENIC NEUROLOGIC
EMERGENCIES

Radiation therapy

The central and peripheral nervous system are vulnerable
to effects of radiation. Neurologic complications are cat-
egorized based on the timing of tissue injury, which is

helpful in predicting reversibility of symptoms
(Sheline, 1977).

ACUTE INJURY (LESS THAN 1 MONTH)

Capillary injury and leakiness leading to edema may
occur during or immediately after RT. Acute encephalop-
athy characterized by somnolence, headache, nausea,
vomiting, and exacerbation of pre-existing neurologic
deficits can develop days after starting RT and is gener-
ally responsive to corticosteroids. There is no specific
imaging finding associated with early injury to the brain
(Ricard et al., 2012). Acute worsening after radiation to
the spinal cord warrants investigation for intratumoral
hemorrhage or tumor progression (Posner, 1995).

EARLY-DELAYED INJURY (1–6 MONTHS)

Complications occurring 1–6months after completion of
RT are due to edema and demyelination. Patients may
present with somnolence syndrome consisting of drows-
iness, fatigue, anorexia, irritability, and transitory cogni-
tive disturbance. MRI findings may be unchanged or
may show increased edema and contrast enhancement
mimicking tumor progression, termed pseudoprogres-
sion. This is most commonly encountered in patients
with glioblastoma who received concurrent RT and
temozolomide. Symptoms during this period are often
reversible with corticosteroids (Brandsma et al., 2008;
Ricard et al., 2012). L’Hermitte’s phenomenon is seen
in patients with early-delayed RT-induced myelopathy
with no distinctive imaging findings and typically
resolves spontaneously. RT to head and neck areas
may produce cranial neuropathies involving hypoglossal
and vagus nerves when treatment was directed at the
neck region, and optic, oculomotor, trochlear, trigeminal,
abducens, and facial nerves following treatment of skull
base tumors (Lin et al., 2002; Kargiotis and Kyritsis,
2012). Treatment of breast, lung, and pelvic cancers
may cause transient brachial and lumbosacral plexopa-
thies (Chi et al., 2008).

LATE INJURY (MORE THAN 6 MONTHS)

Injuries inflicted at this period are irreversible and are
hypothesized to be due to a combination of small- and
medium-sized vessel injuries, demyelination with loss
of oligodendrocytes, and an allergic response from anti-
gens released by damaged glial cells. Radiation necrosis
is the pathologic end state (Crossen et al., 1994; Giglio
and Gilbert, 2010). Focal radiation necrosis may cause
seizures, focal neurologic symptoms, and signs of
increased ICP. MRI reveals focal areas of necrosis that
is difficult to distinguish from tumor progression. Sur-
gery is the onlyway to definitively confirm the diagnosis.
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Permanent diffuse white-matter changes or leukoence-
phalopathy can present as mild cognitive impairment
or severe dementia. MRI demonstrates white-matter
abnormalities and atrophy (Giglio and Gilbert, 2010;
Ricard et al., 2012). Late-delayed myelopathy can pre-
sent with Brown-S�equard syndrome, weakness and sen-
sory loss of lower extremities, and bowel and bladder
dysfunction, occurring abruptly or insidiously, and is
usually irreversible. MRI of the spinal cord demonstrates
increased T2 signal and contrast enhancement at the
affected level. Corticosteroids have variable benefits in
radiation necrosis (Giglio and Gilbert, 2010).

Bevacizumab, a monoclonal VEGF inhibitor, has
shown beneficial effects in patients with cerebral radia-
tion necrosis (Torcuator et al., 2009; Levin et al.,
2011). Permanent cranial neuropathies and plexopathies
are seen due to delayed radiation effects to the peripheral
nerves. Myokymia on electromyography and hypointen-
sity in T1- and T2-weighted MR images can be seen
(Qayyum et al., 2000; Chi et al., 2008; Jaeckle, 2010).
Pain management and physical therapy are recom-
mended for RT-induced neuropathy (Rogers, 2012).
Table 39.6 summarizes the classification of neurologic
complications of RT.

Chemotherapy and biologic agents

Certain cytotoxic agents and biologic agents produce
neurotoxicity. The symptoms may resemble other neuro-
logic complications of cancer or metastases. The severity
depends on the treatment dose, duration, comorbidities,
and concomitant administration of other neurotoxic
agents.

High-dose methotrexate, ifosfamide, and procarba-
zine can cause acute confusion, hallucination, seizures,
and drowsiness during or a few days after treatment
(Kwong et al., 2009; Lee et al., 2012a). High doses of
cytarabine may produce cerebellar manifestations in as
many as 20% of patients (Herzig et al., 1987). Aseptic
meningitis, characterized by neck stiffness, headache,
nausea, vomiting, fever, and transverse myelopathy,
presenting as paraplegia, leg pain, sensory level and neu-
rogenic bladder dysfunction, can occur after IT adminis-
tration of methotrexate and cytarabine (Patchell and
Posner, 1985). Oxaliplatin may produce acute cold-
induced dysesthesia involving distal extremities, throat,
mouth, or face. Vestibulocochlear toxicity has been asso-
ciated with cisplatin (Sioka and Kyritsis, 2009; Giglio
and Gilbert, 2010; Lee et al., 2012a).

Bevacizumab, an anti-VEGF agent, increases the risk
of thromboembolic stroke and intracranial hemorrhage.
It has also been reported to cause posterior reversible
encephalopathy syndrome (PRES) (Armstrong et al.,
2012). Cetuximab, an epidermal growth factor receptor

inhibitor, is associated with aseptic meningitis (Baselga
et al., 2000). Acute inflammatory reactions such as
myopathy, aseptic meningitis, severe meningoradiculo-
neuritis, temporal arteritis, and Guillain–Barr�e syndrome
are reported to occur from ipilimumab (anticytotoxic
T-lymphocyte antigen-4) (Tarhini, 2013; Liao et al.,
2014). Crizotinib (ALK and c-MET inhibitor) may cause
visual disturbance (Bang, 2011). Interferon-a is associ-
atedwith neuropsychiatric symptoms and seizures, while
IL-2 may cause transient encephalopathy and neurocog-
nitive dysfunction (Apfel, 2012). Painful, length-
dependent sensory axonal neuropathy occurs in about
35% of patients who received bortezomib (a proteosome
inhibitor) (Richardson et al., 2006; Lee et al., 2012b).
Table 39.7 summarizes the common neurologic compli-
cations from chemotherapy and biologic agents.

Hematopoietic stem cell transplantation

Symptomatic neurologic complications occur in
10–40% of patients undergoing HSCT (Rosenfeld and
Pruitt, 2006). Myeloablative doses of chemotherapy
may result in neurotoxicity not usually seenwith conven-
tional doses. These complications include encephalopa-
thy from ifosfamide, melphalan, etoposide, and thiotepa;
seizures from busulfan; and psychiatric symptoms from
ifosfamide and busulfan (Rosenfeld and Pruitt, 2006;
Giglio and Gilbert, 2010). Severe thrombocytopenia
from bone marrow suppression predisposes patients to
ICH (Quant and Wen, 2008; Giglio and Gilbert, 2010).
Calcineurin inhibitors (tacrolimus and cyclosporine),
used for prevention of graft-versus-host disease, cause
headache, altered mental status, seizures, cortical blind-
ness, hallucinations, spasticity, paresis, ataxia, and PRES
(Hinchey et al., 1996; Sklar, 2006). Neurologic com-
plications usually improve after reduction or discontinu-
ation of treatment. CNS infection affects 3–8% of
patients after HSCT. Neutropenic patients are at risk
for systemic bacterial, Candida, and Aspergillus infec-
tions, as well as herpes simplex virus. Deficient cellular
immunity predisposes patients to fungal, cytomegalovi-
rus, Gram-positive bacterial infection, and JC virus
reactivation (Quant and Wen, 2008; Giglio and
Gilbert, 2010).

CONCLUSION

Neuro-oncologic emergencies are relatively common in
patients with cancer and associated with significant mor-
bidity and mortality. At times, these are the initial man-
ifestations of an undiagnosed malignancy and a high
index of suspicion is therefore essential. Rapid recogni-
tion and prompt treatment can prolong the patient’s life
and improve functional status and quality of life.
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Table 39.6

Classification of neurologic complications of radiotherapy

Onset Reversibility

Clinical manifestations

TreatmentBrain Spinal cord
Cranial
nerves Peripheral nerves

Acute
(<1 month)

Reversible Somnolence
Headache
Nausea
Vomiting
Exacerbation of pre-existing neurologic deficits

– – Paresthesia Corticosteroids

Early-delayed
(1–6 months)

Reversible Drowsiness
Fatigue
Anorexia
Irritability
Transient cognitive disturbance

Lhermitte’s
phenomenon

Painless
visual
loss

Tongue
weakness

Hearing
loss

Anosmia

Transient plexopathy Corticosteroids
Bevacizumab

Late
(>6 months)

Permanent Focal radiation necrosis: seizure, focal neurologic
deficits, and signs of increased ICP. White-
matter disease: mild cognitive impairment,
severe dementia

Brown-S�equard
syndrome

Weakness Sensory
level Bowel and
bladder
dysfunction

Hearing
loss

Visual loss
Lower CN
palsies

Irreversible plexopathy
Pain

Corticosteroids
may or may
not be
beneficial

Supportive care

ICP, intracranial pressure; CN, cranial nerve.
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Abstract

Coagulopathy is common in intensive care units (ICUs).Many physiologic derangements lead to dysfunc-
tional hemostasis; these may be either congenital or acquired. The most devastating outcome of coagulo-
pathy in the critically ill ismajor bleeding, defined by transfusion requirement, hemodynamic instability, or
intracranial hemorrhage. ICU coagulopathy often poses complex management dilemmas, as bleeding risk
must be tempered with thrombotic potential. Coagulopathy associated with intracranial hemorrhage bears
directly on prognosis and outcome. There is a paucity of high-quality evidence for the management of
coagulopathies in neurocritical care; however, data derived from studies of patients with intraparenchymal
hemorrhage may inform treatment decisions.

Coagulopathy is often broadly defined as any derangement of hemostasis resulting in either excessive
bleeding or clotting, although most typically it is defined as impaired clot formation. Abnormalities in
coagulation testing without overt clinical bleeding may also be considered evidence of coagulopathy. This
chapter will focus on acquired conditions, such as organ failure, pharmacologic therapies, and platelet dys-
function that are associated with defective clot formation and result in, or exacerbate, intracranial hemor-
rhage, specifically spontaneous intraparenchymal hemorrhage and traumatic brain injury.

INTRODUCTION

Coagulopathy is common in intensive care units (ICUs).
Many physiologic derangements lead to dysfunctional
hemostasis; these may be either congenital or acquired.
The most devastating outcome of coagulopathy in the
critically ill is major bleeding, defined by transfusion
requirement, hemodynamic instability, or intracranial
hemorrhage (ICH). ICU coagulopathy often poses com-
plex management dilemmas, as bleeding risk must be
tempered with thrombotic potential. Coagulopathy asso-
ciated with ICH bears directly on prognosis and out-
come. There is a paucity of high-quality evidence for
the management of coagulopathies in neurocritical care;
however, data derived from studies of patients with intra-
parenchymal hemorrhage (IPH) may inform treatment
decisions.

Coagulopathy is often broadly defined as any de-
rangement of hemostasis resulting in either excessive
bleeding or clotting, although most typically it is defined
as impaired clot formation. Abnormalities in coagulation
testing without overt clinical bleeding may also be con-
sidered evidence of coagulopathy. This chapter will
focus on acquired conditions, such as organ failure, phar-
macologic therapies, and platelet dysfunction that are
associated with defective clot formation and result in,
or exacerbate, ICH, specifically spontaneous IPH and
traumatic brain injury (TBI).

EPIDEMIOLOGY

Coagulopathies are common in intensive care popula-
tions. The incidence of coagulopathy ranges widely
(13–66%) and depends on the definition employed
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(Chakraverty et al., 1996; Walsh et al., 2010). A prospec-
tive study of 235 patients in an adult medical-surgical ICU
found that 14% had clinical bleeding secondary to coagu-
lopathy, defined as bleeding unexplained by local or sur-
gical factors (Chakraverty et al., 1996). Mortality was
associated with clinical bleeding in 6% of these patients,
with ICH representing one-third of these deaths.

Derangement of laboratory coagulation assays occurs
in an even greater number of patients. An elevation of
prothrombin time (PT) >1.5 times normal occurs in
30–66% of ICU patients, and 20–38% demonstrate
thrombocytopenia (Chakraverty et al., 1996; Walsh
et al., 2010). Presence of coagulopathy is associated with
increased mortality, especially when it occurs after
admission to the ICU (Walsh et al., 2010). There is lim-
ited information describing the incidence of coagulopa-
thy in neurocritical care units.

Antithrombotic-associated intracranial
hemorrhage

ICH is the most feared complication of antithrombotic
therapy. The incidence of antithrombotic-associated ICH
is 3.7–4.9 per 100 000 population (Nicolini et al.,
2002). IPH represents the vast majority of these bleeds
(Hart et al., 1995; Nicolini et al., 2002). IPH affects
approximately 67 000 people in the USA each year, and
antithrombotic use is associated with 12–41% of cases
(Nilsson et al., 2000; Kissela et al., 2004; Lovelock
et al., 2007; van Asch et al., 2010).

Vitamin K antagonist (VKA)-related ICH occurs in
less than 1% of patients receiving VKA therapy. Seventy
percent of these patients present with IPH, and the
remainder have primarily subdural hematomas (Hart
et al., 1995, 2005). Although the risk of ICH in patients
treated with VKAs increases dramatically with an inter-
national normalized ratio (INR)>4.5, the majority of
VKA-associated ICH occurs with an INR <3 (Hart
et al., 1995; The Stroke Prevention in Reversible
Ischemia Trial (SPIRIT) Study Group, 1997; Flaherty
et al., 2007). This risk is magnified in older patients with
hypertension, probably in part because of an increasing
prevalence of atrial fibrillation in this population, with
a consequent need for anticoagulation (Hart et al.,
1995; Flaherty et al., 2007).

The incidence of ICH associated with unfractionated
heparin (UFH) and low-molecular-weight heparin
(LMWH) depends on the condition requiring treatment,
route of administration, dosage of medication, and
comorbid conditions (Schulman et al., 2008). The overall
rate of ICH with UFH compared to LMWH is similar
(Gould et al., 1999; Dolovich et al., 2000; Schulman
et al., 2008). Therapeutic doses of either UFH or LMWH
within 2 weeks of ischemic stroke carry approximately

twice the risk of hemorrhagic conversion compared
to aspirin or placebo (Schulman et al., 2008). In the
International Stroke Trial, the rate of IPH over 14 days
while on heparin 5000 units twice daily was 0.7%, com-
pared with 1.8% while on heparin 12 500 units twice
daily, and 0.3% in controls (International Stroke Trial
Collaborative Group, 1997). In the setting of acute myo-
cardial infarct (AMI), there is a nonsignificant increase in
risk of ICH with either UFH or LMWH (Schulman et al.,
2008). In one of the largest trials of LMWH in AMI, the
risk of ICH was 0.3% compared to 0.1% with placebo
(Schulman et al., 2008). There is an increased risk of
bleeding with therapeutic doses of intermittent intrave-
nous UFH compared to continuous infusion; however
the risk is similar between continuous infusion and sub-
cutaneous injection (Schulman et al., 2008). There is evi-
dence that the risk of ICH rises with increasing dosage,
age, and renal impairment (Schulman et al., 2008).
A meta-analysis of 20 studies found a relative risk of
1.7 for major bleeding when LMWH was administered
in patients with a glomerular filtration rate<60 mL/min,
despite dose adjustments (Hoffmann and Keller, 2012).

Compared to VKAs, the target-specific oral anticoag-
ulants (TSOACs) carry less risk of ICH (relative risk
0.49, 95% confidence interval 0.36–0.66) (Miller et al.,
2012). In the Re-LY trial, dabigatran use was associated
with a 0.3% risk of ICH compared to 0.8% with warfarin
(Hart et al., 2012). In the ROCKET-AF trial, rivaroxaban
use was associated with a 0.5% risk of ICH compared to
0.7% with warfarin (Patel et al., 2011). In the ARIS-
TOTLE trial, apixaban was associated with a 0.3% risk
of ICH compared to 0.8% with warfarin (Hylek et al.,
2014). The average follow-up period for these trials
was about 2 years. A meta-analysis of 11 randomized tri-
als involving over 100 000 patients treated with TSOACs
found a 47% odds reduction for fatal hemorrhage com-
pared with VKA use (Caldeira et al., 2015).

The absolute risk of ICH associated with antiplatelet
agents is low. Aspirin (acetylsalicylic acid: ASA) use
results in an absolute increase of 0.1% per year in the
risk of ICH compared to control (He et al., 1998).
The “number needed to harm” (to cause one ICH) on
ASA is 833 patients. In the CAPRIE trial, Plavix did
not result in any significant difference in rate of ICH
compared to ASA (0.3% vs. 0.5%) (CAPRIE Steering
Committee, 1996).

Newer, more potent antiplatelet agents are increas-
ingly used in the setting of acute coronary syndromes.
Prasugrel, a thienopyridine, is associated with a higher
risk of bleeding compared to clopidigrel; however, the
risk of ICH is reported to be similar (Wiviott et al.,
2007). Ticagrelor, a nonthienopyridine agent, which
reversibly binds the P2Y12 platelet receptor, conveys a
nonsignificantly increased risk of ICH compared to
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clopidigrel (Becker et al., 2011). Cangrelor is another
nonthienopyridine, which is administered intravenously
and likewise shows no increased risk of ICH compared to
clopidigrel (Bhatt et al., 2009; Harrington et al., 2009).
Although the risk of bleeding is low with single antipla-
telet use, dual antiplatelet therapy conveys a similar rate
of major bleeding compared to anticoagulants (Connolly
et al., 2006; Hansen et al., 2010).

The use of recombinant tissue plasminogen activator
(rtPA) for AMI and acute ischemic stroke also carries a
risk of ICH. When rtPA is used in the setting of AMI,
the incidence of ICH is 0.7% (Carlson et al., 1988).When
rtPA is used for acute ischemic stroke, the incidence is
somewhat higher, ranging from 3% to 9% (Broderick
et al., 2007).

Thrombocytopenia

Thrombocytopenia is common in the ICU (20–38%) and
its cause is often multifactorial. The risk of ICH varies
depending on the etiology of thrombocytopenia and
the presence of comorbidities. For example, idiopathic
thrombocytopenic purpura is associated with only a
1% risk of ICH in adults (Neunert et al., 2015). Most
spontaneous ICH occurs with platelet counts <20 000/
mm3 (Blanchette and Carcao, 2000). This risk is higher
in those undergoing craniotomy. A small retrospective
study of patients with modest perioperative thrombocy-
topenia undergoing cranial neurosurgery found that 40%
developed postoperative ICH (Chan et al., 1989). All
patients with a platelet count <100 000/mL who failed
to respond to platelet transfusion developed postopera-
tive ICH (Chan et al., 1989).

Disseminated intravascular coagulation

Disseminated intravascular coagulation (DIC) is a
derangement of hemostasis consisting of widespread
production of thrombin, which in turn leads to microvas-
cular thrombosis, organ failure, and a consumptive coa-
gulopathy. DIC is associated with several underlying
conditions including sepsis, trauma, malignancy, and
obstetric complications. Overall, sepsis is the most com-
mon cause of DIC; however trauma and malignancy rep-
resent other common causes in the neurocritical care unit
(Hunt, 2014). DICmay lead to a thrombotic phenotype or
a hemorrhagic phenotype, although it most often pre-
sents as hemorrhage (Hunt, 2014).

Coagulopathy after traumatic brain injury

TBI and polytrauma are often complicated by coagulopa-
thy. Worldwide, there are 10 million reported cases of
TBI per year resulting in hospitalization or death
(Langlois et al., 2006). In the USA, there are at least

275 000 hospitalizations and over 50 000 deaths related
to TBI yearly (Langlois et al., 2006; Coronado et al.,
2011). Acute coagulopathy occurs in a high percentage
of trauma patients and correlates with injury severity.
The reported rate of coagulopathy observed in isolated
TBI varies widely depending on severity of injury, type
of clotting assays used, and timing ofmeasurements from
onset of injury. Diagnostic criteria for coagulopathy vary
greatly in the literature. A meta-analysis found the mean
incidence to be 33% (Harhangi et al., 2008). A more
recent prospective study found evidence of coagulopathy
(defined as at least one of thrombocytopenia, elevated
INR, or elevated partial thromboplastin time (PTT)) in
a similar percentage of patients (34%) with isolated
TBI (Talving et al., 2009). There is evidence that injury
severity is an important risk factor in predicting coagulo-
pathy. Over 60% of patients with severe TBI have coagu-
lopathy compared to<1%with mild head injury (Gómez
et al., 1996; Hoyt, 2004).

Coagulopathy of malignancy

Bleeding complications are common in the setting
of malignancy, especially leukemias. In a large retro-
spective series of autopsy reports from Memorial
Sloan-Kettering Cancer Center from 1970 to 1981, 6%
of cancer patients had IPH at autopsy and 2% were said
to be from coagulopathy associated with malignancy
(Graus et al., 1985). The incidence of IPH was much
higher (16%) for patients with leukemia. When stratified
by type of leukemia, it was found that 22% of acute mye-
locytic leukemia patients had IPH, with acute promyelo-
cytic leukemia (APML) accounting for the majority of
these cases. Over 60% of APML who died had IPH,
which was often the presenting diagnosis.

Coagulopathy of liver failure

While chronic liver failure with cirrhosis occurs in about
15 per 100 000 person-years, there are only 1–6 cases of
acute liver failure (ALF) per million persons per year in
developed nations (Fleming et al., 2008; Bernal et al.,
2010). Liver failure, whether chronic or acute, is associ-
ated with decreased synthesis of clotting factors.
Although decreased synthesis likely affects procoagulant
and anticoagulant proteins alike, the derangements in
coagulation assays suggest a bleeding tendency. Assays
of hypercoagulability are not readily available. The
degree to which these derangements contribute to clini-
cal hemorrhage, especially ICH, is not known. Recent
studies using viscoelastic assays suggest that patients
with ALF do not have an impaired ability to form clot
in vivo despite abnormalities of standard coagulation
assays and platelet count (Lisman and Leebeek, 2007).
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Uremia

The prevalence of chronic kidney disease and use of renal
replacement therapy is rising (Roderick et al., 2004). Ure-
mia is associated with increased risk of hemorrhage sec-
ondary to platelet dysfunction, which often occurs in
combination with thrombocytopenia. Uremic bleeding
typically manifests as ecchymoses, epistaxis, gastrointes-
tinal hemorrhage, or bleeding frompuncture sites. Patients
with chronic kidney disease have an increased risk of ICH,
which may be 10 times greater in the setting of chronic
hemodialysis than in the general population (Pavord and
Myers, 2011). However, the incidence of major hemor-
rhages has decreasedwith increasing use and effectiveness
of hemodialysis (Rabiner, 1972).

NEUROPATHOLOGY

Cell-based model of hemostasis

In order to appropriately discuss the pathology of coagu-
lopathies, it is important to understand the process of
hemostasis in vivo under normal conditions. In the
1960s, the “cascade”model of hemostasis was proposed
after the discovery of several procoagulant proteins that
were related to each other in a series of proteolytic reac-
tions (Davie and Ratnoff, 1964; Macfarlane, 1964). This
model describes a separate “intrinsic” and “extrinsic”
pathway of proteolytic reactions, both of which appeared
to be capable of forming thrombin, leading to fibrin clot.
Originally the intrinsic pathway was believed to be the
main contributor to hemostasis, but it later became evi-
dent that the extrinsic pathway played the major role
in vivo (Hoffman and Monroe, 2001). This model
enabled the development of the screening coagulation
laboratory tests used most frequently in practice, namely
the PT and activated PTT.

Since the 1960s, certain clinical observations have
called into question the accuracy of the cascade model.
These included the severity of bleeding in hemophiliacs
from deficiency of “intrinsic factors,” and the lack of
clinical bleeding from deficiency of factor XII (FXII),
high-molecular-weight kininogen, or prekallikrein. Fur-
thermore, it has been shown that cellular elements (plate-
lets, tissue factor-bearing cells, and erythrocytes) have a
significant impact on coagulation (Roberts and Lozier,
1992; Hoffman and Monroe, 2001). Such observations
led to the formation of a new perspective on hemostasis
called the cell-based model, which provides a more accu-
rate model of hemostasis in vivo (Roberts and Lozier,
1992).

The cell-based model holds that hemostasis is con-
trolled by activity of cellular components more so than
simple protein kinetics. Clot formation is divided into
three stages: initiation, amplification, and propagation.

The cell-based model of hemostasis has several implica-
tions, one of which is that PT and activated PTT (aPTT)
values may not always give an accurate representation of
the status of in vivo hemostasis, as these tests assess only
early steps in the generation of thrombin. This helps
explain why certain disease processes have a normal or
enhanced ability to form clot (based on viscoelastic
assays) despite abnormal PTor aPTT levels. Conversely,
normalization of PT or aPTT levels in patients with coa-
gulopathy may not imply normalized in vivo hemostasis.
Awareness of the cell-based model when approaching a
patient with coagulopathy is therefore important, as this
can help guide clinical decisions.

Antithrombotic-associated IPH

IPH occurs when small penetrating arteries rupture, often
in the area of the basal ganglia, thalamus, pons, or cere-
bellum. The pathology underlying antithrombotic-
associated IPH is thought to be similar to spontaneous
IPH. The use of antithrombotics exacerbates existing risk
factors for IPH (Hart et al., 1995). The location of
antithrombotic-associated IPH is not different from
spontaneous IPH (Nilsson et al., 2000). Cerebral amyloid
angiopathy increases in frequency with older age and
affects superficial cortical vessels. A prospective case-
control study suggests that lobar IPH in elderly patients
with warfarin use is often related to underlying cerebral
amyloid angiopathy (Rosand et al., 2000). Similarly, leu-
koaraiosis has also been shown to increase the risk of IPH
in patients taking warfarin following ischemic stroke.
Leukoaraiosis was present in 92% of warfarin users with
IPH compared to 48% of warfarin users without IPH
(Smith et al., 2002).

Hematoma expansion is a risk factor for poor outcome
after IPH. Hematoma expansion is thought to result from
ongoing bleeding from ruptured vessels, and possibly
from additional vessels which are disrupted by the hema-
toma itself (Qureshi et al., 2001). Coagulopathy may
increase the risk of expansion, which is likely to be
one of the mechanisms which increases morbidity and
mortality (Steiner et al., 2006).

Thrombocytopenia

The causes of thrombocytopenia are many and include
sepsis, blood loss, hemodilution, DIC, mechanical frag-
mentation, hypersplenism, medications, immune-
mediated disorders, and bone marrow suppression
(Hunt, 2014). The most common cause in critically ill
patients is sepsis (Greinacher and Selleng, 2010). It is
beyond the scope of this chapter to discuss the unique
pathology underlying each cause of thrombocytopenia.
However the importance of the platelet in the
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amplification and propagation phases of hemostasis
should be underscored.

Disseminated intravascular coagulation

With DIC, widespread microthrombosis is caused by
the upregulation of tissue factor, downregulation of
thrombomodulin, and increased phospholipid availabil-
ity (Levi et al., 2009). This leads to massive fibrin depo-
sition, followed by a consumptive coagulopathy,
hyperfibrinolysis, and hemorrhage (Levi et al., 2009;
Hunt, 2014).

TBI-associated coagulopathy

TBI-associated coagulopathy is common and is associ-
ated with an unfavorable prognosis (Harhangi et al.,
2008; Talving et al., 2009). Coagulopathy in TBI
involves a dysregulation of hemostasis leading to both
hyper- and hypocoagulability. Studies suggest that an
early tendency to bleed is followed by a later tendency
to form clot, although these entities may coexist, compli-
cating treatment (Laroche et al., 2012). The exact patho-
physiology of coagulopathy is not fully understood, but
several mechanisms have been postulated, including
massive release of tissue factor, DIC, platelet dysfunc-
tion, and hypoperfusion, leading to activated protein
C malfunction (Laroche et al., 2012). Despite a lack of
clarity regarding the mechanism of coagulopathy, it is
clear that the brain is highly enriched in tissue factor,
mostly expressed in the membranes of astrocytes
(Drake et al., 1989; Eddleston et al., 1993). It is postu-
lated that widespread injury to brain parenchyma leads
to a massive release of tissue factor, which promotes
DIC (Keimowitz and Annis, 1973; Pathak et al.,
2005). Release of procoagulant microparticles from acti-
vated platelets provides a surface for coagulation, and
may promote both hyper- and hypocoagulability, with
activation of coagulation followed by factor consump-
tion (Morel et al., 2008; Laroche et al., 2012; Kumar,
2013). Another contributing mechanism is platelet
activation and dysfunction, which can occur despite a
normal platelet count (Nekludov et al., 2007). Addition-
ally, hypoperfusion leads to activation of protein C. Acti-
vated protein C inhibits FVa, FVIIIa, and plasminogen
activator inhibitor-1, leading to propensity to hemor-
rhage by causing hyperfibrinolysis (Cohen et al.,
2007). This is then followed by depletion of activated
protein C, which leads to a prolonged propensity for
thromboembolism (Laroche et al., 2012). TBI-associated
coagulopathy is a complex and fluid process associated
with significant hemostatic derangements, the mecha-
nisms of which remain to be further elucidated.

Leukemic coagulopathy

Malignancy is often associated with maladaptive hemo-
stasis, sometimes leading to bleeding. Leukemia, espe-
cially APML, is associated with the highest risk of
bleeding. Patients often have bleeding on presentation,
with IPH being the most feared complication. The path-
ophysiology of coagulopathy caused by APML is
unique. Leukemic promyelocytes have increased expres-
sion of tissue factor and cancer procoagulant, which
leads to a hypercoagulable state, further exaggerated
by apoptosis of leukemic cells, especially during chemo-
therapy (Zhu et al., 1999;Wang et al., 2001; Kwaan et al.,
2002).Widespread activation of coagulation can lead to a
consumptive coagulopathy and DIC, which in turn
increases bleeding tendency (Kwaan and Cull, 2014).
Concomitantly, patients with APML have increased
levels of plasminogen activators tPA and uPA (Kwaan
and Cull, 2014). There is also evidence of increased plas-
minogen cell surface receptors annexin A2 and S100A10
(O’Connell et al., 2011). In total, these derangements of
hemostasis lead to hyperfibrinolysis, which causes a pre-
dilection for IPH. It has been hypothesized that IPH, as
opposed to bleeding at other sites, is specifically
increased because annexin A2 is highly expressed in
brain endothelium (Kwaan et al., 2004).

Liver failure-associated coagulopathy

Liver failure is accompanied by derangements of hemo-
stasis, long assumed to cause a bleeding tendency. Due to
derangements in platelet count, PT/INR, and aPTT,
bleeding events have been attributed to coagulopathy
from a lack of hepatic synthetic function. However,
major bleeding complications may also be related to por-
tal hypertension rather than coagulopathy in patients
with cirrhosis (Lisman and Leebeek, 2007).

Mounting evidence demonstrates a “rebalanced
hemostasis” in patients with hepatic dysfunction due to
a matched decrement in the synthesis of both procoagu-
lant and anticoagulant proteins. Thrombocytopenia,
impaired platelet function, increased nitrous oxide and
prostacyclin, and decreased vitamin K-dependent coag-
ulation factors are balanced by increased vonWillebrand
factor (vWF) and FVIII, and decreased protein C, S, and
antithrombin III (Lisman and Leebeek, 2007). In fact,
Tripodi et al. (2005) demonstrated that patients with cir-
rhosis have normal thrombin generation despite abnor-
mal conventional coagulation assays. Because of large
derangements in platelet count, PT/INR, and aPTT, it
has likewise been assumed that patients with ALF have
a propensity to hemorrhage. Nonetheless, there is con-
vincing evidence that patients with ALF have a normal
ability to form clot and may even be prothrombotic.
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A prospective cohort study found that over 60% of
patients with ALF had normal whole-blood hemostasis
as measured by thromboelastography (TEG), and 8%
were hypercoagulable (Stravitz et al., 2012). Similarly,
another prospective study found normal thrombin gener-
ation and decreased fibrinolysis in ALF, and another
found a 19-fold higher concentration of procoagulant
microparticles compared to healthy controls (Lisman
et al., 2012; Stravitz et al., 2013; Habib et al., 2014).
The presence of hepatic encephalopathy was associated
with hypercoagulable TEG parameters compared to
acute liver injury without encephalopathy. Interestingly,
thrombotic complications were almost twice as common
as significant hemorrhage (Stravitz et al., 2012).

Uremia

Uremia interferes with clotting via impaired platelet
function and abnormal platelet interaction with the endo-
thelium (Pavord and Myers, 2011). Increased urea and
other solutes reduce Gp1b receptors and affinity for
vWF, and decrease platelet activation and aggregation
in response to agonists (Pavord and Myers, 2011).
Increased nitrous oxide and prostacyclin also inhibit
platelet activation, aggregation, and adhesion to the ves-
sel wall (Pavord and Myers, 2011). Anemia is common
in chronic kidney disease and leads to decreased platelet
interactions with the vessel wall due to altered rheology.
Red blood cells normally flow in the center of the vessel
lumen and displace platelets towards the endothelium.
However, when the hematocrit is decreased, the radial
dispersion of platelets is altered, which increases the dis-
tance between platelets and the vessel wall, thus limiting
platelet adhesion (Pavord and Myers, 2011). Lastly,
thrombocytopenia is also relatively common in patients
on hemodialysis.

CLINICAL PRESENTATION

Major hemorrhage is the foremost complication of coa-
gulopathy. In the neurocritical care unit, major bleeding
may present as hemorrhagic shock, retroperitoneal
bleeding after endovascular interventions, hemothorax,
or bleeding from other extracranial sites. The most typi-
cal manifestation of major bleeding in the neurocritical
care setting is IPH. IPH characteristically causes sudden
onset of a focal neurologic deficit, followed by progres-
sive deterioration in level of consciousness (Goldstein
and Simel, 2005). As compared to ischemic stroke, head-
ache, vomiting, and extreme elevations in blood pressure
are more common with IPH (Panzer et al., 1985;
Goldstein and Simel, 2005). Additionally, patients with
IPH are at a high risk of early neurologic and cardiopul-
monary deterioration in the first several hours from onset
(Hemphill et al., 2015).

DIAGNOSTICSANDNEUROIMAGING

Imaging

Imaging, usually noncontrast computed tomography
(CT), reveals the presence, size, and location of ICH,
as the clinical examination cannot accurately distinguish
the exact location of bleeding (epidural, subdural, sub-
arachnoid, or parenchymal). Magnetic resonance imag-
ing (MRI) reliably identifies acute ICH, but its use in
emergent settings for critically ill patients is limited
(Hemphill et al., 2015). CT imaging is also useful for
evaluating associated skull fractures in the case of
trauma. When reviewing neuroimaging in ICH, one
should also make note of the presence and degree of
intraventricular hemorrhage (IVH), hydrocephalus,
perihematomal edema, mass effect, and herniation. Coa-
gulopathic ICH is suggested by a distinct pattern of a
fluid–fluid interface on CT imaging (Hart et al., 1995).
Liquefied blood separates in a gravity-dependent nature
with heavier, congealed cellular components on the bot-
tom and less dense fluid towards the top. The presence of
this sign on CT imaging may be the first clue that a
patient has a coagulopathic ICH. Additionally, the pres-
ence of concomitant hemorrhage and thrombosis may
be evident on MRI by areas of restricted diffusion and
increased susceptibility, as might be seen in DIC or
malignancy (Fig. 40.1).

Laboratory and point-of-care testing

Routine laboratory evaluation of any patient with ICH
should include testing for coagulopathy. This should,
as a minimum, include a complete blood count, PT or
INR, and aPTT. These tests may suggest effects of war-
farin, UFH, and/or screen for thrombocytopenia and ane-
mia. However, patients may have a clinically significant
coagulopathy in the setting of normal PT/INR or aPTT.
Conversely, a mild elevation of these assays may not
equate to a clinical bleeding tendency (Naidech et al.,
2014a). In cases where coagulopathy is suspected, fur-
ther testing such as point-of-care tests (POCT), visco-
elastic assays, and others may be warranted.

PT/INR

The PT is a laboratory test developed to assess the
“extrinsic pathway,” according to the cascade model of
hemostasis. Calcium and tissue factor are added to
citrated blood and the time to coagulation is measured.
The INR was developed to correct for differences in tis-
sue factor preparations used across laboratories, and
thereby standardize the measurement. The INR is only
useful for monitoring the effect of warfarin therapy, as
it has been standardized to accurately reflect warfarin
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effect internationally (Hirsh and Poller, 1994). The PT is
more sensitive than the aPTT for monitoring the effect of
FXa inhibitors such as rivaroxaban or apixaban (Samama
and Guinet, 2011). However, a normal PT does not reli-
ably exclude ongoing antithrombotic effect (Samama
and Guinet, 2011). It is often abnormal in other derange-
ments of hemostasis caused bymedications, liver failure,
DIC, and trauma. However its clinical utility varies in
each situation. For instance, an abnormal PT in liver fail-
ure may not lead to clinical bleeding tendency.

APTT

The aPTT was developed to assess the “intrinsic
pathway” of hemostasis. Calcium, phospholipid, and
an activator such as kaolin are added to citrated blood,
and time to coagulation is measured. The aPTT is most
useful for monitoring UFH. Conversely, the effect of
LMWH is not reliably reflected. In the setting of dabiga-
tran use, aPTT is more sensitive than other routine coag-
ulation assays. If normal, it is unlikely that the patient is
still coagulopathic frommedication effect (Lindahl et al.,
2011). However, the relationship between aPTTand drug

concentration is nonlinear and does not accurately reflect
supratherapeutic levels.

PLATELET FUNCTION ASSAYS

Platelet function may be altered with the use of antiplate-
let medications and in certain coagulopathies, despite a
normal platelet count. In this instance, platelet function
tests can detect occult platelet dysfunction and monitor
recovery of function (Naidech et al., 2014a). Historically,
the bleeding time was used for this purpose, but is no lon-
ger recommended because it is insensitive and operator-
dependent (Collyer et al., 2009).

Light transmission aggregometry in platelet-rich
plasma is considered the gold standard for measuring
platelet function (Sibbing et al., 2008). It does this by
measuring the response of platelets to agonists such as
adenosine diphosphate (ADP). This method was used
in the original dose-finding studies for antiplatelet med-
ications such as clopidogrel (Sibbing et al., 2008). Unfor-
tunately, platelet aggregometry is poorly standardized,
logistically demanding, and time consuming, which
makes it impractical for regular clinical use (Sibbing
et al., 2008).

Commercially available point-of-care platelet function
assays overcome the obstacles seen with platelet aggrego-
metry. The VerifyNow-ASA (Accumetrics, CA),
VerifyNow-P2Y12 assay (Accumetrics, San Diego,
CA), and PFA-100 (Siemens AG, Germany) can detect
dysfunction secondary to the use of antiplatelet medica-
tions (Goldenberg et al., 2005; Naidech et al., 2009a).
Similarly, TEG with platelet mapping (TEG-PM)
(Haemoscope Corporation, Niles, IL) is a specific visco-
elastic hemostatic assay that has been shown to correlate
with platelet aggregometry (Collyer et al., 2009). It also
shows an ability to detect platelet dysfunction due to anti-
platelet drugs and other coagulopathies. Each of these tests
uses a slightly different method of measuring platelet
activity in the presence of platelet inducers (Goldenberg
et al., 2005; Collyer et al., 2009; Naidech et al., 2009a).

VISCOELASTIC HEMOSTATIC ASSAYS

Viscoelastic hemostatic assays, such as TEG and rota-
tional thromboelastometry, were developed in Germany
in the 1940s (Ganter and Hofer, 2008). They measure
viscoelastic properties of blood at the bedside and more
accurately reflect whole-blood clotting potential than
routine coagulation assays (Naidech et al., 2014a). Vis-
coelastic hemostatic assays provide information on all
stages of developing and resolving clot. For decades
these studies have been used in cardiac surgery, liver
transplantation, andmultisystem trauma to guide transfu-
sions and factor replacement. They show promise in
guiding therapy in neurocritical care populations.

Fig. 40.1. Unenhanced head computed tomography of a

patient on a heparin infusion who developed an acute intrapar-

enchymal hemorrhage. Note the fluid level indicated by the

arrow. Fluid levels within hematomas are a sign of coagulopa-

thy, because anticoagulated blood separates, creating a hori-

zontal interface between hyperdense settled blood (clumps

of red blood cells) and the hypodense bloody serum above.
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TEG may be useful in predicting hematoma expan-
sion in IPH. A prospective study using TEG within
6 hours of onset of spontaneous IPH found that patients
with hematoma expansion had significantly slower clot
formation compared to patients without hematoma
expansion (Kawano-Castillo et al., 2014). TEG has also
been used tomonitor dabigatran effect in IPH, but has yet
to be fully validated (Naidech et al., 2014a). Addition-
ally, TEG may be useful for monitoring the effect of
thrombolytic therapy and determining risk of hemor-
rhagic transformation after thrombolysis for acute ische-
mic stroke (Elliott et al., 2015).

TBI-associated coagulopathy may cause abnormali-
ties in routine coagulation assays, but TEG has been
shown to be much more sensitive at identifying early
coagulopathic states (Windeløv et al., 2011; Kunio
et al., 2012; Folkerson et al., 2015). Likewise, TEG with
platelet mapping may reveal early platelet dysfunction in
severe TBI (Nekludov et al., 2007). A prospective study
assessing serial TEG profiles over the first 5 days found
that patients with TBI developed a progressive and
delayed hypercoagulable state compared with controls
(Massaro et al., 2015). This information may help guide
potential use of early hemostatic therapy and delayed
antithrombotic therapy.

Although liver failure causes obvious derangements
of routine coagulation assays and platelet count, these
laboratory abnormalities do not accurately reflect clinical
bleeding tendency. Use of TEG reveals that many
patients have normal ability to form clot and may even
be hypercoagulable (Lisman et al., 2012; Stravitz
et al., 2012). Therefore TEG may be used to more accu-
rately evaluate risk of clinical bleeding prior to invasive
procedures, such as placement of intracranial pressure
(ICP) monitors in patients with ALF.

ASSAYS FOR MEASURING THROMBIN INHIBITION

The thrombin time (TT) directly measures thrombin
activity in plasma and is very sensitive for detecting
the effects of direct thrombin inhibitors such as dabiga-
tran (vanRyn et al., 2010). It tends to be readily available,
but is not standardized across separate laboratories. If
normal, it reliably rules out an ongoing effect of dabiga-
tran. It tends to be too sensitive to be very useful in emer-
gency situations (van Ryn et al., 2010).

Dilution of a blood sample helps dampen the inflated
sensitivity of TT assays. For example, the hemoclot
diluted thrombin inhibitor assay (HYPHEN BioMed,
France) is able to quickly and accurately assess the effect
of dabigatran, but has limited availability (Stangier and
Feuring, 2012).

The ecarin clotting time (ECT) uses snake venom to
produce a thrombin intermediary, meizothrombin, which

is also inhibited by direct thrombin inhibitors (van Ryn
et al., 2010). This allowsmeasurement for thrombin inhi-
bition effect. It is more useful than aPTT for this purpose,
but has limited availability beyond research purposes.
Commercial kits are not validated or standardized (van
Ryn et al., 2010).

The ecarin chromogenic assay (ECA) also uses
ecarin-induced prothrombin activation, but instead of
measuring the clotting of meizothrombin, changes in
optical density induced by activity towards a chromo-
genic substrate are measured (Lange et al., 2003). The
ECA is more sensitive than ECT for detecting the effects
of direct thrombin inhibitors (Lange et al., 2003).

ASSAYS FOR MEASURING FACTOR XA INHIBITION

The HepTest measures time to clot formation after addi-
tion of exogenous FXa, calcium, brain cephalin, and
bovine plasma rich in FV and fibrinogen to patients’
plasma samples (Samama et al., 2010). Similarly, the
prothombinase-induced clotting time measures clotting
time with addition of FXa, phospholipids, FV activator,
and calcium to sample plasma (Samama et al., 2010). The
chromogenic anti-FXa assaymeasures changes in optical
density after addition of a chromogenic substrate to
plasma incubated with exogenous FXa (Samama et al.,
2010). There are also specific assays for each oral FXa
inhibitor. All of these assays are more sensitive to ongo-
ing FXa inhibition than PTandmay be useful formeasur-
ing the effect of FXa inhibitors (Naidech et al., 2014a).
Similarly, if prior use of LMWH is suspected, but not
known from clinical history, anti-FXa activity can be
measured (Hirsh and Raschke, 2004). Serial assessment
of anti-FXa levels in patients treated with LMWH is war-
ranted at extremes of age, during pregnancy, and with
morbid obesity. However, emergent availability of these
assays is currently limited.

FIBRINOGEN AND D-DIMER

In cases of hyperfibrinolysis, as with DIC, TBI-associated
coagulopathy, and tPA use, measurement of fibrinogen
and D-dimer levels can be useful. Fibrinolytic-associated
ICH theoretically may cause hypofibrinogenemia and ele-
vated D-dimer from clot lysis (Broderick et al., 2007).
However, in a retrospective study of 20 patients with
fibrinolytic-associated ICH, none had a fibrinogen level
less than 100 mg/dL (Goldstein et al., 2010). There are
no evidence-based guidelines, and very little observa-
tional data to guide management of these patients. There-
fore fibrinogen levels andD-dimer should be checked and,
if abnormal, serially followed for normalization with
treatment.
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HOSPITAL COURSEANDMANAGEMENT

The emergent treatment of ICH requires early diagnosis
and treatment of coagulopathy, which may minimize
hematoma expansion and improve outcome. Significant
hematoma expansion (>33%) occurs in about one-third
of patients with spontaneous IPH (Brott et al., 1997;
Steiner et al., 2006). Many other patients have lesser
degrees of growth. The vast majority of hematoma
expansion occurs within the first 6 hours after initial
hemorrhage, and most of the remainder within the first
24 hours (Kazui et al., 1996). In contrast, hematoma
expansion occurs with a higher frequency and over a lon-
ger period of time in coagulopathic IPH (possibly up to
1–2 days after initial IPH) (Flibotte et al., 2004). It is
therefore paramount that any coagulopathy be corrected
as soon as possible in patients with IPH. The general
management of IPH and TBI is beyond the scope of this
chapter (Broderick et al., 2007). The remainder of this
section will review the emergent management of various
coagulation disturbances.

Treatment of antithrombotic-
associated ICH

VITAMIN K ANTAGONISTS

Therapies to reversewarfarin are aimed at coagulation fac-
tor replacement. Vitamin K, fresh frozen plasma (FFP),
prothrombin complex concentrates (PCC), and recombi-
nant FVIIa (rFVIIa), used alone or in combination, are
the current existing options (Broderick et al., 2007).

Vitamin K is usually given intravenously (IV) as a
10-mg dose (Holbrook et al., 2012). It takes several
hours to take effect, and should never be used alone
in emergent treatment of ICH (Broderick et al.,
2007). It is crucial to administer vitamin K with other
treatments because the half-life of vitamin K is longer
than other therapies and it can durably maintain a nor-
malized INR. The infusion carries a very small risk of
anaphylaxis (<0.1%), which is increased with more
rapid infusion (Choonara et al., 1985; Riegert-
Johnson and Volcheck, 2002).

FFP is commonly used with vitamin K to reverse the
effects of warfarin. It can effectively replete coagulation
factors and normalize INR, but it has several limitations.
Treatment with FFP requires considerable thaw time and
infusion volumes (15–20 mL/kg) that can delay treat-
ment and precipitate heart failure (Broderick et al.,
2007). Additionally, it often takes hours to complete
the infusion and it can have an unpredictable effect
due to variable concentrations of coagulation factors in
each bag of plasma (Broderick et al., 2007). Owing to
these limitations, other methods of factor replacement
are gaining favor. Hemorrhages can expand quickly
and patients may arrive with larger hemorrhage with or
without reversal of INR (Fig. 40.2)

PCC contains either three (II, IX, andX) or four factors
(II, VII, IX, and X) (Broderick et al., 2007). It has the
advantage of faster infusion, smaller volume, and more
rapid INR correction when compared to FFP (Bechtel
et al., 2011). A multicenter randomized trial compared
the efficacy of four-factor PCC to FFP for treatment of
major bleeding in patients receiving VKAs (Sarode

Fig. 40.2. Initial hemorrhage (A) and hematoma expansion (B) of a 76-year-old man on warfarin for atrial fibrillation admitted to

the neurointensive care unit with a left thalamic intraparenchymal hemorrhage. He was in his normal state of health until 6 a.m.,

when he noticed acute right-sided weakness. In his local Emergency Department the initial head computed tomography (A), per-

formed by 7 a.m., revealed an acute intraparenchymal hemorrhage. Afterwards he became more lethargic, with shallow respira-

tions, and was intubated for airway protection prior to transfer to our intensive care unit. Repeat head computed tomography (B) at

5 p.m. showed significant hematoma expansion with intraventricular hemorrhage.
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et al., 2013). It found thatPCC is superior toFFP in correct-
ing the INR within 30 minutes from the start of treatment
(62% vs. 10%), with a similar rate of thromboembolic
events. Volume overload was more common with FFP
(13% vs. 5%). PCC was found to be noninferior to FFP
as measured by an objective hemostatic efficacy scale.
However, as few patients with ICH were included, it
remains unclear whether this translates into improved
patient outcomes. In a subsequent, larger clinical trial,
181 patients needing rapid VKA reversal prior to surgery
or an invasiveprocedurewere randomized to receive either
four-factor PCCorFFP (Goldstein et al., 2015).Almost no
patientswith ICHwere included in this study. The primary
endpoint was effective hemostasis during surgery, and
thiswasachieved in90%ofpatients treatedwithPCCcom-
pared with 75% of those who received plasma (p¼0.01).
Rapid INRcorrectionwas achieved in55%ofPCC-treated
patients compared with 10% of plasma-treated patients
(p <0.0001). The risk of thromboembolic adverse events
was not increased in the PCC group.

Observational studies assessing PCC and FFP in
warfarin-associated IPH have demonstrated mixed
results; however, some have found improved survival
and less hematoma expansion with PCC (Huttner
et al., 2006; Hanger et al., 2013; Frontera et al., 2014;
Majeed et al., 2014). A retrospective study of 55 patients
with warfarin-associated IPH found significantly less
hematoma expansion with PCC, but this difference
became nonsignificant if the INR was corrected within
2 hours by FFP (Huttner et al., 2006). Similarly, a retro-
spective study of 88 patients found that earlier adminis-
tration of PCC led to improved survival (Hanger et al.,
2013). This suggests that faster INR correction is the
main advantage of PCC over FFP. A prospective study
of 64 patients found that PCC was associated with
improved mortality and severe disability at 3 months
compared to FFP (Frontera et al., 2014). However, a
larger retrospective study found no 30-daymortality ben-
efit with PCC after adjusting for hematoma size, location,
and patient age (Majeed et al., 2014). A meta-analysis
observed a 1% incidence of thromboembolic complica-
tions with PCC (Dentali et al., 2011). Further prospective
studies are needed to better evaluate the putative benefits
of PCC in warfarin-associated IPH.

rFVIIa has also been shown to correct the INR more
rapidly than FFP. However, whether the normalization
of lab testing correlates with cessation of bleeding
remains unclear. Furthermore, increased risk of throm-
boembolic complications limits its use (Broderick et al.,
2007). Two large randomized trials evaluated the use of
rFVIIa in spontaneous IPH (Mayer et al., 2006, 2008).
Although treatment with an 80 mg/kg dose resulted in a
significant reduction in hematoma expansion compared
to placebo in the phase IIb trial, the larger phase III trial

failed to show a benefit for functional outcome or
mortality. Additionally, there were significantly more
arterial thrombotic events compared to placebo (9%
vs. 4%). This has led to concern about its use, espe-
cially in patients with risk factors for thromboembolic
complications, such as pre-existing heart disease or
atrial fibrillation. A comparative observational study
of 45 patients with warfarin-associated IPH did not find
an increase in clinically significant myocardial infarction
or thromboembolism with rFVIIa compared to standard
therapy (H-Y et al., 2012). However, caution in patients
with risk factors is warranted until more evidence
becomes available. Very limited data exist comparing
PCC to rFVIIa. A mouse model of warfarin-associated
IPH found that rFVIIa failed to prevent hematoma
expansion compared to both PCC and FFP (Illanes
et al., 2011). Current guidelines recommend against
the routine use of rFVIIa alone for the reversal of VKAs
(Hemphill et al., 2015).

HEPARIN AND HEPARINOIDS

Protamine sulfate is used to reverse the anticoagulant
effect of UFH. Because the half-life of UFH is less
than an hour, the amount of protamine required for
emergent reversal depends upon the time elapsed since
the infusion was discontinued (Hirsh and Raschke,
2004; Broderick et al., 2007). Immediate reversal
requires 1 mg of protamine for every 100 U of UFH
administered within the last 2–3 hours (Schulman
et al., 2008). The maximum dose should not exceed
50 mg of protamine (Schulman et al., 2008). The main
risks with protamine infusion are systemic hypotension
and bradycardia, which can be mitigated via slow infu-
sion. The aPTT can be followed to monitor reversal and
guide redosing if necessary (Hirsh and Raschke, 2004).

LMWH has a longer half-life compared to UFH and
is only partially reversed by protamine (about 60%),
likely owing to poor binding by protamine to the small
molecular moieties of LMWH (Hirsh and Raschke,
2004). The clinical significance of this is unclear, and
there is no other currently available method of reversing
LMWH. Therefore, it is recommended that 1 mg of
protamine be given per 1 mg of enoxaparin, within
8 hours of the last dose. If bleeding is not stopped, a
second dose of 0.5 mg protamine per 1 mg of enoxa-
parin may be required. A similar algorithm is recom-
mended for dalteparin at a ratio of 1 mg protamine
per 100 IU of dalteparin, which may be more effective
due to variable sulfonation (Hirsh and Raschke, 2004).
Unlike UFH, the aPTT does not reliably reflect the
ongoing effect of LMWH, and anti-FXa assays must
be used instead.
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DIRECT THROMBIN INHIBITORS

The half-life of dabigatran is about 12 hours in patients
with normal renal function (van Ryn et al., 2010). Dabi-
gatran can be removed by intermittent hemodialysis, but
fluid shifts may prove deleterious to patients with large
mass lesions such as ICH. Animal models have shown
a possible benefit with rFVIIa and PCC for reversing
the dabigatran effect on aPTT, rat tail bleeding times,
and hematoma expansion (van Ryn et al., 2010; Illanes
et al., 2011). However, in a randomized study of
12 healthy volunteers who were given dabigatran, PCC
failed to normalize aPTT, ECT, or TT (Eerenberg
et al., 2011). Owing to this, some studies recommend
the use of activated PCC over four-factor PCC for revers-
ing dabigatran (Siegal and Cuker, 2013). No patients had
thrombotic complications from activated PCC in a small
case series of patients with TSOAC-associated IPH
(Dibu et al., 2016). However, in clinical practice, concern
over theoretical thrombotic complications of activated
PCC may lead some to prefer rFVIIa for reversing dabi-
gatran until more prospective data are available (Jauch
et al., 2015).

A monoclonal antibody fragment against dabigatran,
idarucizumab, has been shown to quickly normalize the
anticoagulant effect of dabigatran. In a prospective
cohort of 90 patients on dabigatran who had serious
bleeding or required an urgent procedure, 5 grams of
IV idarucizumab normalized the dilute TT and ECT in
88–98% of patients within minutes (Pollack et al.,
2015). There was one reported thrombotic event within
72 hours of administration of the drug. Further prospec-
tive studies are required to determine the clinical efficacy
of idarucizumab.

FACTOR XA INHIBITORS RIVAROXABAN, APIXABAN,
AND EDOXABAN

Similar to dabigatran, limited preclinical in vitro data
involving healthy volunteers and animal studies suggest
that PCC, activated PCC (aPCC), and rFVIIamay be use-
ful for reversing the effect of FXa inhibitors (Eerenberg
et al., 2011; Perzborn et al., 2013). In one study,
12 healthy male volunteers were given rivaroxaban
20 mg twice daily then given either PCC or saline
(Eerenberg et al., 2011). Their PT and endogenous
thrombin potential were measured before and after treat-
ment. The PT and endogenous thrombin potential were
immediately normalized after administration of PCC.
Another study looked at the effectiveness of PCC, aPCC,
and rFVIIa for normalizing coagulation laboratory
assays in rats and baboons (Perzborn et al., 2013). In rats,
PCC, aPCC, and rFVIIa significantly decreased bleeding
times. In baboons, aPCC returned bleeding time to

baseline, while rFVIIa reduced bleeding time to 1.7-fold
over baseline. PTwas decreased by all treatments in both
animals, but thrombin-antithrombin levels were only
increased by PCC or aPCC and not rFVIIa. This suggests
that PCC and aPCC may be more effective than rFVIIa.

Andexanet alfa is a modified FXa protein, which
binds to and inactivates FXa inhibitors. It has been stud-
ied with rivaroxaban, apixaban, and LMWH (Ansell,
2016). In phase II studies and a randomized, placebo-
controlled trial of healthy elderly volunteers given either
rivaroxaban or apixaban, a continuous infusion of andex-
anet was able to quickly normalize several laboratory
assays (Siegal et al., 2015). However, shortly after stop-
ping the infusion, anti-FXa activity returned, suggesting
it may require prolonged infusion. It has no intrinsic
coagulant activity and was well tolerated; however it
did reduce tissue factor pathway inhibitor levels, which
may imply a prothrombotic effect (Ansell, 2016).

NONSPECIFIC REVERSAL AGENTS

The synthetic compound ciraparantagmay prove to be an
effective universal reversal agent. It has been shown to
normalize the effect of UFH, LMWH, and TSOACs. It
was able to reduce bleeding in animal models and nor-
malize coagulation assays in healthy volunteers given
edoxaban and dabigatran with a single IV dose (Ansell
et al., 2014; Ansell, 2016). There was no evidence of a
prothrombotic effect. Results of further studies and Food
and Drug Administration review are pending.

FIBRINOLYTIC AGENTS

Since only a small number of patients have IPH associ-
ated with thrombolysis, data guiding management in this
situation are very limited. Clot lysis may cause hypofibri-
nogenemia and release D-dimer, which may bind to
platelet fibrinogen receptor and cause an antiplatelet
effect (Goldstein et al., 2010). There is therefore a theo-
retic basis for treatment with cryoprecipitate (which con-
tains fibrinogen) and platelet infusions, while following
fibrinogen and D-dimer levels for therapeutic effect
(Broderick et al., 2007). The clinical benefit of this
approach is not yet known. A small retrospective study
of 20 patients found that no patients actually had a fibrin-
ogen level<100 mg/dL (Goldstein et al., 2010). Further-
more, there was a wide variation in treatment strategy,
and there was no improved outcome associated with
the use of procoagulant therapy. The antifibrinolytic ami-
nocaproic acid is not included in the American Heart
Association guidelines given the concern for thrombotic
complications. In the absence of evidence, various pro-
tocols have been adopted for management with the hope
of expediting treatment (Rasler, 2007). This involves
emergent infusion of 6–10 U cryoprecipitate with 6–8
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U platelets while measuring fibrinogen and D-dimer
levels for effect. Some may give thawed plasma or
PCC in addition, based on severity of the clinical situa-
tion (Rasler, 2007). If fibrinolytics were administered
during neuroendovascular procedure, it is important to
consider protamine therapy to reverse any effect of
UFH, which may have been used in conjunction.

ANTIPLATELET AGENTS

The absolute increase in risk of ICHwhile on antiplatelet
agents is very small. Numerous studies have evaluated
the effect of prior antiplatelet use on patient outcomes
in IPH, but have had conflicting results. One study used
the placebo arm of a large prospective randomized trial to
evaluate the effect of antiplatelet use at time of IPH
(Sansing et al., 2009). It included 282 patients, a quarter
of whom were receiving antiplatelet agents. There was
no correlation between antiplatelet use and hematoma
size, edema volume, hematoma expansion, or 90-day
functional outcome. Conversely, a separate observa-
tional study of 252 patients, about a quarter of whom
were on antiplatelet therapy while suffering an IPH,
found a correlation between antiplatelet use and hema-
toma expansion, need for emergent evacuation of hema-
toma, and death (Toyoda et al., 2005). It also found that
those on antiplatelet therapy tended to be older and have
a prior history of stroke and heart disease. A systematic
review found no evidence of an effect of antiplatelet use
on functional outcome (Thompson et al., 2010). Another
systematic review found that the empiric administration
of platelet transfusions or platelet activating agents failed
to consistently show benefit (Nishijima et al., 2012).

The randomized controlled multicenter PATCH trial
assessed the efficacy of platelet transfusion in patients
with IPH receiving antiplatelet drugs. Patients were ran-
domized within 6 hours of IPH and received one dose
(5 units; if receiving a cyclooxygenase inhibitor), two
doses (10 units; if receiving an ADP receptor inhibitor)
or standard medical therapy alone. The vast majority
of patients were receiving monotherapy with aspirin;
fewer than 5% were treated with ADP receptor inhibi-
tors. The chance of hematoma expansion was not
reduced, and the proportion of patients with poor neuro-
logic outcomes was actually significantly higher in the
group receiving platelet transfusion.

Patients with platelet dysfunction are not always those
treated with antiplatelet medications. Some observational
studies suggest that treatment of platelet dysfunction,
defined by POCTs, may improve outcomes (Naidech
et al., 2009b). Functional platelet activity is restored to
some degree after transfusion or desmopressin use
(Naidech et al., 2012, 2014b). However, further studies

specifically involving patients with platelet dysfunction
are required to demonstrate clinical benefit (Table 40.1).

Thrombocytopenia

Patients with thrombocytopenia may require platelet
transfusion depending on the clinical situation. In those
without clinical bleeding, guidelines recommend a trans-
fusion threshold of<10 000/mL (Slichter, 2007). Patients
undergoing neurosurgery may be at risk of ICH with
lower platelet counts (Chan et al., 1989). Because of
the high morbidity and mortality in ICH, guidelines rec-
ommend a transfusion threshold of <100 000/mL in any
patient with ICH or undergoing a neurosurgical proce-
dure (Slichter, 2007). This recommendation is based
largely on expert opinion, since data are limited.

Disseminated intravascular coagulation

The basic tenet in treatment of DIC is management of the
underlying condition (Levi et al., 2009). There are no
data from randomized trials concerning the efficacy of
platelet transfusions or coagulation factor replacement.
Therefore, it is not recommended to transfuse platelets
or replace factors based upon laboratory changes alone
(Levi et al., 2009). However, if a patient is actively bleed-
ing, or is at high risk of bleeding, then it may be reason-
able to transfuse platelets and replace factors. There is no
evidence that factor replacement exacerbates DIC by
adding “fuel to the fire” (Levi et al., 2009). If a patient
is actively bleeding and has a platelet count <50 000/
mL, then platelet transfusion should be considered
(Levi et al., 2009). Likewise, if a patient has active bleed-
ing and prolonged PT, aPTT, or decreased fibrinogen,
then giving FFP, PCC, and/or cryoprecipitate is reason-
able (Levi et al., 2009).

Traumatic coagulopathy

A large multicenter randomized controlled trial evaluated
the effect of tranexamic acid compared to placebo within
8 hours in traumapatientswith bleeding or at risk of severe
bleeding (Shakur et al., 2010). Tranexamic acid reduced
all-cause mortality and death due to bleeding without a
significant increase in thromboembolic complications.
A substudy of this trial evaluated 280 patients with TBI
and found a nonsignificant decrease in hemorrhagic con-
tusion expansion, new focal cerebral ischemia, and mor-
tality (CRASH-2 Collaborators Intracranial Bleeding
Study, 2011). Following this, another trial evaluated use
of tranexamic acid within 8 hours of moderate to severe
TBI in 238 patients (Yutthakasemsunt et al., 2013). It also
found a nonsignificant reduction in IPH expansion ormor-
tality. Of note, this trial excluded patients with coagulopa-
thy as measured by routine coagulation assays. Overall
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these data suggest that there may be a role for early anti-
fibrinolytic therapy in moderate to severe TBI, but further
studies in this population are required.

Limited data exist regarding the use of rFVIIa and
PCC in TBI coagulopathy. A substudy of 30 patients
from a randomized trial found there was no increased risk
of adverse events with the use of rFVIIa in TBI (Kluger
et al., 2007). Another study of 97 patients with TBI found
a nonsignificant reduction in IPH expansion, without
increased adverse events (Narayan et al., 2008). A single-
center retrospective study of 85 patients found signifi-
cantly lower mortality when PCC was used to treat
TBI-associated coagulopathy (Joseph et al., 2013). Fur-
ther prospective studies are needed to evaluate the ther-
apeutic benefit of these treatments. TEG-PM may be

considered to guide early hemostatic therapy inmoderate
to severe TBI (Walsh et al., 2011).

Coagulopathy associated with systemic
disease

A leading cause of death from ALF is diffuse cerebral
edema. Treatment of intracranial hypertension guided
by ICP monitoring is used at some academic centers as
a bridge to transplant. Retrospective studies of patients
with ALF and ICP monitoring observed an ICH rate of
7–10%, only half of which were symptomatic (Vaquero
et al., 2005; Karvellas et al., 2014). This rate varies
depending on which factor replacements were given prior
to the procedure, if any. The risk may be lower with use of
epidural catheters; however these are not as accurate or

Table 40.1

Management of antithrombotic-associated coagulopathy

Antithrombotic
agent Laboratory assessment Reversal agent Comments

Vitamin K
antagonist

INR Four-factor PCC
and vitamin K 10 mg IV

PCC dose should be INR- and weight-based
rFVIIa may be considered if PCC unavailable

Unfractionated
heparin

PTT 1 mg protamine per 100 U
UFH given in last 2–3
hours (maximum
dose 50 mg)

Monitor for bradykinin reaction: hypotension

Low-molecular-
weight
heparin

Agent-specific
chromogenic anti-FXa
assay

1 mg protamine per 1 mg
LMWH given in last
8 hours (maximum dose
50 mg)

Protamine reverses 66% of enoxaparin, but up to 95%
of other LMWH (e.g., tinzaparin)

Andexanet alfa (or ciraparantag) may be potential
options

Direct thrombin
inhibitors

PTT, TT, DTI, ECT, ECA Oral agents (dabigatran) –
idarucizamab 5 g IV

IV: aPCC (FEIBA)
50 units/kg IV or four-
factor PCC 50 units/kg IV

Consider activated charcoal if within 2–3 hours of
ingestion and low risk of aspiration

Direct FXa
inhibitors

HepTest, PiCT, Agent-
specific chromogenic
anti-FXa

aPCC (FEIBA) 50 units/kg
IVor four-factor PCC
50 units/kg IV

Consider activated charcoal if within 2–3 hours of
ingestion and low risk of aspiration

Andexanet alpha or ciraparantag may be future
treatment options

Thrombolytics Fibrinogen, D-dimer 6–10 U cryoprecipitate
and
6–8 U platelets
(consider thawed plasma if
delay in obtaining
cryoprecipitate)

Reverse concomitant UFH given during
endovascular procedures per above

Antiplatelets Plt count, VerifyNow-
ASA, VerifyNow-
P2Y12, PFA-100,
TEG-PM

Platelet transfusion or
desmopressin
0.3–0.4 mg/kg IV

Platelet transfusion is not routinely recommended,
but may be considered for patients who may
require neurosurgical intervention

INR, international normalized ratio; PCC, prothrombin complex concentrate; PTT, partial thromboplastin time; UFH, unfractionated heparin; FXa,

factor Xa; LMWH, low-molecular-weight heparin; TT, thrombin time; DTI, dilute thrombin time; ECT, ecarin clotting time; ECA, ecarin chro-

mogenic assay; IV, intravenously; aPCC, activated prothrombin complex concentrate; PiCT, prothombinase-induced clotting time; Plt, platelet;

TEG-PM, thromboelastography platelet mapping.
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reliable for assessing ICP compared to ventricular or
parenchymal monitors (Blei et al., 1993). Since ALF
causes large derangements of routine coagulation assays
such as INR, many centers use procoagulant therapy to
normalize INR prior to placing ICP monitors. rFVIIa
effectively and quickly normalizes INR, and may bemore
effective compared to FFP (Krisl et al., 2011). Use of
rFVIIa at 20–40 mg/kg, 30 minutes prior to the procedure,
has been observed to be safe in case series (Krisl et al.,
2011). Whether or not this strategy reduces clinical bleed-
ing or alters outcome is not clear. It seems reasonable to
consider use of viscoelastic hemostatic assays to deter-
mine whether patients are coagulopathic before empiric
treatment with procoagulant therapies.

Many of the studies informing treatment of uremic
bleeding were performed about 30 years ago and are of
low quality (Hedges et al., 2007). Bleeding timewas con-
sidered the most appropriate test to evaluate uremic coa-
gulopathy. Erythropoietin, cryoprecipitate, conjugated
estrogens, desmopressin, and tranexamic acid have all
been shown to decrease bleeding time in uremic patients
(Hedges et al., 2007).

Desmopressin is the most commonly used agent in
uremic bleeding. It is given as a single dose of
0.3–0.4 mg/kg via the subcutaneous or intravenous route
(Hedges et al., 2007). It has a rapid onset of action but
short duration of therapeutic effect. A randomized trial
comparing a 0.3 mg/kg infusion of desmopressin to pla-
cebo in patients with uremic coagulopathy found that
desmopressin decreased bleeding time, increased FVIII
activity, and created larger vWF-FVIII multimers in all
patients (Mannucci et al., 1983). The effect lasted an

average of 4 hours. A second trial compared a 0.4 mg/kg
subcutaneous injection of desmopressin to placebo in
patients with uremic bleeding (K€ohler et al., 1989).
Desmopressin levels peaked by 1 hour postinjection,
and the mean half-life was about 3 hours. This study also
showed decreased bleeding times and increased FVIII
activity. Because desmopressin has a short half-life,
use of another agent such as cryoprecipitate or tranexa-
mic acid should be considered in patients with ongoing
life-threatening bleeding. Additionally, hematocrit
should be maintained around 30% with red blood cell
transfusion when necessary, in order to improve rheol-
ogy of blood and platelet interaction with the endothe-
lium (Pavord and Myers, 2011) (Table 40.2).

CLINICALTRIALSANDGUIDELINES

Guidelines published by the American Heart Associa-
tion/American Stroke Association for management of
spontaneous IPH and by the American College of Chest
Physicians on antithrombotic and thrombolytic therapy
provide input into management of antithrombotic-
associated ICH (Schulman et al., 2008; Holbrook
et al., 2012; Hemphill et al., 2015). However manage-
ment of coagulopathies in the neurologic ICU is not
the focus of these guidelines.

The Neurocritical Care Society (NCS) published
guidelines in 2016 specifically on the reversal of antith-
rombotics in ICH (Frontera et al., 2016). These are the
first such guidelines from the perspective of neurointen-
sivists. Because of this unique perspective, these guide-
lines should be consulted when treating critically ill

Table 40.2

Management of coagulopathy associated with trauma or systemic disease

Disease process
Laboratory
assessment Hemostatic strategy Comments

Traumatic
coagulopathy

TEG Tranexamic acid if multisystem trauma
with extracranial bleeding. Consider
TEG-guided treatment if abnormal

Routine lab assays may be less
sensitive than TEG

Acute liver failure TEG Consider rFVIIa prior to ICP monitor
placement but unclear benefit

Routine lab assays may be
abnormal but may not reflect
in vivo coagulation potential

DIC INR, PTT, platelet
count, fibrinogen,
D-dimer

Treatment based on which laboratory
assays are abnormal and presence of
clinical bleeding

Focus treatment on the
underlying condition

Uremia VerifyNOW, PFA-
100, TEG-PM

Desmopressin 0.3–0.4 mg/kg SC or IV,
may require repeat doses due to short
half-life (3–4 hours)

TEG, thromboelastography; rFVIIa, recombinant factor VIIa; ICP, intracranial pressure; DIC, disseminated intravascular coagulation; INR, inter-

national normalized ratio; PTT, partial thromboplastin time; TEG-PM, thromboelastography platelet mapping; SC, subcutaneously; IV,

intravenously.
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patients who have neurologic complications of coagulo-
pathy. Below is a brief summary of major recommenda-
tions. The full guideline manuscript should be referred to
for complete recommendations.

For ICH attributable to VKAs, administering intrave-
nous vitamin K in conjunction with four-factor PCC is
recommended. The dose of PCC should be based on
weight and admission INR. INR values should be fol-
lowed serially, with FFP given if the INR remains ele-
vated in the next 1–2 days. The NCS recommends
against using rFVIIa for reversal of VKAs.

For ICH in patients receiving UFH, use of protamine
at a dose of 1 mg per 100 U of heparin given in the last
2–3 hours, with repeat dosing at 0.5 mg per 100 U if nec-
essary to normalize aPTT, is recommended. For enoxa-
parin, protamine is recommended at a dose of 1 mg per
1 mg of enoxaparin given in the last 8 hours and
0.5 mg per 1 mg for enoxaparin given 8–12 hours ago.

For ICH in patients receiving direct thrombin inhibi-
tors, activated charcoal is recommended for those at low
risk of aspiration who have ingested drug in the past
2 hours. Idarucizumab is recommended for ingestions
of dabigatran in the last 3–5 half-lives, when renal
impairment is absent. Activated PCC or four-factor
PCC is recommendedwhen idarucizumab is unavailable.
The NCS recommends against using rFVIIa for reversal
of direct thrombin inhibitors in ICH. For direct FXa
inhibitors ingested in the last 2 hours, activated charcoal
is recommended for those at low risk of aspiration. Acti-
vated PCC or four-factor PCC is recommended for inges-
tions in the last 3–5 half-lives.

The NCS recommends 10 U of cryoprecipitate to
reverse thrombolytics given in the last 24 hours. If cryo-
precipitate is unavailable or contraindicated, then tra-
nexamic acid or aminocaproic acid are recommended
alternatives. The NCS offers no recommendation for or
against platelet transfusion use in this context.

The NCS recommends against the use of platelet trans-
fusions in antiplatelet-associated ICH unless a patient
is undergoing a neurosurgical procedure. If the patient is
undergoing a neurosurgical procedure, it is recommended
to assess platelet function, whenever available, to aid in
making a decision about platelet transfusion.Additionally,
transfusions should be given 1 unit at a time. Consider-
ation should also be given to use of a single dose of des-
mopressin in antiplatelet-associated ICH regardless of
planned neurosurgical intervention.

COMPLEXCLINICAL DECISIONS

Derangements of hemostasis with a tendency toward
bleeding often coexist with a predilection to form clot.
This is evident in traumatic coagulopathy, malignancy,
liver disease, uremia with chronic kidney disease, and

other conditions. Similarly, patients with coagulopathic
bleeding from antithrombotic medications are prescribed
those medications in the setting of an underlying pro-
thrombotic condition. In light of this, it is difficult to find
the perfect balance of acute reversal of coagulopathy in
ICH with concomitant prevention of thromboembolic
complications among patients who are at risk of these.
The decision regardingwhether andwhen to restart antic-
oagulation is also complex.

All patients with ICH are at increased risk for throm-
boembolic complications. About 7% of patients with
IPH will suffer a thromboembolic complication during
their hospital stay (Goldstein et al., 2009). Three percent
suffer from ischemic stroke (Goldstein et al., 2009).
Interestingly, a large prospective study found no differ-
ence in risk of these complications between patients with
anticoagulant-related IPH and those with spontaneous
IPH (Goldstein et al., 2009). It is still recommended to
always reverse coagulopathy emergently in the acute
phase of IPH, when the risk of harm from hematoma
expansion outweighs risk of thrombosis (Broderick
et al., 2007). After the first 24–72 hours, the risk of hema-
toma expansion decreases sharply, while the risk of
thrombotic complications steadily increases. It is there-
fore not surprising that a clinical trial showed that it is
safe to start prophylactic doses of subcutaneous UFH
48 hours from onset of IPH (Boeer et al., 1991). Guide-
lines recommend low-dose chemical thromboembolic
prophylaxis starting 1–4 days after onset with documen-
ted cessation of bleeding on repeat CT scan (Hemphill
et al., 2015).

The more complex decision involves whether and
when to restart therapeutic anticoagulation for conditions
such as atrial fibrillation, mechanical heart valves, or
recent deep-vein thrombosis or pulmonary embolism.
Unfortunately, there is no population-based study on
the incidence of recurrent ICH specifically in patients
on anticoagulation. A systematic review found an aggre-
gate rate of recurrent IPH of 2% per patient-year in all
primary IPH (Bailey et al., 2001). The risk depended
partly on location of IPH, with lobar hemorrhages having
a recurrence of 4% compared to 2% for deep hemor-
rhages. This likely reflects the increased risk of recurrent
hemorrhage in patients with cerebral amyloid angiopa-
thy. Another marker for this condition is the presence
of cortical cerebral microbleeds on MRI.

The risk of recurrent ICHmust be weighed against the
risk of thromboembolism. The risk of embolic stroke in
atrial fibrillation without prior ischemic stroke is about
5% per year; this increases to about 12% per year in
patients with atrial fibrillation and prior ischemic stroke
(Broderick et al., 2007). Patients with mechanical heart
valves have about a 4% per year risk of embolic stroke
(Broderick et al., 2007).
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A study of 141 patients with high risk of embolism
who had a warfarin-associated IPH were followed for
incidence of stroke and recurrent IPH (Phan et al.,
2000). It was estimated that the risk of stroke at 30 days
for patients with mechanical heart valves was 2.9%,
2.6% for those with atrial fibrillation and prior stroke,
and 4.8% for those with recurrent transient ischemic
attacks or stroke. None of the patients who restarted war-
farin after an average of 10 days had a recurrent IPH dur-
ing their hospitalization. Another study of warfarin-
associated IPH directly compared patients who restarted
warfarin to those who did not and followed them for an
average of 3.5 years (Claassen et al., 2008). It found that
patients who restarted warfarin had increased risk of
recurrent IPH, and patients who did not restart warfarin
had increased risk of stroke. There was no therapeutic
benefit to either strategy.

Given the lack of population-based data on the risk of
IPH recurrence while on long-term anticoagulation, and
the variable results of observational studies, the clinician
is left to make decisions on an individual basis. The
American Heart Association guidelines recommend
restarting anticoagulation after 4 weeks, except in those
at especially high risk of embolism (i.e., mechanical
heart valves), in whom a time-frame of 7–10 days may
be more appropriate (Broderick et al., 2007; Hemphill
et al., 2015). A patient with a lobar hemorrhage who is
elderly or has evidence of cortical cerebral microbleeds
on MRI likely should not restart anticoagulation, even
in the setting of a mechanical heart valve, given a high
reported rate of recurrent IPH. Conversely, a patient with
a deep hemorrhage and high risk of future embolism
(such as atrial fibrillation and prior stroke or mechanical
heart valve) would likely benefit more from restarting
anticoagulation. Additionally, in the absence of contrain-
dications such as kidney disease, novel oral anticoagu-
lants should be chosen, given the documented lower
risk of ICH compared to warfarin.

OUTCOMEPREDICTION

It is always difficult for physicians to provide accurate
outcome prediction to patients and families, but clinical
tools are available to aid in this process. Numerous val-
idated scores aim to predict mortality and functional out-
come in both ICH and TBI. These include the ICH,
Graeb, Leroux, IVH, and FUNC scores for ICH and
the IMPACT, CRASH, Marshall, and Rotterdam scores
for TBI (Marshall et al., 1992; Hemphill et al., 2001,
2009; Clarke et al., 2004; Hukkelhoven et al., 2005;
Maas et al., 2005; Rost et al., 2008; Saatman et al.,
2008; Steyerberg et al., 2008; Hwang et al., 2012). Each
of these scores is described in detail elsewhere. Of note,
none of these scores account for the presence of

coagulopathy. However, it is known that mortality is
higher in patients with coagulopathic IPH compared to
spontaneous IPH (Steiner et al., 2006). A study found
a correlation between admission hemoglobin, platelet
count, and PT and 6-month outcome in TBI based on
the IMPACT database (Van Beek et al., 2007). Scoring
systems based on large populations of patients should
be used with caution to predict outcome in any individual
patient. Careful discussions with family members are
required and should focus on the wishes of the patient,
personal values, and what a “good outcome” means to
that individual.

CONCLUSION

Coagulopathy is common in critical illness and poses
complex management decisions. ICH is the major neuro-
logic complication of coagulopathy. Although there is a
paucity of data regarding the management of coagulopa-
thy in the neurocritical care population, data derived
from studies of general critical care populations, ICH,
TBI, hematology, and cardiology can inform treatment
decisions. Emergently identifying and correcting co-
agulopathy in ICH and TBI is crucial to decrease hema-
toma expansion and hopefully improve outcomes.
Although widely available, routine coagulation assays
do not reliably reflect true in vivo clotting potential. In
certain situations, specific POCTs or viscoelastic assays
are required to identify and/or monitor the resolution of
coagulopathy. Currently available approaches to revers-
ing coagulopathy include primarily factor replacement,
which may not be efficacious for reversing TSOACs.
As the use of TSOACs becomes more widespread, novel
class-specific reversal agents may provide safe and effec-
tive means for reversing coagulopathy.
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Chapter 41

Prognosis of neurologic complications in critical illness

M. VAN DER JAGT AND E.J.O. KOMPANJE*
Department of Intensive Care, Erasmus MC University Medical Center, Rotterdam, The Netherlands

Abstract

Neurologic complications of critical illness require extensive clinical and neurophysiologic evaluation to
establish a reliable prognosis. Many sequelae of intensive care unit (ICU) treatment, such as delirium and
ICU-acquired weakness, although highly associated with adverse outcomes, are less suitable for prognos-
tication, but should rather prompt clinicians to seek previously unnoticed persisting underlying illnesses.
Prognostication can be confounded by drug administration particularly because its clearance is abnormal
in critical illness. Some neurological complications are severe, and can last for months or years after dis-
charge from ICU. The most important ethical aspects regarding neurologic complications in critically ill
patients are prevention, recognition, and identification, and prevention of self-fulfilling prophecies. This
chapter summarizes the tool of prognostication of major neurological complications of critical illness.

INTRODUCTION

Three fundamental questions can be addressed in the
management of critically ill patients: (1) What is the
diagnosis?; (2) What is the most appropriate treatment?;
and (3) What is the prognosis?

In most patients in an intensive care unit (ICU), the
first two questions are seldom troublesome, but predict-
ing outcome is often very difficult. Often we cannot pre-
dict the course of the disease and whether or not
complications will occur, but an estimate of prognosis
provides guidance for continuation, withholding, or
withdrawal of life-sustaining measures. Relatives of
the patient expect from us a prediction of survival and
outcome, but at the same time, predicting the future
may engender strong emotions among relatives and even
physicians and nurses themselves. Prognostication is an
essential part of daily care in the ICU, but is also one of
the most elaborate tasks (Christakis, 1999). Prognostica-
tion may become even more difficult when the original
critical illness is complicated bymedical events that have
a strong impact on prognosis.

A medical complication is an unintended, harmful
occurrence or condition resulting from a diagnostic, pro-
phylactic, or therapeutic intervention, or an accidental

injury occurring in the hospital setting (Rubins and
Moskowitz, 1990). Critically ill patients are especially
vulnerable to complications that arise from the underly-
ing disease or comorbidities, as well as from advanced
intensive care treatments. Well-known are complications
resulting from mechanical ventilation and catheter-
related blood stream infections, among many others.
Acute and chronic neurologic complications can occur
both in neurologic and nonneurologic critically ill
patients, of which many are perceived as highly detri-
mental to survival and outcome. Survivors of critical ill-
ness are often left with neurologic and cognitive
disabilities (Ortega-Guitierrez et al., 2009; Desal et al.,
2011), even without evident neurologic complications
during the course of their ICU stay. In a sense, it may
seem that this is the price we pay for advances in critical
care medicine, engaging us to keep patients alive simply
because we can, in an increasingly elderly, multimorbid
population prone to long-term (neurologic) sequelae.

Some neurologic complications are severe, and can
last for months or years after discharge from ICU. These
neurologic disabilities form a significant reason for decre-
ased quality of life after ICU discharge (Guerra et al.,
2012). Long-term cognitive and other neurologic
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disabilities resulting from critical illness constitute a per-
sonal, social, and economic burden for patients, their rel-
atives, and society, and in most cases will result in high
costs on resource consumption, such as sick leave, hospi-
talizations, outpatient care, drugs, social services, early
retirement, and premature death. In many cases, neuro-
logic complications after ICU admission form the basis
of disability-adjusted life years. Although not many
robust clinical studies exist that have included premorbid
cognitive and functional status at ICU admission, the
scarce data published to date have clearly indicated that
the ICU phasemay contribute to neurologic impairments.

Medically or surgically critically ill patients are at risk
for acute neurologic and long-term cognitive complica-
tions. This is a particular concern among patients admit-
ted with severe sepsis withmultiple organ failure (MOF);
immunocompromised patients, including those undergo-
ing solid-organ or bone marrow transplantation or those
who are treated with neurotoxic immunosuppressive
agents; patients with severe metabolic, electrolyte, and
acid–base disturbances, leading to encephalopathy; and
those requiring long-term sedation. Common neurologic
syndromes, such as delirium and ICU-acquired weak-
ness (ICUAW), occur regularly in these patients, and
have strong prognostic significance.

Prognostication of neurologic complications seems
highly dependent on the etiology and severity of the pri-
mary condition, age of the patient, and comorbidities.
This chapter deals with the prognosis of neurologic com-
plications in critically ill patients developing neurologic
manifestations. This information is aimed primarily at
physicians and nurses who regularly deal with critically
ill patients. The summaries of prognostic knowledge of
the main neurologic complications of critical illness
are intended to provide guidance in: (1) deciding when
to continue treatment versus transition towards end-of-
life care; (2) informing families of critically ill patients
about what they may or may not expect in the short
and long term; and (3) defining knowledge gaps in prog-
nostic information (where currently only clinical experi-
ence and intense multidisciplinary consultations are
available to estimate prognosis).

We will also explore the ethics behind prognosti-
cation: what is the personal and societal burden of neu-
rologic impairment resulting from critical illness?
What are the ethical issues raised by the use of the prog-
nostic information?

PROGNOSISOF ICU-ACQUIRED
ENCEPHALOPATHY

Patients admitted to the ICU can suffer from several
types of encephalopathy, including drug-induced,
hepatic, hypoxic-ischemic, uremic, Wernicke’s, and

hypertensive encephalopathy. Some of these can be seen
as complications of critical care treatment, since they
develop during admission to the ICU, whether iatrogenic
(e.g., drug-induced encephalopathy), as a manifestation
of the condition the patient is admitted for, or as a con-
sequence of underlying comorbidity (hepatic encepha-
lopathy (HE), uremic encephalopathy). Treating the
underlying cause may reverse the symptoms, but in some
cases, structural changes are irreversible. Prognosis of
encephalopathy depends on many factors, including
age, comorbidity, recognition of the underlying cause,
and degree of organ dysfunction.

Drug-induced encephalopathy

Administration of certain drugs in patients with impaired
cerebral metabolism can lead to serious encephalopathy.
Usually, this is not attributed to structural cerebral lesions
or diseases, but the drug-induced encephalopathy can
form the basis of structural lesions, with disturbances
of consciousness, personality, and cerebral function,
and can give rise to clinical signs and symptoms (e.g.,
seizures), with subsequent impact on mortality and mor-
bidity. Since many severely ill patients admitted to an
ICU have impaired cerebral metabolism, and because
of the widespread use of certain drugs, drug-induced
encephalopathy is not uncommon, although often
underrecognized.

Avariety of commonly used drugs are neurotoxic and
can cause drug-induced encephalopathies, among which
are analgesics, sedatives, antibiotics, antivirals, anticon-
vulsants, chemotherapeutics, immunosuppressants, and
neuroleptics. We focus on three groups of drugs in which
encephalopathy is described as a complication specifi-
cally in critically ill patients: antibiotics, antiviral agents,
and analgesics.

Most drug-induced encephalopathies have a good
prognosis when the cause is recognized and reversed.
Although fatal drug-induced encephalopathy is
described (Cossaart et al., 2003), we were unable to find
such a complication in the treatment of critically ill
patients in the ICU.

Several antibiotics cross the blood–brain barrier, mak-
ing them good treatment options for serious central ner-
vous system (CNS) infections. On the other hand, these
agents can, for the same reason, cause neurotoxicity,
complicating treatment of infections in the ICU (Grill
and Maganti, 2011). The toxic effects on the CNS are
often initially unrecognized, and the signs and symptoms
aremistakenly seen asmanifestations of other neurologic
conditions and complications. Since many ICU patients
suffer from primary or nosocomial infections, which
necessitate use of broad-spectrum antibiotics, the ICU
population is at high risk of neurotoxicity associated with
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various groups of antibiotics (Grill and Maganti, 2011).
Severe infections, comorbidities, polypharmacy, and
advanced age give rise to neurologic deterioration and
hamper the diagnosis of drug-induced encephalopathy.
Besides this, drug-induced encephalopathy is often
ascribed to metabolic disturbances and MOF, such that
the incidence is underestimated. As most antibiotic-
induced encephalopathies are reversible after the drug
is stopped, early recognition is essential.

METRONIDAZOLE

Administration of the antibiotic metronidazole can lead
to a variety of neurologic adverse effects, including
peripheral neuropathy, seizures, cerebellar dysfunction,
and encephalopathy (Kusumi et al., 1980; Ahmed
et al., 1995; Horlen et al., 2000; Woodruff et al., 2002;
Heaney et al., 2003; Seok et al., 2003; Kim et al.,
2007, 2011; Mulcahy and Chaddha, 2008; Graves
et al., 2009; Sarna et al., 2009; Huang et al., 2012). Met-
ronidazole is a nitroimidazole antibiotic commonly used
as treatment for anaerobic-related infections, Clostrid-
ium difficile colitis, and in patients with HE (to remove
the nitrogenous load in the gastrointestinal tract). After
discontinuation of the medication, patients in case
reports usually made a rapid recovery. The hyperintense
lesions on T2-weighted and fluid-attenuated inversion
recovery (FLAIR) images were found to be completely
or partially reversible (Horlen et al., 2000; Cecil et al.,
2002; Heaney et al., 2003; Kim et al., 2007; Mulcahy
and Chaddha, 2008). Metronidazole-induced encepha-
lopathy must be differentiated from osmotic demyelin-
ation and other transient T2-hyperintense lesions, as
these will lead to different therapeutic strategies. When
adequately recognized using brain magnetic resonance
imaging (MRI), prognosis of metronidazole-induced
encephalopathy is favorable, disappearing a few days
to weeks after discontinuation of the medication.

CEPHALOSPORINS

Cephalosporin-induced neurotoxicity may manifest as
encephalopathy, among other neurologic signs and
symptoms. Elderly patients, those with renal failure,
and patients with prior neurologic conditions are espe-
cially prone to cephalosporin-induced encephalopathy
(Abanades et al., 2004; Lam and Gomolin, 2006; Grill
and Maganti, 2008). Cefepime is a parenterally adminis-
tered fourth-generation cephalosporin antibiotic used for
the treatment of Gram-positive andGram-negative infec-
tions in critically ill patients. Approximately 3% of
patients treated with cefepime experienced adverse neu-
rologic reactions (Neu, 1996). Cefepime-induced status
epilepticus has been reported in more than 25 cases
(Primavera et al., 2004; Maganti et al., 2006; Thabet

et al., 2009). Sonck and colleagues (2008) described
8 patients with renal failure showing slowly progressive
neurologic symptoms after initiation of cefepime. The
mortality in this series was 100%, with death occurring
shortly after neurologic deterioration in 3 cases. Three
patients who survived longer showed neurologic
improvement after drug discontinuation. Partial or com-
plete recovery after early recognition and withdrawal of
cefepime appear to be the most common outcome (Jallon
et al., 2000; Martinez-Rodriguez et al., 2000; Chattelier
et al., 2002; Chow et al., 2003; Ferrara et al., 2003).

Ceftriaxone has also been described as inducing
a reversible encephalopathy (Klion et al., 1994;
Herishanu et al., 1998; Martinez-Rodriguez et al.,
2000; Dakdouki and Al-Awar, 2004; Roncon-
Albuquerque et al., 2009; Grill and Maganti, 2011;
Kim et al., 2012; Sharma et al., 2012; Sadafi et al.,
2014). As with cefepime, toxicity is more common
with previous CNS disease and renal failure
(Denysenko and Nicolson, 2011; Kim et al., 2012;
Sadafi et al., 2014). Latency of ceftriaxone-induced
encephalopathy is 1–10 days after drug initiation,
and regression of all neurologic symptoms usually
follows within 2–7 days following drug suspension
(Roncon-Albuquerque et al., 2009; Kim et al., 2012;
Sharma et al., 2012).

Other cephalosporins (cefuroxime, ceftazidime, cefa-
zolin) have been described to cause encephalopathy as
well (Schwankhaus et al., 1985; Josse et al., 1987;
Geyer et al., 1988; Pascual et al., 1990; Ortiz et al.,
1991; Jackson and Berkovic, 1992; Herishanu et al.,
1998). After withdrawal or reduction in dosage, most
patients show recovery of signs and symptoms of
encephalopathy. In some cases, symptoms persisted for
more than a week after withdrawal of the antibiotics
(Jackson and Berkovic, 1992).

CLARITHROMYCIN

Clarithromycin is an antibiotic of the macrolide family,
used widely in respiratory infections. Clarithromycin
may give rise to psychiatric symptoms (N�egrin-
González et al., 2014), but may also induce encephalop-
athy, appearing 1–10 days after drug intake (Bandettin di
Poggio et al., 2011). Early detection of clarithromycin-
induced encephalopathy and discontinuation of the drug
result in full recovery.

CYCLOSERINE

Cycloserine is a broad-spectrum antibiotic used for the
treatment of drug-resistant tuberculosis. Excessive doses
can give rise to serious neurologic complications (Kwon
et al., 2008; Kim et al., 2014). A characteristic finding is
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reversible cytotoxic edema in the dentate nuclei, visible
on MRI. Discontinuation of cycloserine usually gives
complete resolution.

LINEZOLID

Linezolid is an antibiotic used for the treatment of serious
infections caused by Gram-positive bacteria that are
resistant to other antibiotics, including vancomycin-
resistant Enterococcus species and methicillin-resistant
Staphylococcus aureus. In the ICU, it is often used in
the treatment of life-threatening pneumonia and serious
skin infections. Linezolid has been described in a small
number of patients as inducing peripheral and central
neurotoxicity (Ferry et al., 2005; Fletcher et al., 2010),
amongwhich is posterior reversible encephalopathy syn-
drome (PRES) (Hinchey et al., 1996; Nagel et al., 2007).
In one series of 4 patients, linezolid-induced peripheral
neuropathy resulted in persistent neurologic damage,
while central neurotoxicity was transient after discontin-
uation of linezolid (Ferry et al., 2005).

PENICILLIN

Penicillin encephalopathy has been, since 1952
(Bateman et al., 1952), described in many patients
(Conway et al., 1968). As with other antibiotic-induced
encephalopathies, it is often associated with renal failure,
which leads to drug accumulation. In every case where
penicillin has been stopped or reduced, considerable
improvement, usually resulting in complete recovery
of encephalopathic symptoms, occurred (Conway
et al., 1968).

ANTIVIRAL DRUGS

In critically ill patients with renal failure, neurotoxicity of
acyclovir leading to encephalopathy is described in sev-
eral case reports (Revankar et al., 1995; Ernst and Franey,
1998; Delerme et al., 2002; Dulluc et al., 2004; Carlon
et al., 2005; Onuigbo et al., 2009; Van Kan et al.,
2009). Prevention is especially important in patients with
renal failure. With the prompt initiation of hemodialysis,
neurotoxicity is reversible, making prognosis favorable
in many cases (Laskin et al., 1982; Almond et al.,
1995). However, Van Kan et al. (2009) could not
exclude, however unlikely, the contribution of acyclovir
neurotoxicity in the death of a critically ill patient.

ANALGESICS

Opioids can induce neurotoxicity, especially in severely
ill patients secondary to dehydration, infection, or drug
interactions (Gallagher, 2007). Morphine-induced
encephalopathy is described as a complication in patients
with severe liver dysfunction, which interferes with the

metabolism of morphine (Hasselstr€om et al., 1990;
Dumont et al., 1998). Therefore, it is a challenge to
ensure adequate analgesia and pain treatment in patients
with liver failure. Shinagawa et al. (2008) described a
case of morphine-induced encephalopathy where the
excess of ammonia due to constitutional constipation
in this patient was exacerbated by the use of morphine.
The patient regained consciousness by receiving amino-
leban and a suppository for constipation.

PROGNOSISOF HEPATIC
ENCEPHALOPATHY INACUTE LIVER

FAILURE

Acute liver failure (ALF) is a feared condition in criti-
cally ill patients, resulting in rapid and severe decline
in liver function (impaired synthetic parameters, such
as international normalized ratio (INR)>1.5) and HE,
the latter resulting from reduced detoxification. ALF
may be observed as a complication of critical illness.
Although ALF is most commonly drug-induced and
starts outside the ICU, it can also result from severe
shock, MOF, viruses, vascular origin, or autoimmunity.
Rare causes of ALF with HE include pregnancy and
Reye’s syndrome. In more than 80% of cases, the cause
of ALF can be determined. ALF is always life-
threatening and may affect relatively young patients.
Liver transplantation is often the only possible therapeu-
tic option impacting survival, without which patients
may die within days, despite all supportive ICU treat-
ments. Before the era of liver transplantation, mortality
of ALF was as high as 85%, but in the last several
decades, survival rates have risen to 60–80%. Recovery
with only standard intensive care treatment is seen in
more than half of the patients admitted with ALF due
to an overdose with acetaminophen and pregnancy-
related (fatty) liver failure. On the other end of the spec-
trum, poor prognosis is often seen in hepatitis
B infection, other drug intoxications (e.g., ecstasy),
and autoimmune liver failure.

HE is an important factor for predicting survival in
ALF. HE is characterized by decrease in level of con-
sciousness, asterixis, myoclonus and may progress to
coma with extensor motor responses, and a variety of
precipitating factors that can affect the prognosis. Renal
failure with electrolyte and acid–base imbalance, respi-
ratory failure, and sepsis are common. Neurologic fea-
tures of HE in ALF include the presence of raised
intracranial pressure, which can complicate the out-
come, even with complete recovery of liver function
or after liver transplantation. The grade of HE is an
important prognostic factor. Low-grade HE (I–II) is
associated with spontaneous recovery in up to 70%,
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but recovery is below 20% in grade IV HE (O’Grade
et al., 1989).

In the acute phase, the outcome of ALF is often unpre-
dictable, making prognostication very difficult. Age, the
etiology ofALF, severity of illness, long periods of raised
intracranial pressure, and comorbidities are independent
factors in prognostication.

Several prognostic scoring systems have been
developed and are in use for screening before liver
transplantation (García-Martínez et al., 2011). The
most commonly used prediction model is the King’s
College criteria, which were developed using data
from 588 patients with ALF. The model separates
acetaminophen-induced ALF from other causes. In
acetaminophen-induced ALF, criteria for transplanta-
tion include an arterial pH<7.3 (irrespective of grade
of HE) or all three of serum creatinine>3.4 mg/dL,
prothrombin time (PT)>100 seconds (INR>6.5),
and grade III–IV HE. In patients with other causes of
ALF, transplantation is indicated in patients with
PT>100 seconds (INR>6.5, irrespective of the grade
of HE) or three of the following five variables: idiosyn-
cratic drug reactions,> 7 days’ jaundice prior to onset of
HE, PT>50 seconds (INR>3.5), age<10 or>40 years,
and serum bilirubin>18 mg/dL.

PROGNOSISOF ICU-ACQUIREDUREMIC
ENCEPHALOPATHY

Uremic encephalopathy may complicate severe acute
and chronic renal failure. Especially in patients with
acute renal failure, the symptoms are generally more pro-
nounced and progress more rapidly (Van Dijck et al.,
2012). Renal failure is fatal if left untreated. Uremic
encephalopathy reflects the severity of renal failure. If
the renal failure is not treated, or cannot be treated any
more, uremic encephalopathy progresses to coma and
death. On the other hand, uncomplicated uremic enceph-
alopathy is reversible, making prompt recognition and
treatment (hemodialysis) important. An important note
is the fact that there is scarce literature on the effects of
treatment of uremic encephalopathy with renal replace-
ment therapies (RRT) on clinically relevant outcomes.
Although patients may certainly improve in level of con-
sciousness after RRT has been initiated, robust prospec-
tive studies are lacking.

PROGNOSISOF ICU-ACQUIRED
WEAKNESS

ICUAWis the most commonmodern terminology for the
syndrome of weakness that is also referred to by other
names, such as “critical illness polyneuromyopathy.”
The many terms used to identify this syndrome have
hampered robust outcome research. Only relatively

recently proposed criteria have been published for
ICUAW, which may be regarded as a starting point for
more robust short- and long-term outcome studies,
now that definitions have become more uniform
(Stevens et al., 2009; Fan et al., 2014; Sharshar et al.,
2014). Nevertheless, ICUAWin its previous diverse con-
notations is a well-recognized complication since the
first description in the 1980s (Bolton et al., 1984), which
has been associated with long-term morbidity and mor-
tality in survivors (van der Jagt, 2010; Kress and Hall,
2014). Current studies on prognosis, many with intrinsic
limitations with regard to definitions and terminology,
will be summarized in this section.

In general it is difficult to truly separate the influence
of ICUAW from outcomes from other prognostic factors,
such as age, cognitive status, and various comorbidities.
Moreover, the fact that ICUAW is heterogeneous in itself
(polyneuropathic ICUAW seems to have a worse prog-
nosis than predominantly myopathic ICUAW (Koch
et al., 2014; Hermans and Van den Berghe, 2015)) com-
plicates matters further. Finally, a plethora of interven-
tions in the ICU seem to impact on the occurrence and
course of ICUAW (e.g., medications such as corticoste-
roids, early mobilization practices, and nutrition),
although true prospective randomized studies that reveal
cause-and-effect relationships are scarce (Schweickert
et al., 2009; Farhan et al., 2016). Therefore, at present,
it is unclear whether ICUAWismerely a marker of sever-
ity of illness, or that it independently contributes to even-
tual adverse clinical outcomes, although the truth most
probably lies somewhere in between (Hermans and
Van den Berghe, 2015). Nonetheless, ICUAW and cog-
nitive dysfunction together represent the most important
long-term ICU sequelae (Kress and Hall, 2014), and
therefore deserve our attention. In other words, there is
more to ICU-related outcomes than just “discharge from
ICU alive.” In ICU survivors, functional outcome is of
major interest. In addition, ICU length of stay (ICU-
LOS) is of importance both from the perspective of the
patient and cost effectiveness.

Earlier investigations have reported highly variable
mortality risk associated with ICUAW, ranging from 7
to 61%, depending on the target population and the time
frame of evaluation after ICU admission (van der Jagt,
2010). Adjustment for confounders has shown a statisti-
cally independent relationship between ICUAW and
30-day mortality, which may be fivefold higher com-
pared to patients without ICUAW. In addition, ICU-
LOS may double after a diagnosis of ICUAW (Ali
et al., 2008). Importantly, easy-to-perform bedside tests
may assist in the evaluation of muscle strength in sus-
pected ICUAW and unveil an increased risk of death
(Ali et al., 2008; Lee et al., 2012). More recent investiga-
tions by separate research groups have confirmed the
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strong and independent association between ICUAWand
extended ICU and hospital LOS, aswell as long-term risk
of death, suggesting a causal relation (Hermans et al.,
2014). The finding enhances this notion that there seems
to be a dose–response relationship between the severity
of muscle weakness at ICU discharge and mortality
(Hermans et al., 2014). These studies suggest that scru-
tiny is indicated in the follow-up of these patients after
the ICU period because of their higher risk for adverse
outcomes. However, studies evaluating the benefit of
follow-up programs have not been performed.

Critical illness portends long-term functional disabil-
ities in those who are sensitive to the adversities of both
the critical illness itself and the aggressive treatment
approaches. Long-term neurophysiologic abnormalities
(e.g., nerve conduction abnormalities) found in survivors
of critical illness up to 5 years after ICU discharge illus-
trate the potential long-term impact of treatment in the
ICU (Fletcher et al., 2003). These often subtle abnormal-
ities may go unnoticed for ICU physicians, who are fre-
quently focused primarily on “saving lives,” but may
have an important impact on functional recovery, activ-
ities of daily living, and quality of life after ICU
discharge.

Previous health status seems to have an important
impact on the relationship between ICUAW and long-
term functional outcome, with younger, relatively
healthy patients suffering least from the consequences
of ICUAW (Semmler et al., 2013). After discharge from
ICU, mortality risk in ICU survivors with ICUAW may
differ less significantly compared to those without
ICUAW, but in this subset of ICUAW patients, lower
physical functioning has been found as an important out-
come difference (Wieske et al., 2015). In spite of the sig-
nificant functional impairments months after ICU
discharge, there is also a prolonged potential for ongoing
recovery when patients’ physical reserve is sufficient
(De Jonghe et al., 2002). Although observational studies
confirm an association between early mobilization and
improved functional outcomes, it remains to be seen in
future studies whether such mobilization programs
improve physical functioning for sure (TEAM Study
Investigators et al., 2015). Further, current randomized
and nonrandomized studies on early rehabilitation in crit-
ically ill patients that include a control group are difficult
to interpret, due to varying interventions and outcome
definitions, although a signal seems to be present in favor
of early rehabilitation, at least with regard to walking dis-
tance at discharge from the hospital (Castro-Avila et al.,
2015). Ongoing controlled studies on early rehabilitation
will likely provide more insight into efficacy of specific
early interventions on functional outcomes after ICU.

There is a need for structured outcome prediction of
ICUAW for several reasons: (1) early rehabilitation

may benefit those destined for adverse functional out-
comes the most, and better prognostic tools may aid in
the design of future intervention studies; and 2) prognos-
tic information helps patients and next of kin to have real-
istic expectations on the time course of the recovery
process. To develop prediction models for outcome,
internal and external validations are needed in large, pref-
erably prospective datasets examining various outcomes
of interest. For this purpose, pooling data from prospec-
tive intervention studies has been shown to be appropri-
ate in other settings (Walgaard et al., 2010; Roozenbeek
et al., 2012), and should be considered for future studies
of ICUAW.

Risk factors have been identified for the development
of ICUAW in several studies and include sepsis, disease
severity at admission, poor nutritional status, treatment
with corticosteroids or neuromuscular blocking agents,
prolonged sedation, mechanical ventilation, hyperglyce-
mia, and female sex (De Jonghe et al., 2002; Hermans
et al., 2014). Recently, a prediction model has been
reported for ICUAW, with fair discriminative perfor-
mance (area under the curve for model of >0.70, com-
pared with 0.64 and 0.66, respectively, for Acute
Physiology and Chronic Health Evaluation (APACHE-
IV) compared with the Sequential Organ Failure Assess-
ment (SOFA) score) (Wieske et al., 2014). However,
external validity has not yet been demonstrated.

Although ICUAW is undoubtedly a relevant clinical
entity, there are no known interventions that are sup-
ported by rigorous evidence that improve recovery from
it. Nevertheless, recognition of ICUAW is of utmost
importance, as has been shown in a landmark paper by
Latronico et al. (1996). This study showed that, in
patients who were comatose after sustaining different
kinds of brain injuries, the presence of ICUAW might
severely confound prognostic estimations, because
of underestimating the motor response as part of the
Glasgow Coma Scale. This may lead to unreasonably
pessimistic prognostication that may even result in
inadvertent withdrawal of treatment orders when there
is in fact a salvageable brain. Therefore, it seems espe-
cially pertinent to establish protocols for the standard-
ized evaluation of ICUAW in ICUs where neurologic
patients are cared for (Latronico and Bolton, 2011;
Farhan et al., 2016). In a more general sense, it seems
sensible to avoid oversedating patients without a strict
indication, in order to avoid muscle wasting and catab-
olism. Ideally, intensivists should strive for awake, but
comfortable, patients who are evaluated on a daily basis
for suitability for early physiotherapy and mobilization
(Hermans and Van den Berghe, 2015). However, such
practices are often hampered by implementation issues
and scarce resources (Trogrlic et al., 2015). Further,
ICUAW has been associated with extubation failure,
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which highlights that diagnosing ICUAW is clinically
relevant (Jung et al., 2016), although obviously
ICUAW is not the only relevant factor (Thille
et al., 2015).

PROGNOSISOF POSTERIOR
REVERSIBLE ENCEPHALOPATHY

SYNDROME

PRES, also known as reversible posterior leukoencepha-
lopathy syndrome or hypertensive encephalopathy, was
first described in 1996 (Hinchey et al., 1996). Signs
and symptoms include confusion, depressed conscious-
ness, visual loss, and headache. Despite its name, PRES
is seldom isolated only to the posterior parts of the brain.
On MRI, areas of edema are visible mostly in the occip-
ital and parietal regions, but also frontal, temporal, cere-
bellar, and brainstem. PRES can, especially in cases
related to a severe hypertensive crisis, lead to cardiac
stunning (Banuelos et al., 2008).

The pathophysiology of PRES is largely unknown,
but hypotheses include impaired autoregulation of the
brain, endothelial dysfunction, and vasospasm resulting
in ischemia. Underlying conditions are eclampsia, malig-
nant hypertension, cytotoxic medications, sepsis, MOF,
renal failure, low serum magnesium, immunosuppres-
sive therapy (e.g., tacrolimus, cyclosporine), and chemo-
therapy. Acute kidney injury has been reported in
10–15% of patients with PRES (Ni et al., 2011). Autoim-
mune disease is present in more than 40% of cases
(Fugate et al., 2010).

The diagnosis is clinical, and in critical care patients it
is often suspected based on MRI findings. As many
patients admitted to the ICU with serious illness are
unconscious or pharmacologically sedated, the diagnosis
may go unrecognized. In these unrecognized cases, sei-
zures may deteriorate into status epilepticus (Riggael
et al., 2013).

Since many patients admitted to an ICU have condi-
tions that are risk factors for PRES, the diagnosis is not
uncommon. PRES can be viewed as a complication of
underlying conditions that are often treated on ICUs.

Recently, Muhammed et al. (2016) described an illus-
trative case of PRES in a patient admitted with subarach-
noid hemorrhage (SAH), who was treated with induced
hypertension for cerebral vasospasm. Besides their own
case, the authors found seven articles describing
10 patients with PRES after hypertensive therapy of
vasospasm and delayed cerebral ischemia. The time to
development of PRES after starting hypertensive treat-
ment was 7.8�3.8 days (range 1–13 days). In all
patients, the clinical symptoms reversed within days of
normalization of the blood pressure.

As more than 60% of patients with SAH develop
vasospasm, often treated with induced hypertension, in
some cases maintaining mean arterial pressure above
110 mmHg, PRES is probably sometimes overlooked,
given the rarity of published case reports. Because the
prognosis of PRES complicating induced hypertension
is generally favorable after normalization of the blood
pressure, recognition is paramount. Therefore, in patients
with SAH and symptomatic vasospasm in whom clinical
symptoms worsen after induced hypertension, PRES
should be considered.

The prognosis of PRES depends on the cause, but in
most cases clinical signs and symptoms resolve within
several weeks after controlling the underlying condition.
Findings on MRI imaging usually also resolve within
days to weeks. However, in other cases, signs and symp-
toms may be long-lasting and give rise to prolonged neu-
rologic disturbances, mostly visual (Roth and Ferber,
2011). In critically ill patients, especially when there is
an inadequately treated underlying condition, PRES
can potentially be life-threatening. This is especially
described in initially unrecognized cases in which PRES
causes ischemia and infarction. Recurrent episodes of
PRES have been reported in the literature, especially in
patients requiring dialysis (Erg€un et al., 2008; Hobson
et al., 2012). MRI provides not only a means of diagnos-
ing PRES, but also prognostic information. Covarrubias
et al. (2002) have found that some patients develop foci
of high signal intensity in the cortex on diffusion-
weighted images, consistent with infarction. Apparent
diffusion coefficient values in these areas are normal
or only slightly elevated, perhaps because of pseudonor-
malization, resulting from intravoxel averaging of values
in cytotoxic and vasogenic edema. The extent of T2 and
diffusion-weighted imaging signal intensity correlates
well with outcome and can provide guidance in decision
making.

PROGNOSISOF DELIRIUM IN
CRITICALLY ILL PATIENTS

Delirium in critically ill patients is regarded as a highly
lethal form of vital organ failure and is highly prevalent,
especially in mechanically ventilated patients (Ely et al.,
2004). Emergence or presence of delirium has implica-
tions for prognosis, which will be exacerbated with pro-
longed duration (Pisani et al., 2009). Therefore delirium
may be viewed as a complication of critical illness,
although it is certainly not exclusive to critically ill
patients alone.

Delirium has been firmly linked to several adverse
clinical outcomes in critically ill patients (Salluh
et al., 2015).
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Delirium has been reported to increase the risk of
death approximately threefold compared to nondelirious
critically ill patients in a seminal study by Ely and
coworkers (2004), when statistical adjustments were
incorporated into the analyses to diminish the potential
for confounding. It was further shown that delirium aris-
ing after a state of coma (often due to sedatives in a
patient receiving mechanical ventilation) was still asso-
ciated with death, whereas such a comatose state that
was not followed by a delirious state did not have aworse
prognosis. This signifies that comatose state and delirium
may not be viewed as a continuum of impaired brain
function, but rather that delirium and coma are different
both in a pathophysiologic and prognostic sense
(Skrobik et al., 2013). The strong association of delirium
with mortality in mechanically ventilated patients has
been corroborated by others, who have reported even
higher risks associated with delirium (Lin et al., 2004).
However, since there are essentially three states of con-
sciousness in critically ill patients (coma, delirium, no
delirium), it is important to scrutinize whether, in studies
on associations of delirium and adverse outcomes, the
presence of coma has been accounted for. For instance,
deliriummay occur more frequently when sedation prac-
tices are mitigated towards less sedation use because this
may result in fewer patients being comatose due to sed-
atives and more delirium simply because more patients
can be assessed for it. Therefore, some studies have
focused on “acute brain dysfunction” as a composite risk
factor (i.e., delirium or coma), which still is associated
with mortality (Almeida et al., 2014).

Recently, two studies from the same research
group have challenged the independent association of
delirium with mortality in ICU survivors using advanced
statistical methods to adjust for time-varying variables
(Klein Klouwenberg et al., 2014; Wolters et al., 2014).
In the latter study, the association with mortality
could not be established for a single day of delirium,
but was still present for delirium persisting for 2 or
more days.

In spite of the vast number of studies in recent years, a
pathophysiologic explanation for the association of delir-
ium with death is still elusive (few ICU physicians will
have ever seen a patient acutely die from delirium),
and measures that reduce delirium in controlled trials
have not been consistently shown to reduce mortality
(Al-Qadheeb et al., 2014). Therefore it seemsmore likely
that focusing on preventive measures that act in concert
to decrease both mortality and delirium will prove
beneficial, rather than solely focusing on decreasing
delirium as a syndrome of solitary organ failure (Al-
Qadheeb et al., 2014; van der Jagt et al., 2014).

Emerging evidence links ICU delirium to significant
cognitive impairment in ICU survivors (Pandharipande

et al., 2013). Especially delirium duration is an important
variable predicting future cognitive impairment. The
degree of cognitive impairment up to 1 year after ICU
stay may, in severe cases, be comparable to that seen
in mild forms of Alzheimer’s disease, or mild traumatic
brain injury. This may be true even in younger patients.
Although one may argue that the effects of delirium on
cognition may simply represent additional pathologic
“hits” on those with already vulnerable brains before
their ICU stay, several studies suggest that a bidirectional
interaction exists, linking cognitive decline to suscepti-
bility towards infection and critical illness on the one
hand, but also infection or sepsis to further decline of
cognitive function on the other hand (Robinson et al.,
2012; Shah et al., 2013).

Delirium has also been linked to functional impair-
ment and reduced quality of life in ICU survivors,
although it is hard to truly separate cognitive and func-
tional impairment (Abelha et al., 2013; Svenningsen
et al., 2014). Functional impairment is not limited to frail
elderly patients, but may also be very significant in youn-
ger patients who were healthy at baseline (Iwashyna
et al., 2010). Such functional impairments, especially
in elderly ICU survivors, may result in increased
rates of discharge to long-term care facilities (Balas
et al., 2009).

Severity of delirium seems to predict the risk for
adverse outcomes, in terms of mortality risk, functional
outcome, or place of discharge (home vs. other)
(Ouimet et al., 2007). Therefore, delirium should be
regarded as a syndrome with a disease spectrum, rather
than a type of organ failure that is either present or absent.
Practically, the Intensive Care Delirium Screening Check-
list (ICDSC), composed of a scoring form listing specific
delirium symptoms, is more suitable to “grade” delirium
severity than the Confusion Assessment Method for the
ICU (CAM-ICU), which regards delirium as a dichoto-
mous syndrome being either present or absent (Devlin
et al., 2007). Further, some data indicate that the hypoac-
tive subtype of delirium, rather than the hyperactive or
mixed subtype, predicts worse prognosis (Robinson
et al., 2011; Stransky et al., 2011). A distinction between
1-day versus prolonged delirium seems to be prognosti-
cally and pathophysiologically sound, since prolonged
delirium as opposed to 1-day delirium seems more firmly
linked to mortality (Klein Klouwenberg et al., 2014).
Finally, sedation-associated delirium manifestations that
resolve after halting the sedatives (so-called rapidly revers-
ible, sedation-related delirium) have been found to be
more “benign” compared with delirium symptoms that
persist after sedatives have been stopped (Patel et al.,
2014). Obviously, delirium comes in different “sizes”
and also here the adage “one size fits all” does not
entirely apply.
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PROGNOSISOF COMA AFTER
CARDIOPULMONARY RESUSCITATION

Patients who remain comatose after cardiopulmonary
resuscitation (CPR) and return of spontaneous circula-
tion (ROSC) pose the dilemma to intensivists whether
or not return of consciousness will occur. This issue usu-
ally becomes relevant after the first 24 hours of ICUman-
agement, which generally includes targeted temperature
management (TTM)with sedation and analgesia. Several
prognostic factors are known, such as initial heart
rhythm, underlying disease and severity, previous med-
ical history, and whether the resuscitation took place in
an out-of-hospital or in-hospital setting. However, such
prognostic factors can, on their own, not be used to deter-
mine with certainty whether individual patients will have
a favorable or poor outcome. Therefore, recent guide-
lines have adopted a multimodal approach to prognosti-
cation (Nolan et al., 2015). Estimation of prognosis is
useful to inform next of kin and discuss appropriateness
of medical treatments or limitations thereof.

The European Resuscitation Council (ERC) guide-
lines have recently been updated (Nolan et al., 2015)
and the International Liaison Committee on Resuscita-
tion (ILCOR) Advanced Life Support Task Force
published its consensus in parallel (Callaway et al.,
2015).

Since the 2010 guidelines (Deakin et al., 2010), which
stressed increased uncertainties rather than fixed truths
with regard to prognostication due to the uncertain
effects of widespread use of therapeutic hypothermia
as compared with the 2005 guidelines (Nolan et al.,
2005), outcome assessment has now become a multi-
modal approach, using several clinical and electrophys-
iologic variables to guide clinical judgment with greater
confidence. A practical guide to prognostication is elab-
orated on in the next paragraph, but some general
remarks apply. In general, decisions on halting or limit-
ing treatment because of estimated poor prognosis are
made in a multidisciplinary setting involving intensivists
and neurologists, and such decisions may also involve
other consulting specialists depending on the initial or
underlying disease (e.g., cardiologists and nurses). It is
of utmost importance that a locally implemented proto-
col is in use, which is strictly adhered to with the goal
of minimizing variability in clinical practice. This
implies that intensivists and neurologists, as the most
pertinent specialists with regard to decision making
based on estimated prognosis, are well versed with
regard to mutual practices. For instance, when benzodi-
azepines and/or muscle relaxants have been administered
during the initial TTM period, this may imply residual
sedation, which should render consulting neurologists
cautious in their prognostic assessments.

In this multidisciplinary setting, the protocol should
be strictly followed, because even small deviations
may complicate clinical decision making, especially
when family members perceive inappropriate sugges-
tions indicating dismal prognosis. For instance, early
electroencephalography (EEG) to assess the presence
of seizures (<72 hours after ROSC) in a patient with
daily improving Glasgow Coma Scale motor scores,
but persistent unresponsiveness, may yield a low-voltage
EEG, suggesting poor prognosis, when in fact the clinical
course signifies that progressive brain functioning is
occurring, justifying daily clinical follow-up, rather than
use of information from electrophysiologic tests to estab-
lish a definitive prognostic verdict. In general, it is wise
not to use information from tests that were executed for
an indication other than prognostic assessment, since this
may complicate prognostication, rather than being help-
ful. This is also in line with the explicit admonition in the
newest guidelines (Callaway et al., 2015), stating that
any doubts about prognosis should be met with a low
threshold for treatment continuation to allow more time
for follow-up on neurologic status, rather than institution
of tests to confirm poor prognosis.

Figure 41.1 from the ERC guideline publication
shows a prognostication algorithm (Nolan et al., 2015).
Importantly, patients eligible for prognostication accord-
ing to the algorithm are those with ROSC and persistent
coma, but the guidelines do not further specify with
regard to specific subgroups, such as in-hospital versus
out-of-hospital cardiac arrest. However, the robust evi-
dence focuses mainly on out-of-hospital witnessed car-
diac arrest victims, such that the management advice
described in the guidelines is supported more for these
patients than those who had cardiac arrest in different cir-
cumstances. In this section, for the purpose of uniformity,
the situation of a comatose survivor is presumed to have
been one that was managed with TTM, in line with
Figure 41.1. However, we acknowledge that some
patientswill still bemanagedwithout TTMon an individ-
ual basis and depending on the organization of local care.

A comatose survivor of cardiac arrest will most com-
monly be managed with 24 hours of TTM between
32 and 36°C, after which rewarming will occur slowly.
However, the whole process of cooling and rewarming
will take less than 48 hours after ROSC, after which
the first question should be whether there could be a
confounder present for the comatose state. The most
common confounders include residual sedation or meta-
bolic disturbances, which should be firmly ruled out
before concluding too soon that severe brain damage is
present. No uniform guidelines are available to assess
such potential confounders. A pharmacist may be helpful
in cases of possible residual sedation, if there is doubt
regarding its presence. When confounders are excluded,
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and the patient is still comatose after 72 hours of ROSC
(Fig. 41.1), there should be assessment of the pupillary
and corneal reflexes.When both are absent, poor outcome
is extremely likely (this is also true when only the pupil-
lary reflexes are absent, only very slightly less so). Other-
wise, bilaterally absent somatosensory evoked potentials
(SSEPs) indicate a poor prognosis. When bilateral SSEPs
and brainstem reflexes are present, more time is needed to
determine prognosis, as indicated by the algorithm.
Although the algorithm subsequently suggests including
two or more of several variables (status myoclonus
<48 hours after ROSC, high neuron-specific enolase
levels, nonreactive burst suppression, status epilepticus
on EEG, or diffuse anoxic injury on brain computed
tomography (CT) or MRI), it should be noted that this
advice is based on expert opinion,without very robust evi-
dence. Apart from the low level of evidence for this latter
part of the algorithm, applicability of this advice may be
hampered by several issues depending on local settings:
(1) implementation problems (e.g., neuron-specific eno-
lase assessments may not be widely available); and (2)
external validity (inherent to the lower level of evidence,
these variables have been based on low numbers, from
only a few hospitals, and applicability to other settings
is disputable until further studies confirm the robustness
of the predictive value of the variables).

Absence of EEG reactivity, a burst suppression pat-
tern, and very low voltage seem to be relatively good

indicators of poor prognosis after 72 hours of normother-
mia being reached and in the absence of confounders,
although the guideline mentions a study reporting 3
patients who awoke in spite of absent EEG reactivity
(Bouwes et al., 2012b). However, no further details were
provided on these patients (e.g., could there have been
residual sedation?). Status epilepticus also is not invari-
ably a sign of poor prognosis and may be a reason to start
a trial of aggressive treatment with antiepileptic drugs
(AEDs). Whether this is indeed useful is currently being
investigated (Ruijter et al., 2014), since many more
patients with status epilepticus in this setting die than sur-
vive. More data on the prognostic value of EEG patterns
are becoming available, and it is expected that their prog-
nostic value will gain importance; not only to predict
poor outcomes but also to help identify patients with
good outcomes at an earlier stage (Hofmeijer et al.,
2015; Westhall et al., 2016).

Avexing problem can be the patient with severe myo-
clonic jerking, with positive SSEPs and brainstem
reflexes, which can only be managed with continuous
intravenous sedatives to obtain an acceptable level of sup-
pression of the myoclonus. In such a patient it may be best
to treat with several AEDs, potentially in high dosages
(e.g., valproate, levetiracetam, and when necessary, one
or two other AEDs), to try and diminish the myoclonus,
yet also abolish the sedatives to be able to assess the neu-
rologic status. When this regimen is unsuccessful, most

Fig. 41.1. Algorithm for prognostication in coma after cardiac arrest from the 2015 European Resuscitation Counsil (ERC)Guide-

lines. CT, computed tomography; EEG-NSE, electroencephalogram-neuron-specific enolase; SSEP, somatosensory evoked

potential; ROSC, return of spontaneous circulation; FPR, false positive rate; Cis, confidence intervals.
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physicianswill feel the inclination to stop treatment aimed
at recovery, but theoretically early severe myoclonus may
constitute Lance–Adams syndrome, which is compatible
with awakening.

The guideline mentions that any doubt on ultimate
prognosis should lead to consideration of prolonged treat-
ment. Clearly, absence of any subsequent improvement of
neurologic status suggests an ultimately worse prognosis.
Reference is made to several studies reporting “late
awakening” (up to 25 days after ROSC), but these cases
did not provide any detail on the presence or absence of
important confounders (Rittenberger et al., 2012) and,
in one unexpected case of late awakening, an early EEG
showed reactivity, which is a strong reason to suspect
brain recovery, and in that sense the positive outcome
may not have been so unexpected (Greer, 2013).

The ERC/European Society of Intensive Care Medi-
cine guidelines (Nolan et al., 2015) mention the very
small possibility of awakening in spite of absent SSEPs
(i.e., false-positive results) with referral to three publica-
tions (Young et al., 2005; Bouwes et al., 2012a;
Dragancea et al., 2015). In the first study, reference
details on the single patient who awoke in spite of absent
SSEPs were not provided (Young et al., 2005), and the
study concerned patients who were not managed with
therapeutic hypothermia. In the second study, the discus-
sion refers to the risk of technically indeterminate SSEP
results, but the results of the study itself did not include
false positives in patients with SSEPs after rewarming
(Bouwes et al., 2012a). In the third study (Dragancea
et al., 2015), there was mention of one SSEP that proved
to be false positive, but this was done in a patient who
was actually following commands, and the SSEP itself
was reported to be technically insufficient (in addition
to the fact that it was obviously not indicated). Based
on these insufficient data, one may therefore still argue
that a technically well-performed SSEP, in a patient in
whom there is a strong clinical suspicion of neurologic
damage compatible with persistent comatose state (i.e.,
motor score 4 or less at least 72 hours after ROSC)
and no residual sedation, muscle relaxants, or other
potential confounders such as uremic encephalopathy,
is a reliable tool to confirm poor prognosis, indicating
that further treatment is inappropriate. Thus, it is impor-
tant that a multidisciplinary team, including at least a
clinical neurophysiologist, neurologist, and intensivist,
establishes this verdict, and that intensivists should
decide on withdrawal of treatment only after having cer-
tified that the other teammembers have corroborated and
confirmed their assessment in the medical file.

There has been a point of discussion as to whether
absent SSEPs truly indicate irreversible brain damage,
or that SSEPs, being an intricate part of decision making,
actually constitute a real risk with regard to a self-

fulfilling prophecy. Proponents of the dangers of the
self-fulfilling prophecy indicate that treatment limita-
tions based on bilaterally absent SSEPs may result in
potentially premature treatment cessation in patients
who would still have a small chance of recovery. How-
ever, inappropriate withdrawal of life support with neg-
ative SSEPs only seems possible when technical artifacts
of the SSEP and/or residual sedation are present; other-
wise extubation may give a spontaneously breathing
patient the opportunity to show neurologic improvement
in the course of the following days, at least when seda-
tives are withheld. If unanticipated awakenings in such
situations had been described in the medical literature,
the fear of the self-fulfilling prophecy would be substan-
tiated, but such reports are not known, and should not be
mixed up with observational series reporting late awak-
enings (e.g., more than 3 days after rewarming), in which
details of sedation practices and protocols for withdrawal
of treatment practices have not been extensively
described (Gold et al., 2014).

One may argue that a patient who cannot sustain
patency of the airway in spite of intact brainstem function
and absence of residual sedation must have sustained
damage to the cortical structures so severe that it is essen-
tially incompatible with a meaningful recovery, but stud-
ies on natural disease course of patients who have been
certified to fulfill these criteria are also absent. However,
it is very unlikely that a trial will ever be conducted in
patients with absent SSEPs comparing standard practice
with a strategy of sustained intensive care treatment,
which will be arguably the only way to definitely estab-
lish whether fear of a self-fulfilling prophecy is justified.

Although chances of survival of in-hospital (nonper-
ioperative) cardiac arrest and coma are lower than those
associated with out-of-hospital cardiac arrest (Nolan
et al., 2007), this knowledge does not generally impact
on prognostic decision making. To a certain extent, the
cerebral prognosis may be considered as separate from
other organ failures, because the first consideration of
prognostication focuses on whether or not the patient
will regain consciousness. This means that, when the
patient will not regain consciousness, treatment may
be stopped independently of other organ failures,
whereas when cerebral prognosis is regarded as indeter-
minate or good, the extent of organ failure may be much
more important in the assessment of overall prognosis.
In line with this, the new guidelines only stratify in the
prognostication process based on whether patients have
been managed with TTM or not, and do not stress the
distinction between in- or out-of-hospital cardiac arrest
patients, or initial rhythms as crucial factors for
prognostication.

In conclusion, clinical variables other than those indi-
cated by the algorithm in Figure 41.1 and paragraph 4.2.2
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of the ERC guidelines should generally not be used
for prognostication with regard to cerebral short-term
outcomes. An exception may exist for in-hospital
cardiac arrest survivors, since a very large population-
based validation study proposed practical criteria to
predict favorable outcome, which may be usable for clin-
ical and “family-shared” decision making on treatment
continuation or limitation (Chan et al., 2012). However,
further external validation seems necessary.

We conclude with a case which exemplifies that the
absence of clinical indicators of dismal prognosis, such
as bilaterally absent SSEPs, warrants extreme caution,
especially when potential confounders for neurologic
assessment are present.

Illustrative case

A 24-year old woman was admitted to an academic ICU
after prolonged cardiac arrest and CPR (90 minutes) in
another institution caused by massive pulmonary embo-
lism after recent start of oral contraceptives. The patient
had been cannulated for venoarterial extracorporeal life
support by a mobile extracorporeal membrane oxygena-
tion (ECMO) team due to lack of persistent ROSC in spite
of ongoing resuscitation efforts, but had some instances of
nonsustained spontaneous output during the whole resus-
citation period. She had been treated with thrombolytics,
with no apparent effect. After transfer for ECMO support
to an academic ICU, a laparotomy was performed because
of abdominal compartment syndrome due to intra-
abdominal bleeding caused by liver rupture as a result
of prolonged chest compressions and intense anticoagu-
lant therapies. After surgery, temperature control with
avoidance of fever was initially chosen as a treatment strat-
egy rather than hypothermia.

The subsequent course was as follows:

● Initially, she had absent pupillary and corneal reflexes,
and status myoclonus.

● SSEPs were bilaterally present.
● EEG at 72 hours after ROSC was not low-voltage

(>20 mV), but was nonreactive, although the patient
was still receiving sedatives (opiate and propofol) in
order to attenuate the severe myoclonus.

● The course was complicated by septic shock with acute
kidney injury, which further hampered detailed assess-
ment of her neurologic status, although pupillary and
corneal reflexes returned.

● Some members of the treatment team doubted wheth-
er further treatment was indicated because of percep-
tions of a very poor prognosis, but others favored
continuing treatment since important confounders
were present.

● Over the subsequent week, after RRT had normalized
the serum urea, the motor response improved to with-
drawal, and the patient seemed to open her eyes to
voice, but still did not track. A repeat EEG showed

return of reactivity. She still required low dosages of
sedatives because of frequent myoclonus, which had
not disappeared despite treatment with two AEDs
(valproate and levetiracetam).

● Although there was still some doubt about the progno-
sis, a tracheostomy was performed.

● Over the next week, her neurologic status improved,
and she followed commands after sedation was
tapered. It was concluded that the severe myoclonus
was a combination of Lance–Adams syndrome and
possibly the uremia earlier in the course.

According to the ERC algorithm (Fig. 41.1), one
might argue that only status myoclonus was present,
but a second criterion for poor prognosis was absent,
indicating a strategy to “observe and re-evaluate.” This
strategy proved justified in this case.

PROGNOSISOF NEUROLOGIC
COMPLICATIONSOF LIVER

TRANSPLANTATION

Orthotopic liver transplantation is a life-saving procedure
for liver failure. All patients with ALF, and all patients
after orthotopic liver transplantation are treated in ICUs.

Neurologic complications after liver transplantation
surgery are reported in 13–47% of patients, especially
in those receiving cadaveric grafts. Key topics in this
setting include: immunosuppressive neurotoxicity; sei-
zures; osmotic demyelination; neuromuscular comp-
lications; cerebrovascular complications; and CNS
infections (Guarino et al., 2011).

The most commonly used immunosuppressive drugs
after liver transplantation are cyclosporine and tacrolimus,
which are well known for their complicating neurotoxicity
(Guarino et al., 2006; Saner et al., 2007). Other, more
recently introduced agents, such as sirolimus and everoli-
mus, lack thisneurotoxicity.Neurotoxicity canbecomeevi-
dent soon after initiation of these medications, even while
patients arestill in the ICU.Guarinoetal. (2011)distinguish
“minor” events, (e.g., headache, tremor, insomnia, and
paresthesias) and “major” events (e.g., encephalopathy,
seizures, akinetic mutism, and polyneuropathy). Severe
complications are often preceded by hypertension,
hypomagnesemia, andHE(Saner et al.,2007).Theprogno-
sis of immunosuppressive neurotoxicity is favorable
in most cases, but is highly dependent on timely discontin-
uation and a switch to nonneurotoxic agents. Irreversible
neurologic damage is possible if the culprit drug is not
stopped.

The postoperative course of liver transplantation is
complicated by tonic-clonic seizures in up to 40% of
patients (Guarino et al., 2006, 2011; Saner et al.,
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2007). Seizures are observed especially in the immediate
postoperative period, and result frommetabolic derange-
ments, adverse effects of medications, hypoxic-ischemic
injury, but especially because of neurotoxicity of immu-
nosuppressive medications (Guarino et al., 2006). Prog-
nosis of seizures after liver transplantation is dependent
on their cause. Seizures due to metabolic derangements
or immunosuppressive neurotoxicity have a favorable
outlook, but seizures attributable to sepsis, acute trans-
plant rejection, or cerebrovascular events may have a
more guarded prognosis.

Central pontine and extrapontine myelinolysis
(CPEPM), first described in 1959, is a feared compli-
cation, which may be associated with rapid correction
of hyponatremia (>15 mmol/L in 24 hours or
18 mmol/L in 48 hours when the sodium concentration
was<120 mmol/L) (Abbasoglu et al., 1998; Yu et al.,
2004). It was first described after liver transplantation in
1978 (Starzl et al., 1978). The incidence of CPEPM after
liver transplantation was reported to be 5–10% (Yu et al.,
2004), but in a recent series was found in only 1.4% of
1378 consecutive patients (Morard et al., 2014).

CPEPM is the most serious neurologic complication
after liver transplantation. In the ICU, CPEPM occurs
in malnourished, usually alcoholic patients and in
those with cirrhosis. Other risk factors are chronic
renal failure necessitating hemodialysis and adrenal
insufficiency (Morais et al., 2009). After liver trans-
plantation, CPEPM is seen in patients with cirrhosis
with pretransplantation serum hyponatremia, where
large volumes of intravenous fluids were given in the
operating theatre, resulting in an increase in plasma
osmolality. Effective treatment modalities in the acute
phase of CPEPM are lacking. Despite the absence of
any compelling evidence, treatment has been attempted
with corticosteroids, plasmapheresis, and intravenous
immunoglobulin.

The prognosis of CPEPM has traditionally been con-
sidered to be poor. In one series, CPEPM occurred 3–18
days after liver transplantation, and had a 100% case
fatality rate, with a median survival of 25 days
(Yu et al., 2004). In a series described by Abbasoglu
et al. (1998), all patients expired within 3 months. Others
report amortality rate>50% in the first 2weeks and 90%
after 6 months (Morais et al., 2009). However, some
recent reports are less pessimistic. Musana (2005)
reported that all 6 of their patients had some clinical
improvement over time. In another series of 25 patients,
11 had a favorable outcome, of which 7 had a full recov-
ery, and the remaining 4 were independent in activities of
daily living with some mild cognitive or extrapyramidal
deficits (Kallakatta et al., 2011). Because most published
series have shown a grim prognosis, there may also be a
degree of self-fulfilling prophecy, since patients who

undergo withdrawal of life support measures usually
die. In a recent series of 36 patients with CPEPM (not
as a complication after liver transplantation), 11 (31%)
were dead 1 year after withdrawal of life-sustaining mea-
sures, whereas 14 (56%) of the survivors were still alive
with a Rankin score less than 1 (Louis et al., 2012). The
reason for withdrawal of life-sustaining measures in the
11 patients was, in all cases, severe motor deficits.
Improvements in neurologic function may be seen over
the course of months after onset of CPEPM. When indi-
viduals are offered time to recover, many show gradual
improvement, and can even recover completely
(Niehaus et al., 2001), while other surviving patients
have residual deficits, ranging from minor functional
and cognitive difficulties to locked-in syndrome, quadri-
plegia, and pseudobulbar paralysis (Newell and
Kleinschmidt-DeMasters, 1996; Brown, 2000). Patients
with CPEPM often have other complications, such as
MOF, infection, and gastrointestinal hemorrhage, mak-
ing the prognosis more unfavorable (Brito et al.,
2006). Kallakatta et al. (2011) showed that three factors
were significantly correlated with poor prognosis:
sodium concentration<115 mmol/L, associated hypo-
kalemia, and Glasgow Coma Scale<10. Prevention of
CPEPM, recognizing a patient at risk with slow correc-
tion of hyponatremia, is paramount (Abbasoglu et al.,
1998; Yu et al., 2004).

The diagnosis, treatment, and prognosis of muscular
weakness, stroke, and CNS infections after liver trans-
plantation are similar to other settings, and will not be
discussed here.

ETHICAL CONSIDERATIONS

Critically ill patients are subject to many complications
connected with life-sustaining treatment and measures
required for their serious conditions. As complications
can worsen outcome and even cause death, they are of
ethical concern. High-quality medical care can be
defined as evidence-based care based on the results of
well-conducted research and delivered by well-trained
clinicians. A complication is usually defined as an unin-
tended, harmful occurrence or condition resulting from a
diagnostic, prophylactic, or therapeutic intervention, or
an accidental injury occurring in a hospital setting. How-
ever, when a complication is a result of medical care that
was not indicated, or not well applied, it can be labeled as
unethical. The three most important ethical aspects
regarding complications in critically ill patients are pre-
vention, identification, and avoidance of self-fulfilling
prophecies.

Efforts to prevent complications of intensive care
should be vigorously pursued. This includes adequate
monitoring of signs and symptoms, educational

PROGNOSIS OF NEUROLOGIC COMPLICATIONS IN CRITICAL ILLNESS 777



programs for physicians and nurses, and the provision
of adequate staffing. Due to the severity of the medical
conditions of patients, their multiple comorbidities, and
the complexity of the intensive care environment, many
complications can never be completely prevented. For
example, although some ICU patients develop delirium
due to a single preventable cause, delirium more often
occurs when a vulnerable patient with multiple predis-
posing risk factors encounters a serious course of illness
(Brummel and Girard, 2013). Early identification and
treatment of conditions leading to MOF, avoidance of
deep sedation, treatment of hyperglycemia, promotion
of early mobilization, and carefully weighing the
administration of corticosteroids might help reduce
the incidence and severity of ICUAW (De Jonghe
et al., 2009).

Correct identification of neurologic complications
in critically ill patients can be challenging, but can have
a significant impact on outcomes. For example, ini-
tially unrecognized cases of PRES can progress to cere-
bral infarction. Early recognition of risk factors and
symptoms is paramount and can, for some complica-
tions, make the difference between a good or bad out-
come. Physicians and nurses should have knowledge of
the possible risk factors associated with neurotoxicity
of drugs. Monitoring of neurologic signs and symp-
toms potentially associated with the administration of
drugs should be routine, but also correct identification
that the symptoms are, in fact, drug-related, and not
a sign of underlying neurologic disease (George
et al., 2010).

Prognostication in critically ill patients can raise
additional ethical concerns. As with all prognostication
in medicine, how sure are we when we predict out-
come? This is especially important in cases where a per-
ceived poor prognosis leads to withholding or
withdrawing of life-sustaining measures. Predictions
of poor outcome may become self-fulfilling if life-
sustaining measures, such as mechanical ventilation,
are subsequently withheld or withdrawn on the basis
of that prediction (Wilkinson, 2009). Predictions of
poor outcome may also affect the perception of patients,
relatives, and healthcare providers. Physicians make
decisions on the basis of available evidence. If the evi-
dence is not based on the most relevant knowledge, or
is based on the presumption that the signs and symp-
toms are those of the underlying disease, and not of a
(reversible) complication, this can lead to unethical
decisions. It is accepted that it is ethically permissible
to withhold or withdraw life-sustaining measures in
the face of uncertainty in critical care medicine based
on clinical signs and symptoms pointing to a poor prog-
nosis, but it is unethical to do this based on wrong
assumptions.
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Cold preservation 415
Cold storage, machine perfusion versus

415–416
Colistin 373
Color density spectral array 114–115, 114
Coma 380, 596
see also Comatose patient
after cardiopulmonary resuscitation,

prognosis of 773–776
causes of 118, 119
classification of 119
neuropathophysiology in 118–120
nonconvulsive status epilepticus and

135–136
outcome prediction in 128–129
prevalence of 118
of uncertain etiology, questions to ask in

118, 118
Comatose cardiac arrest survivors
clinical case in, practical application of

prognostic knowledge in 776
in-hospital, management of 775
practical guidance for prognostication in

(2015 guidelines) 774
Comatose patient
daily concerns in care in 127
laboratory tests for 124–125
management of 117–130
with NCSE 143
neuroimaging in 124–125
neurologic examination of 120–124
neurologic findings of 123–124, 124
neurorehabilitation for 127–128

Combined pain, agitation, and delirium
protocols 458–459

Communication, in NCCU
general principles of 398–400
strategies of 400–401

Community-acquired bacterial meningitis
antimicrobial therapy for 358

Community-acquired bacterial meningitis
(Continued)

clinical presentation of 351–352
clinical trials and guidelines for 359
complex clinical decisions in 360
epidemiology of 349–350
hospital course and management of

355–359
neurodiagnostics of 352–354
neuropathology of 351
outcome prediction in 360–361, 361
recommendations for initial antibiotic

therapy for 357
Complement cascade activation 230–231
Complete background suppression, of

seizures 520
Compound muscle action potential, as

marker of nerve or muscle
dysfunction 535

Computed tomography
of aneurysmal subarachnoid

hemorrhage 206, 207
brain 679
for brain abscess 354–355
of spinal cord injuries 281–282
of traumatic brain injury 244, 246,

246–247
Computed tomography angiography
in brain death 425–427
for spinal cord injuries 290
for traumatic brain injury 246

Computed tomography myelogram, for
extramedullary lesions 324–325

Conflict, and conflict resolutions 403
Confusion Assessment Method for the

Intensive Care Unit 453, 454, 551,
772

Conjunctivitis, comatose patient and 126
Consciousness
abnormal level of 661
focal nonconvulsive status epilepticus

and
with 136
without 136

NCSE with, anesthetics in 143
recovery of 380

Consults, in ICU 444
neurologic
complexity of 446
essentials of 445

surgical and trauma 445
Continue or Stop PostStroke

Antihypertensives Collaborative
Study trial 165

Continuous electroencephalography
monitoring
clarifying nature of movements 109
controversies and future endeavors

115
detection and management of

seizures in 107–109, 108, 109
grading severity of encephalopathy in

109–110, 110–111, 111
indications for 107
in intensive care unit 107–116
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Continuous electroencephalography
(Continued)

monitoring depth of sedation in 109
prognostication in 110–113, 112
standardization in 115
technical and logistic considerations
in 113–115

for seizures 514
for traumatic brain injury 250

Continuous positive airway pressure 26,
422

Continuous-infusion AEDs, for seizures
518

Contraction band necrosis 52–53
baboon animal model of 53
presence of 53

Contrast extravasation, in intracerebral
hemorrhage 181, 181

“Controlled” DCD 411
identification of candidates of 413–414
protocols and practice guidelines in

416–417, 418
Conventional angiography
in intracerebral hemorrhage 181–182
for spinal cord injuries 290

Conventional cerebral angiogram, in brain
death 425–427

Convulsive status epilepticus 134–135
Cooling 620, 626–627
Corneal erosion, comatose patient and 126
Coronary artery bypass grafting 573–574
Coronary artery disease, factors of 54
Coronary artery stenting 574–575
Cortical spreading depolarization/

ischemia 205
Cortical spreading depression, traumatic

brain injury and 243
Corticosteroid Randomisation After

Significant Head Injury 386
Corticosteroids 717–718
herpes encephalitis and 341
for immune-mediated encephalitis 345
intensive care unit-acquired weakness

and 534
for metastatic epidural spinal cord

compression 330–331
Cough 17
ICP and 82–83

Cranial computed tomographic scanning
382

Cranial irradiation 724
Cranial nerve deficits
clinical presentation of 581
epidemiology of 576
hospital course and management of 585
neuropathology of 578–579
outcome prediction 587

Cranial nerves
assessment of 597
neurologic evaluation of, in comatose

patient 121–122
Craniectomy
decompressive 301–302

in acute brain injury 299–318
combined with hypothermia 310–311

Craniectomy (Continued)
complications of 311–313, 311
in elderly 309–310
for hemispheric stroke 304–310
for middle cerebral artery infarction,

trials of 306–309, 307
pathophysiologic rationale and

impact of 300–302
perceived indications for 300
quality of life after 313
for trauma 302–304

for intracranial hypertension 85
Cranioplasty
bone flap resorption following 312–313
complication of, following

decompressive craniectomy
312–313

Critical care medicine 3
see also Critical care neurology;

Intensive care; Neurocritical care
Critical care neurology. see also Critical

care medicine; Intensive care;
Neurocritical care

Critical care nurses, in early beginnings of
neurocritical care 7

Critical ICP 68, 74–78
Critical illness
delirium and 451
ethical considerations in 777–778
neurologic complications in
identification 778
prevention of 777–778
prognosis of 765–784
self-fulfilling prophecies in 778

neurology of
consult in 445–446
field of 444, 444
scope of 441–448

Critical illness myopathy 532–533
Critical illness polyneuropathy 531–532
axonal damage in 533

Critically ill patients, delirium in,
prognosis of 771–772

Critically ill pregnant patients, neurologic
complications in 657–674

abnormal level of consciousness 661
clinical presentation of 659–661
clinical trials and guidelines 667–668
complex clinical decisions 668–669
epidemiology of 657–658
generalized weakness 661
hospital course and management

665–667
increased intracranial pressure 661
neurodiagnostics and imaging 664–665
neuropathology of 658–659
neurorehabilitation 670
new focal neurologic signs of 660
outcome prediction of 669
pregnancy-related clinical syndromes

661–664
seizures 659–660
serious headaches 660, 660
treatment of specific conditions

666–667

Cryptococcus, after transplantation 561,
565–566

Cryptococcus neoformans 727–729
CSF cytology 723
CSF lactate 372
CT angiography

acute ischemic stroke and 160
in arterial dissection 635
in intracerebral hemorrhage 181–182

CT perfusion, acute ischemic stroke and
160

CT scan, in comatose patient 125
CT without contrast, in intracerebral

hemorrhage 180
Cushing, Harvey 7–8
Cushing’s triad 716–717
Cyanide exposure 688
Cycloserine, drug-induced

encephalopathy and 767–768
Cyclosporine, drug toxicity and 554–555
Cytokine-mediated inflammation 40
Cytokines, in traumatic brain injury 248
Cytomegalovirus infection, after

transplantation 561
Cytotoxic drugs, in PRES 470
Cytotoxic edema

in acute ischemic stroke 156
traumatic brain injury and 242–243

D
Dabigatran 753
Daclizumab, drug toxicity and 554–555
Davson’s equation 68
DCD-N score 413
D-dimer 727, 750
“Dead donor rule,” 409–410
Death

brain
acceptance of, by families 430
ancillary testing in 422, 425–427
clinical testing in 421–422
concept and controversies 430–431
definition of 420–421
determination of 421–422, 423–424
epidemiology of 428
ethical considerations in 430–431
future trends in 431–432
organ support in 428–429
pathophysiology of 422–428
systemic complications in 428

definition of 410
determination 411–413
early, in stroke 398
organ recovery prior to 417–419
in PRES 477

Decerebrate posturing, comatose patient
and 123

Decompression illness 691–695
clinical presentation of 692–693, 692
clinical trials and guidelines of 694
complex clinical decisions of 694
epidemiology of 691
hospital course and management of

693–694
neurodiagnostics and imaging of 693
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Decompression illness (Continued)
neuropathology of 692
neurorehabilitation of 695
outcome prediction of 694–695

Decompressive craniectomy 301–302
in acute brain injury 299–318
combined with hypothermia 310–311
complications of 311–313, 311
on CSF flow and dynamics 312
hemorrhagic 311–312
infectious and inflammatory 312

in elderly 309–310
for hemispheric stroke 304–310
for middle cerebral artery infarction,

trials of 306–309, 307
pathophysiologic rationale and impact

of 300–302
perceived indications for 300
quality of life after 313
for trauma 302–304

Decompressive Craniectomy in Diffuse
Traumatic Brain Injury study
302–304

critique of 303–304
Decompressive Craniectomy in Malignant

Cerebral Artery Infarction
307–308

decompressive hemicraniectomy and
169

pooled analysis of 308–309
Decompressive hemicraniectomy, acute

ischemic stroke and 169
Decompressive Surgery for the Treatment

of Malignant Infarction of the
Middle Cerebral Artery 308

decompressive hemicraniectomy and
169

II trial 309–310
pooled analysis of 308–309

DEcompressive surgery Plus
hypoTHermia for Space-
Occupying Stroke trial 310–311

Decorticate posturing, comatose patient
and 123

Deep-vein thrombosis 167
prophylaxis
in acute ischemic stroke 167
for spinal cord injuries 290–291

Delayed cerebral ischemia 204–205,
211–213

angiographic vasospasm 204–205
cortical spreading depolarization/

ischemia 205
diagnosis of 211–212
endovascular management of

216–221
hemodynamic management of

216–221
microcirculatory dysfunction 205
microthromboembolism 205
monitoring for 216–221
other prophylaxis for 216–221
pathophysiology of 204
prophylaxis and treatment of 212–213

Delayed graft function 414

Delirium
after transplantation 551–552
clinical presentation of 452, 580
clinical trials and guidelines for

459–460, 459
complex clinical decisions in 460
criteria for 450
in critically ill patients 449–466

prognosis of 771–772
diagnosis of 581
diagnostic workup 644
encephalopathy and 449
epidemiology of 450, 576
frequency of 450
hospital course and management of

454–459, 455, 583–584
combined pain, agitation, and
delirium protocols in 458–459

nonpharmacologic prevention and
treatment in 455–456

pharmacologic prevention in
456–457

prediction in 454
hypoactive 444–445
imaging in 452–453, 643
long-term cognitive and functional

impairment after 772
mortality after 772
neurodiagnostics in 452–453, 643
neuropathology of 450–452, 578
outcome prediction in 460–461, 586
prognostic literature of 771
risk factors for 450, 450–451
screening for 453, 454
(sub)types of, prognostic differences of

772
in trauma patients 641, 642

Delirium tremens 491
Dementia, in ICU delirium 450
Denver classification system 635, 635
Depth of sedation, monitoring 109
Desmopressin 756
Deterioration, causes of subarachnoid

hemorrhage 212
Dexamethasone 717–718
for cerebral lesions 83

Dexmedetomidine 493
for delirium 457–458, 583–584
in ICU 644
for traumatic brain injury 252–253

Dextromethorphan abuse 489
Diagnostic and Statistical Manual of

Mental Disorders, 5th edition
criteria, for delirium 450

Diarrhea, in comatose patient 127
Diazepam, for seizures 515–517
Diffuse axonal injury, traumatic brain

injury and 241
Diffuse low-grade gliomas 718
Diffusion tensor imaging 383, 595
Diffusion-weighted imaging, in PRES

473, 474
Diffusion-weighted magnetic resonance

imaging, for traumatic brain
injury 247

Dipyridamole, in acute ischemic stroke
167

Direct brain tissue damage, in intracerebral
hemorrhage 179–180

Direct muscle stimulation, and intensive
care unit-acquired weakness
535–536

Direct thrombin inhibitors 753
Disability Rating Scale 128, 381
Disordered breathing 36–38
Disorders of consciousness 380
Disseminated intravascular coagulation
epidemiology of 745
management of 754
neuropathology of 747

Dissociative agents 489–490
clinical presentation of 490
complex clinical decisions for 490
epidemiology of 489–490
laboratory testing in 490
management of 490
pharmacology of 490

Donation after brain death 411
future trends in 431–432
identification of candidates in 421
pathophysiology of 422–428
protocols and guidelines in 429–430,431

Donation after circulatory death 411–420
category I, donor 411, 412
category II, donor 411, 412
category III, donor 411, 412
category IV, donor 411, 412
category V, donor 411, 412
“controlled,” 411
identification of candidates of

413–414
protocols and practice guidelines in

416–417, 418
epidemiology in 415
ethical considerations in 417–420
future trends in 420
organ support in 415–416
pathophysiology in 414–415
protocols and guidelines in 416–417
uncontrolled 411
continuation of resuscitation efforts

versus 420
pathophysiology of 414
protocols and guidelines in 417, 419

Donors, categories of 411
Do-not-resuscitate orders 398
Dopamine
in brain-dead donors 429
in delirium 451–452

Dopaminergic agents, for comatose patient
128

“Drip and ship” transfers 158
Drug metabolism 697
Drug toxicity
after transplantation 554–559
differential diagnosis 554
management of 557–558
neuromuscular syndromes 558–559
risk factors for 557
stroke syndrome 558, 559
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Drug-induced encephalopathy 766–768
Drugs, antifibrinolytic 209
Dysautonomia
with BD 428
rabies and 343–344

Dysautoregulation, in traumatic brain
injury 242–244

Dysembryoplastic neuroepithelial tumors
718

Dysfunction, microcirculatory 205
Dysphagia 711
treatment of 170–171

E
E4 allele, in traumatic brain injury 242
Early brain injury 204
Early mobilization, for delirium 583–584
EARLY trial 167
Eastern Association for the Surgery of

Trauma 281
Eaton-Lambert syndrome 231
Ecarin chromogenic assay 750
Ecarin clotting time 750
Echocardiography 639
acute ischemic stroke and 160

Eclampsia
in critically ill pregnant patients 667
definition of 662
PRES and 468, 470
seizure and 659–660
status epilepticus and 145

Edema 717
after ischemia 620
cerebral 602
comatose patient and 119
cytotoxic 594–595

Edoxaban 753
Elderly
decompressive craniectomy in 309–310
traumatic brain injury in 258–259

Electrocardiogram 698
changes 697

Electrocorticographic detection, for
traumatic brain injury 243, 244,
250

Electrodes, for electroencephalography
114

Electroencephalography 92–95, 384,
645–646, 664, 719

for acute encephalitis 340
artifacts in 115
in brain death 425–427
burst suppression, of seizures 520
in cerebral electric activity 80
continuous, for seizures 514
electrodes for 114
montages 113–114
in neurophysiologic testing 605
in PRES 471
quantitative 109
raw EEG vs. quantitative displays

113–114, 114–115
in status epilepticus 136–139, 142–143
subhairline 113
TH and 621

Electrolyte abnormalities, major
adaptive response to sodium

disturbances 707–708
neurologic manifestations of

705–714
of disturbances of other ions

710–711
osmolality and 705–707
pathophysiology response to sodium

disturbances 707–708
physiologic regulation of sodium and

705–707
Electrolyte disturbances 706
Electrolyte levels, reduced, TH and 626
Electrolytes, hypothermia and 697
Electromyography 650, 664
Electrophysiologic evaluation, for

nonconvulsive seizures 559
Electrophysiologic testing, TH and 621
Electroporation 689
Embolic strokes 638–640
clinical presentation in 639
clinical trials and guidelines in 640
complex clinical decisions in 640
drug toxicity and 558
epidemiology of 638
hospital course and 640
neurodiagnostics and imaging in

639–640
neuropathology of 638–639

Emergency department, acute ischemic
stroke and 156, 157

Emergencymedical services personnel, for
spinal cord injuries 276, 276

Emergency Neurological Life Support 10
Emergency room, seizure patients

presenting to 513–514
Emergent control therapy, for seizures

515–517
Empiric antibiotic therapy 374–375
Encephalitis 337
acute 337–348
autoimmune, immunosuppression in

144–145
endemic 338
epidemic 338–339
immune-mediated 344–345
Japanese encephalitis virus in 343
tick-borne 343

Encephalomyelitis 337–338
Encephalopathy 444
acute 548
delirium and 449
diagnostic workup 644
drug-induced 766–768
grading severity of 109–110, 110–111,

111
hepatic, in acute liver failure, prognosis

of 768–769
hypertensive 659, 771
ICU-acquired, prognosis of 766–768
and neurologic complications of

transplantation 548
penicillin 768
septic 675–683

Encephalopathy (Continued)
clinical presentation and

neurodiagnostics 678–679
definition of 676
epidemiology of 675–676
hospital course and management

679–680
neuropathology of 676–678
signs and symptoms of 678

Endemic encephalitis 338
Endocrine function 216–221
Endocrine support, in organ donation

428–429
Endocrine system 697
Endothelial cells, aneurysm and

199–200
Endothelial dysfunction, in PRES

470–471
Endotoxins, for septic encephalopathy 676
Endotracheal intubation

for airway protection 487
for traumatic brain injury 252

Endovascular therapy, patient
management after 164

Energy failure, in traumatic brain injury
242–244, 243

Enterobacter 366–367
Enterovirus, intramedullary infectious

myelopathies and 323
Epidemic encephalitis 338–339
Epidemiology-Based Mortality Score in

Status Epilepticus 146
Epidural hematoma, traumatic brain injury

and 240–241
Epidural sensors 70
Epidural space 320
Epidural spinal cord compression

720–722, 721
metastatic
etiologies and clinical pearls of

322–323
hospital course and management of

330–331
neuropathology of 320

Epidural spinal hematoma,
neuropathology of 320

Epilepsia partialis continua 136, 508
Epilepsy, sudden cardiac death and 56
Epileptogenic areas 718
Epstein-Barr virus infection, after

transplantation 561
ERC/European Society of Intensive Care

Medicine guidelines 775
ESCAPE 164
Escherichia coli 366–367
Esmolol, for cerebral hyperperfusion

syndrome 584–585
Ethanol, use of 491
Ethnicity, as risk factor of cerebral

aneurysms and SAH 201–203
Etomidate, in intracerebral hemorrhage

182
European Cooperative Acute Stroke Study

II trial 161
EuroTherm trial 623
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Eurotransplant Organization 411
Evoked potentials, in brain death

425–427
Excitotoxicity, brain injury and 204
Exclusion criteria, in NINDS trial

161, 162
Exercise rehabilitation programs, for

intensive care unit-acquired
weakness 539

Extended Glasgow Outcome scale 381
EXTEND-IA 164
External-beam RT 722
Extracorporeal membrane oxygenation

573, 575, 776
mortality rate 586
periprocedural stroke rate 575
stroke etiology 577
for traumatic brain injury 260

Extramedullary lesions, neuroimaging for
324–325, 325

Eye movements, in comatose patient 121,
123

Eye response, in Full Outline of
Unresponsiveness score 122

F
Facial nerve, injury to 578–579, 581
Factor Xa 727
Factor XA inhibition 750
Familial intracranial aneurysm study 200
Family history, as risk factor of cerebral

aneurysms and SAH 201–203
Fast Assessment of Stroke and Transient

Ischemic Attack to Prevent Early
Recurrence trial 167

Fat emboli 640
Fat embolism syndrome 638

clinical manifestations of 640
clinical triad of 639
treatment of 640

Fatal cerebrogenic arrhythmias, SUDEP
and 56

Fever 216–221
in acute ischemic stroke 156
cerebral edema and 82
in comatose patients 126
management of 184–185
sepsis and 677–678

Fiberoptic bronchoscopy 41
Fibrinogen 750
Fibrinolytic agents 753–754
Field triage, for spinal cord injuries 276
Filamentary keratopathy, in comatose

patient 126
“Flapping tremor,” 678
Flavivirus encephalitides 342–343
Fluid-attenuated inversion recovery 383,

717
Flumazenil 487
Fluorodeoxyglucose-positron emission

tomography 383–384
Fluoroquinolone 368
Focal motor status 508, 509–510
Focal signs 660
Foscarnet, for HHV6 341

Fosphenytoin 520–521, 667
for seizures 516
for status epilepticus 140–141

FOUR score 382
Fracture-dislocation injury, closed cervical

reduction of 283, 284
Fresh frozen plasma 751
in intracerebral hemorrhage 183

Frontotemporoparietal hemicraniectomy
301–302, 302

Full Outline of UnResponsiveness
score,(FOUR score) 121, 122, 597,
598

for traumatic brain injury 245
Functional independence, recovery

of 381
Functional Independence Measure 293
Functional neuroimaging 383–384

G
GABAergic signaling 718–719
Gabapentin, for superrefractory status

epilepticus 523
Gadolinium, in PRES 473, 475
Gadolinium-enhanced MRI 723
Gamma-aminobutyric acid, in delirium

451–452
Gamma-hydroxybutyrate toxicity 487
Ganciclovir, drug toxicity and 554–555
Gangliomas 718
Gardner-Wells tongs, for spinal cord

injuries 283, 285
Gastrointestinal system 697–698
care in comatose patient 127

Gastrotomy, percutaneous 125–126, 125
Generalized convulsive status epilepticus

507
in adults 507–508

Genetics, as risk factor of cerebral
aneurysms and SAH 201–203

Gentamicin 373
Glasgow Coma Scale 121, 180, 206, 380,

597, 598
for traumatic brain injury 245

Glial fibrillary acidic protein 385
in traumatic brain injury 248

Glioblastoma multiforme 715–716
Glioneuronal tumors 718
Glossopharyngeal nerve, injury to 581
Glucocorticoids 722
cerebral lesions and 83

Glucose 216–221
in cerebral microdialysis 98

Glutamate 718–719
in cerebral microdialysis 98

Glycemic management, in acute ischemic
stroke 165–166

Glycerol, in cerebral microdialysis 98
Glycine 594–595
Gradient recall echo 717
Graft pancreatitis 415
Graft-versus-host disease 470
after transplantation 562–563

Gram staining, for diagnosing bacterial
meningitis 353

Guillain-Barr�e syndrome 230
cerebrospinal fluid analysis in 234
diagnosis of 231
drug toxicity and 558–559
immunopathogenesis of 230–231
mortality in 235
respiratory failure in 232–233
specific treatment for 234

Gyriform signal enhancement, in PRES
473, 475

H
Haemophilus influenzae 366–367,

727–729
Halo ring, and vest, for spinal cord injuries

285
Haloperidol, for delirium 456, 458
HAMLET trial 308
decompressive hemicraniectomy and

169
pooled analysis of 308–309

Headache 686–687, 716
migraine 660
in PRES 471
serious 660, 660

HEADDFIRST 306–307
Hearing loss, bacterial meningitis

and 361
Heart rate 697
Heart rate variability 52, 52
Heat stroke 695–699
clinical presentation of 696–697
clinical trials and guidelines of 699
complex clinical decisions of 699
epidemiology of 695, 695
hospital course and management of

698–699
neurodiagnostics and imaging of 698
neuropathology of 695–696, 696
neurorehabilitation of 699
outcome prediction of 699

Hematologic effects, TH and 627
Hematologic system 698
Hematoma, spinal epidural
hospital course and management of 331
neuropathology of 320

Hematoma expansion 746, 751
in intracerebral hemorrhage 179–180

Hematopoietic stem cell transplantation
545–547, 734

morbidity after 548
procedures for 546

Hemicraniectomy, frontotemporoparietal
301–302, 302

Hemicraniectomy After Middle Cerebral
Artery infarction with
Life-threatening Edema Trial 308

Hemicraniectomy and Durotomy Upon
Deterioration From
Infarction-Related Swelling Trial
306–307

Hemispheric index 100
Hemispheric stroke, decompressive

craniectomy for 304–310
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Hemoclot diluted thrombin inhibitor assay
750

Hemodynamic changes 658
Hemodynamic management, of spinal

cord injuries, acute 287–288
Hemodynamic support, in organ donation

429
Hemodynamics 698
Hemorrhage 664
in comatose patient 119–120
subarachnoid 35–36

Hemorrhagic CSF 371–372
Hemorrhagic stroke 725
drug toxicity and 558
outcome prediction 585–586

Hemorrhagic transformation 156
infarction with 154–155

Hemostasis, cell-based model of
746, 749

Hemostatic agents, in intracerebral
hemorrhage 184

Heparin 636, 752
associated with, epidural hematoma 331

Heparinoids 752
Hepatic encephalopathy 551–552
in acute liver failure, prognosis of

768–769
HER-2 724
Herniation 374
Herniation syndromes 716–717
Herpes encephalitis 340–342
Herpes simplex, encephalitis and 340–341
Herpes zoster, encephalitis and 341
Herpesviruses, and CNS infections 564
Heterogeneous pattern, in intracerebral

hemorrhage 181–182
Higher neuropsychologic processing,

recovery of 380–381
High-frequency centroid 79
High-mobility group box protein 1 34–35
Histone deacetylase inhibitor 719–720
Horner’s syndrome 579
Hospital and system of care 216–221
Hospital-acquired bacterial meningitis
clinical presentation of 352
clinical trials and guidelines for 359
epidemiology of 350
hospital course and management of 358
neurodiagnostics and neuroimaging of

354
neuropathology of 351
recommendations for initial antibiotic

therapy for 357
Hospital-acquired infections 365
Human herpes virus 6 341
after transplantation 561, 564

Hydration, for delirium 583–584
Hydrocephalus 216–221, 717
acute and chronic, management of 210
complications of decompressive

craniectomy 311
Hyperactive subtype, of delirium 452
Hyperammonemia, idiopathic, after

transplantation 563
Hyperbaric oxygen therapy 688

Hyperdense right middle cerebral artery
158–159, 159

Hyperemesis gravidarum 661
Hyperglycemia
in acute ischemic stroke 155–156, 165
cerebral ischemia and 82
cerebral microdialysis and 99
and intensive care unit-acquired

weakness 533–534
management of 185

Hypernatremia 708
traumatic brain injury and 255

Hyperosmolar agents 718
Hyperosmolar therapy, for ICP 83–84
Hyperosmolar urea 705–706
Hyperoxia
effects on brain physiology 17
exacerbate primary injury 24–25

Hyperperfusion theory 469
Hyperpyrexia 677–678
Hypertension
in intracerebral hemorrhage 178, 178,

182
management of 182–183
in PRES 469–470, 475
as risk factor of cerebral aneurysms and

SAH 201–203
Hypertensive encephalopathy 659, 771
treatment for 475

Hyperthermia
in acute ischemic stroke 155–156, 166
complications of 698
definition of 695

Hypertonic saline 718
for ICP 83

Hyperventilation 84
central neurogenic 37
effects on brain physiology 23–24
hypocarbia and 18
ICP and 67–68
for intracranial pressure 24
pathophysiologic central 16
physiologic central 17
respiratory alkalosis and 16
subarachnoid hemorrhage and 35–36

Hypoactive delirium 444–445, 452
Hypocalcemia, symptoms of 710–711
Hypocapnia, ICP and 82
Hypocarbia
acidemic 24
alkalemic 24
hyperventilation and 18, 24

Hypoglossal nerve, injury to 578–579, 581
Hypoglycemia, in acute ischemic stroke

165
Hypomagnesemia 711
Hyponatremia 707–708
traumatic brain injury and 255
volume status and 216–221

Hypoperfusion-related cerebral ischemia
640–641

Hypophosphatemia 711
Hypotension, traumatic brain injury and

245
Hypothalamus 50, 50

Hypothermia 662
complications of 697
decompressive craniectomy combined

with 310–311
ICP and 84
induced 621
induction phase of 622
intraischemic 620
maintenance phase of 622
rewarming phase of 622
for superrefractory status epilepticus

522–523
therapeutic 619–632
for traumatic brain injury 254

Hypoventilation
central alveolar 37
effects on brain physiology 23–24
from hypercarbia 17–18

Hypovolemia 697
Hypoxemia, ictal 38
Hypoxia

cellular, in brain 594–595
effects on brain physiology 17
exacerbate primary injury 24–25
injured brain and 82
with neurogenic pulmonary edema 51
traumatic brain injury and 245

Hypoxic-ischemic encephalopathy 549,
606–607

Hypoxic-ischemic injury, coma and 119

I
Ictal hypoxemia 38
ICU-acquired uremic encephalopathy,

prognosis of 769
ICU-acquired weakness

functional outcomes of 770
prediction of 770
prognosis of 769–771
prognostication and, practical

implications of 770–771
Idarucizumab 753
Idiopathic hemorrhage 196
Idiopathic hyperammonemia, after

transplantation 563
Idiopathic thrombocytopenic purpura 745
Illness trajectories 403
Immune function, impaired, TH and

626–627
Immune reconstitution inflammatory

syndrome 566
Immune-mediated encephalitis 344–345
Immunochromatography antigen testing,

for community-acquired bacterial
meningitis 354

Immunomodulators
in PRES 468
for superrefractory status epilepticus

522
Immunosuppressive drugs, in PRES 468,

470
Incidence, of VAP 366
Inclusion criteria, in NINDS trial 161
Increased intracranial pressure 214, 661

after ischemia 620
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Induced hypertension 663–664
Induced hypothermia 621
Induction agents, drug toxicity and

554–555
Induction phase, of hypothermia 622
Infarction

brain, hypotension and 22–23
with hemorrhagic transformation, acute

ischemic stroke and 154–155
Infections

in comatose patient 126
hyponatremia and 697
PRES and 468, 470
SAH and 196
in traumatic brain injury 33–34
urinary tract, in comatose patient 127

Infectious Disease Society of America 367
Infectious myelopathies, management of

332
Inflammation

in intracerebral hemorrhage 180
Inflammatory demyelinating myelitis,

hospital course andmanagement of
332

Inflammatory mediators, for septic
encephalopathy 676–677

Inflammatory response, of ischemic brain
tissue 156

Infusion, of cold fluids, in cooling process
621

In-hospital cardiac arrest 593–594
Insula 50, 51

nonlacunar stroke syndromes
and 52

Insulin resistance, TH and 626
Intensive Blood Pressure Reduction in

Acute Cerebral Hemorrhage 2 trial
182

Intensive care 3
see also Critical care medicine
early beginnings of 4–7
monitoring of the patient 10
statistical models used in 10

Intensive Care Delirium Screening
Checklist 453, 454, 551, 772

Intensive care unit 443
acute ischemic stroke and

156–158, 158
closed 11
consults in 444
complexity of, neurologic 446
essentials of, neurology 445
surgical and trauma 445

delirium in 450
hospital course and management of
455

precipitating factors in pathogenesis
of 451

predisposing factors in pathogenesis
of 451

neurologic conditions in 446
neurologic models 11
open 11
posterior reversible encephalopathy

syndrome 467–484

Intensive care unit (Continued)
precursor of 6
weakness in 445

Intensive care unit-acquired weakness
531–544

clinical presentation of 534–535
clinical trials and guidelines 537–539,

538
complex clinical decisions 539
differential diagnosis 539
epidemiology of 531–532
hospital course and management of

536–537
models for 533
neurodiagnostics 535–536
neuropathology 532–533, 532
neurorehabilitation for 539
outcome prediction 539
risk factors for 533–534
terms for 532

Intensive physical therapy, for cognitive
impairment 584

Interleukin-2 724–725
Internal mammary artery dissection 579
International Encephalitis Consortium,

and diagnosis of encephalitis 340
International Mission for Prognosis and

Analysis of Clinical Trials 386
International normalized ratio 748–749
International Stroke Trial 164–167
Internuclear ophthalmoplegia, and

calcineurin inhibitors 556
Intervention, triggers for 216–221
Intoxication, coma due to 120
Intra-arrest therapeutic hypothermia 599
Intra-arterial thrombectomy, acute

ischemic stroke and 163–164, 164
Intra-arterial thrombolysis
acute ischemic stroke and 163
for ischemic stroke 583

Intracerebral hemorrhage 49, 197, 725
CBN and 53
clinical trials and guidelines in 624
common neurocardiac sequelae of 54
epidemiology of 575–576
hospital course and management

of 583
management of 177–194, 210

clinical presentation of 180
clinical trials or large studies of 185
complex clinical decisions in
186–188

definition of 177
epidemiology of 177–178
guidelines to 182–186
hospital course and management of
182–186

introduction of 177
neurodiagnostics and imaging of
180–182, 181

neuropathology of 178–180
neurorehabilitation in 189
outcome prediction of 188–189, 188

neuropathology of 578
patients with 51, 57

Intracranial hemorrhage
antithrombotic-associated 744–745,

751–754
fibrinolytic-associated 750
in PRES 476
thromboembolic complications of 757
traumatic brain injury and 240–241

Intracranial hypertension
cerebral autoregulation and 68–69, 68
essential principles of 67–68
neuropathology of 67–69
optimal CCP and 68
pathophysiology of 67–69
prevention of 81–83, 81–82
semiquantitative relationship and 67–68
traumatic brain injury and 245

Intracranial pressure 67, 204
airway pressure and 25
amplitude of pulsatile component

of 69, 69
clinical presentation and

neurodiagnostics of 70–80
attempts to measure 70–71
autoregulation and 74
cerebrovascular pressure reactivity

and 74
critical 68, 74–78
ICP analysis, methods of 79–80
measurement, methods of 70
pressure-volume compensatory

reserve and 69, 78–79, 79
raised ICP, consequences of 80
typical waves and trends in 71–74, 72

dynamic components of 68
hospital course and management of

81–86
acute exacerbations of, treatment of

85
continuous measurement of 85–86
hyperosmolar treatment for 83–84
raised ICP, treatment of 81–86, 81, 86
therapies for 84
treatment threshold of 81

hyperventilation for 24
increased 661, 715–718
clinical presentation 716–717
epidemiology in 715–716, 716
hospital course and 717–718
management and 717–718
neuroimaging 717, 717
neuropathology and 716
pathophysiology and 716

intubation for elevated 22
management of 187
monitoring of 67–90
peaks of 71–72, 73
plateau waves of 72–73, 74
slow vasogenic waves of 72, 73
power of 80

therapeutic targets for 78
in traumatic brain injury 34
management protocols of 255–257,

256
monitoring of 254

treatment of 67–90
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Intracranial pressure (Continued)
value of 85–86
variations of 70, 70
waveforms

arterial pressure and 71
pulse, morphologic analysis of 80

Intracranial pressure monitoring 95–96
Intramedullary lesions, neuroimaging for

325–328, 326–329
Intraoperative Hypothermia for Aneurysm

Surgery Trial 624
Intraparenchymal cerebral oxygen

monitoring 97
Intraparenchymal hemorrhage
antithrombotic-associated 746
in PRES 473
recurrence of 758

Intraparenchymal microtransducers 70
Intrathecal antibiotics 373
Intravenous immunoglobulin 661
for West Nile virus 343

Intravenous thrombolysis trials, acute
ischemic stroke and 161–162, 162

Intraventricular hemorrhage 197
management of 187–188, 188

Intubation
alternatives to 19
contraindications to 19
in elevated intracranial pressure 22
in impaired cerebral perfusion 22–23
peri-, reducing risk 20
preparation of 18–20
in unstable cervical spine 23

Iodinated contrast dye, in acute ischemic
stroke 160

Iron lung 4
Ischemia 372, 595
brain, hypotension and 22–23
brain injury and 96
cerebral delayed 204–205, 211–213

angiographic vasospasm 204–205
cortical spreading depolarization/
ischemia 205

microthromboembolism 205
pathophysiology of 204
prophylaxis and treatment of
212–213

in delirium 452
traumatic brain injury and 241

Ischemic penumbra, acute ischemic stroke
and 155–156

Ischemic stroke 49
CBN and 53
common neurocardiac sequelae of 54
consequences of 55–56
in critically ill pregnant patients 666
epidemiology of 575
hospital course and management of

582–585
neuropathology of 577–578
outcome prediction 585–586
patients with 51

cardiac ischemia in 53–54
TH and 624–625

Isocitrate dehydrogenase 1 718–719

Isocitrate dehydrogenase 2 718–719
Isoflurane, for superrefractory status

epilepticus 522
Isotonic solutions, in intracerebral

hemorrhage 182
IT rituximab 724–725
IV tPA treatment (tissue plasminogen

activator), in acute ischemic stroke
156

after, patient management 162–163
prior to, patient management 162

IV vitamin K, in intracerebral hemorrhage
183

J
Japanese encephalitis virus 338–339, 343
JC virus, and CNS infections 564
Jugular venous bulb oximetry 96–97
Jugular venous bulb oxygen saturation 80
Jugular venous saturation 96

K
Kainic acid-induced NCSE 134
“Keraunoparalysis,” 689
Ketamine 22, 489–490, 522
for refractory status epilepticus 519

Kidney dysfunction, TH and 626
Kidneys
pathophysiology of 414
PCAS and 596

Klebsiella pneumoniae 366–367
K€olliker fuse nuclei 36–37

L
Labetalol, for cerebral hyperperfusion

syndrome 584–585
Lacosamide 521–522, 719
for neurologic complications of

transplantation 553–554
for seizures 516

Lactate/pyruvate ratio 98
Lamotrigine 719
Large cerebral hemisphere, acute ischemic

stroke and 154
Large hematoma volume, in intracerebral

hemorrhage 181–182
Laryngeal nerve, injury to 579
Laryngismus stridulus 710–711
Laser Doppler flowmetry 100
Lassen’s autoregulation curve 68–69, 68
Latex agglutination, for

community-acquired bacterial
meningitis 354

LEMON mnemonic 18
Length of stay, in ICU, mortality and

769–770
Leptomeningeal metastases 723–725, 724,

728
Leukemic coagulopathy 747
Leukemic promyelocytes 747
Leukoaraiosis 746
Levetiracetam 521, 719
for neurologic complications of

transplantation 553–554
for seizures 516, 517

Lidocaine
for cognitive impairment 584
for superrefractory status epilepticus

522
Life-sustaining interventions,

de-escalation of
in neurocritical care 397–408
neurologic disorders requiring 397–398
prognostic models and factors

associated with 401–403
Light microscopy, CBN and 53
Light transmission aggregometry 749
Lightning 689–691

clinical presentation of 690, 690
clinical trials and guidelines of 691
complex clinical decisions of 691
epidemiology of 689
hospital course and management of 691
neurodiagnostics and imaging of 690
neuropathology of 689
neurorehabilitation of 691
outcome prediction of 691

Limbic encephalitis 729
Linezolid, drug-induced encephalopathy

and 768
Lipohyalinosis, in intracerebral

hemorrhage 178
Lipopolysaccharides 676
Lipoprotein 727
Listeria monocytogenes 350, 372,

727–729
Listeria monocytogenes meningitis 565
Listeriosis, after transplantation 561, 565
Liver 697–698

pathophysiology of 415
PCAS and 596

Liver failure
acute, coagulopathies and 755–756
of coagulopathies 745, 747–748

Liver transplantation
neurologic complications of, prognosis

of 776–777
PRES in 468, 470

“Locked-in” state 169–170
Long term cognitive decline 578
Long-latency evoked potentials 384–385
Lorazepam

for intracranial hypertension 82–83
for seizures 515–517, 516
IV, administration of 517

for status epilepticus 140
Low tidal volumes, lung-protective

ventilation utilizing 41
Low-molecular-weight heparin 727, 752

intracranial hemorrhage and 744
for spinal cord injuries 291

Lucid interval, in traumatic brain injury
240–241

Ludwig Guttmann 8
Lumbar puncture

of aneurysmal subarachnoid
hemorrhage 207

for bacterial meningitis 352–353
for seizure patients 513–514

Lumbar spine, MRI of 328
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Lumbosacral plexus injury 648, 649
clinical deficits from 648
from hip dislocation 648
management of 650

Lund concept, for traumatic brain
injury 41

Lung cancer 720
Lung dysfunction

cytokine-mediated inflammation in 40
goal of management of 41
pathogenesis of 34–35
subarachnoid hemorrhage in 35

Lung-protective ventilation 25
utilizing low tidal volumes 41

Lungs
care in comatose patient 127
pathophysiology of 414

M
Maastricht classification, of

nonheart-beating donors
411, 412

Machine perfusion, cold storage versus
415–416

Magnesium
infusion, in shivering 625–626
neurologic manifestations of

disturbances 711
for superrefractory status epilepticus

523
Magnesium sulfate 666

in PRES 475
Magnetic resonance angiography, in brain

death 425–427
Magnetic resonance imaging

for acute encephalitis 340
of aneurysmal subarachnoid

hemorrhage 206–207
in arterial dissection 635–636
brain 679
acute ischemic stroke and 160

for brain abscess 355
in comatose patient 125
of head 328
of lumbar spine 328
in PRES 473
for seizures 514
for spinal cord emergencies 324–325,

325–326
of spinal cord injuries 282
in status epilepticus 140
for subdural empyema edema 356
for traumatic brain injury 246–247,

246–247
ultrasound and noncontrasted 665
without contrast, in intracerebral

hemorrhage 180
Magnocellular neurons 706–707
Maintenance phase, of hypothermia 622
Malignant MCA stroke 169
Mannitol 708, 718

for ICP 83
Mask ventilation, preparation of 18–19
Maternal brain death 669
Maximal inspiratory pressure 233

Mechanical ventilation 41, 601
in acute brain injury, airway

management and 15–32
problems after 23

in acute ischemic stroke 154
discussion of, with families 403
for traumatic brain injury 252

Medical Research Council scale 535
Medication, care in comatose patient 127
Melanoma 715–716
Memantine, for cognitive impairment 584
Meningiomas 715–716
Meningitis 337–338
bacterial, coma and 120
complications of decompressive

craniectomy 311
Meropenem 373
Mesial temporal-lobe epilepsy 52
Metabolic acidosis, in comatose patient

124–125
Metabolic disorders 579
Metabolic neuroimaging 383–384
Metabolism
of CSF leukocytes 372
disorders of, PRES and 468

Metastatic epidural spinal cord
compression

etiologies and clinical pearls of 322–323
hospital course and management of

330–331
neuropathology of 320

Methicillin-resistant S. aureus 366–367
Methylamine 708
Methylprednisone, for superrefractory

status epilepticus 522
Metronidazole, drug-induced

encephalopathy and 767
Microcirculation, for septic

encephalopathy 677
Microcirculatory dysfunction 205
Microglial cells 677
Microtubule-associated protein 385
Midazolam
infusion, seizures during 108
for intracranial hypertension 82–83
intramuscular, for seizures 517
for refractory status epilepticus 518, 519
status epilepticus and 140, 142

Middle cerebral artery 70–71
Middle cerebral artery infarction,

randomized controlled trials of
decompressive craniectomy for
306–309, 307

Migraine 660
Minimally conscious state 380
Minimally Invasive Surgery and rt-PA for

Intracerebral Hemorrhage
Evacuation II trial 187

Mitochondrial DNA haplotype K, in
traumatic brain injury 241–242

Mitochondrial dysfunction 677
in traumatic brain injury 242–243

MOANS mnemonic 18
Mobilization, for intensive care

unit-acquired weakness 536

Modified Rankin Scale 158
in intracerebral hemorrhage 182

Modulators, during seizures 510
Monocyte chemoattractant protein 1

199–200
Monro-Kellie doctrine 67, 299
Monro-Kellie hypothesis 716
Montages, electroencephalography

113–114
Mortality
after delirium 772
ICU-LOS and 769–770

Motility 697
Motor response, in Full Outline of

Unresponsiveness score 122
Motor system, testing of, in comatose

patient 122
Motor unit action potentials, and

myopathy 536
Motor vehicle collisions 635
Movements, nature of 109
MR angiography, acute ischemic stroke

and 160
MR CLEAN 163–164, 164
MR perfusion, acute ischemic stroke and

160
Multidetector computed tomography, for

traumatic brain injury 246
Multifactorial metabolic encephalopathy,

in critical illness 444
Multifocal myoclonus 552–553, 678
Multimodal brain monitoring, ICP with 80
Multimodal neurologic monitoring

91–106, 93–94
bioinformatics 100–101
brain metabolism and cerebral

microdialysis 98–100
brain tissue oxygenation 96–98
cerebral blood flow 100
electroencephalography for 92–95
intracranial pressure monitoring 95–96
monitoring modalities

recommendations for 92
transcranial Doppler ultrasonography

100
Multimodal prognostication, after cardiac

arrest 606–607, 608–609
Multiple sclerosis 322–323, 327
Multiple trauma, in traumatic brain injury

260
Multiple-organ failure, and intensive care

unit-acquired weakness 533–534
Muscle immobilization, and intensive care

unit-acquired weakness 533
Muscle specific tyrosine kinase antibodies

233
Muscle ultrasound, and intensive care

unit-acquired weakness 536
Muscle weakness 532, 532
Muscular system 698
Mutism, akinetic, after transplantation 552
Myasthenia gravis 230
respiratory failure in 233
specific treatment for 234

Myasthenic crisis 231
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Mycobacterium tuberculosis 727–729
intramedullary infectious myelopathies

and 323
Myelopathies, autoimmune,

demyelinating, and other
inflammatory 321

Myocardial CBN 52–53
Myocardial dysfunction, post cardiac

arrest 596
Myoclonic status epilepticus 135,

523–524, 523, 552–553
Myoclonus, multifocal 552–553
Myocytolysis 52–53
intracranial pressure associated with 53

Myofibrillary degeneration 52–53

N
N20 signals 384
Naloxone 489
National Acute Brain Injury Study:

Hypothermia II 623
National Comprehensive Cancer Network

guideline 723
National Emergency X-Radiography

Utilization criteria 281
National Healthcare Safety Network 366
National Institutes of Health Stroke Scale

157
Near-infrared spectroscopy 97–98
for traumatic brain injury 250

Neck trauma, penetrating, spinal cord
injuries and 277

Necrosis, intracranial pressure associated
with 53

Needle biopsy, and intensive care
unit-acquired weakness 536

Needle cricothyroidotomy, for difficult
airway 21–22

Neisseria meningitidis, in bacterial
meningitis 350

Neoplasms, SAH and 196
Neostigmine 549–550
Nerve conduction studies 664
for intensive care unit-acquired

weakness 535
for neurologic complications of

transplantation 560
Nerve/plexus injuries 648–650
clinical presentation in 648, 649
clinical trials and guidelines in 650
complex clinical decisions in 650
epidemiology of 648
hospital course of 650
neurodiagnostics and imaging in

648–650
neuropathology of 648
neurorehabilitation of 650

Neural autoantibodies, for spinal cord
emergencies 330

Neurocardiology 49–66
abstract of 49
anatomy and physiology of 49–53, 50
introduction of 49
neurocritically ill patients, cardiac

disease in 53–61

Neurocardiology (Continued)
cardiac dysfunction and 57–58
subarachnoid hemorrhage and 57–58
tako-tsubo cardiomyopathy and

59–61, 59–60
Neurocatastrophes
definition of 379
determinants of prognosis in 379–396
etiologic classification of 380
multivariable models 386–387
neurobiology 381
phenotypes of recovery 380–381
prognostic variables 381–386

Neurocritical care. see also Critical care
medicine; Critical care neurology;
Intensive care

history of 1–14
in 21st century 12
early beginnings of 4–7
interactions with other specialties 11
major landmarks in development

of 9
monitoring of the patient 10
statistical models used in 10

Neurocritical Care Society 9
recommendations for multimodal

monitoring 91–92, 92
Neurocritical care unit
brain death in 404
communication in 398–400
general principles of 398–400
strategies of 400–401

conflict, and conflict resolutions in 403
illness trajectories and 403
introduction to 397
life-sustaining interventions in,

de-escalation of 397–408
neurologic disorders requiring

397–398
prognostic models and factors

associated with 401–403
mechanical ventilation in, discussion of,

with families 403
organ donation in 404
religious, and spiritual support, of

family choices 404
surrogate decision makers in 398

Neurocritically ill patients, cardiac disease
in 53–61

Neurodiagnostics, of intensive care
unit-acquired weakness
535–536

Neurofilament proteins, in traumatic brain
injury 248

Neurogenic pulmonary edema 38–39, 39
hypoxia with 51
management of 41
subarachnoid hemorrhage and 35

Neurogenic shock 324
Neuroimaging, in cardiac arrest 598–599,

606, 606–607
Neurointensive care programs 230
Neurointensive care unit
in acute ischemic stroke 154
organ donation and 411

Neurointensive care unit-related infections
bacteremia 369–370
conclusion 375
introduction in 365
management of 365–378
pneumonia 365–369, 366
postneurosurgical wound 373–375
urinary tract 370–371
ventriculitis 371–373

Neurointensivists, practice of 12
Neuroleptic malignant syndrome 552
Neurologic complications, in critically ill

pregnant patients 657–674
abnormal level of consciousness 661
clinical presentation of 659–661
clinical trials and guidelines 667–668
complex clinical decisions 668–669
epidemiology of 657–658
generalized weakness 661
hospital course and management

665–667
increased intracranial pressure 661
neurodiagnostics and imaging

664–665
neuropathology of 658–659
neurorehabilitation 670
new focal neurologic signs of 660
outcome prediction of 669
pregnancy-related clinical syndromes

661–664
seizures 659–660
serious headaches 660, 660
treatment of specific conditions

666–667
Neurologic consults, in ICU

complexity of 445–446, 446
essentials of 445

Neurologic disorders, requiring
de-escalation of life-sustaining
interventions 397–398

Neurologic presentation 382
Neurologic symptoms, causes of sudden

onset of 659
Neurological system 697–698
Neuromuscular blockade 600–601
Neuromuscular disorders, acute

clinical features of 231
diagnostic tests of 233–234
epidemiology of 230
hospital course and further management

234–235
management of 229–238
neuromuscular respiratory failure

231–233, 233
neurorehabilitation 235
pathophysiology of 230–231

Neuromuscular respiratory failure
231–233, 233

acute, causes of 230
Neuromuscular syndromes, and drug

toxicity 558–559
Neuromyelitis optica spectrum disorder

321, 322–323, 327
Neuronal cell death 428
Neuronal nitric oxide synthase 594–595
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Neuron-specific enolase 385, 597–598
in traumatic brain injury 248

Neuro-oncologic emergencies
direct effects of cancer 715–725
iatrogenic neurologic emergencies

733–734
indirect complications of 725–733
introduction of 715
management of 715–742, 735–736

Neuropathology
of aneurysmal subarachnoid

hemorrhage 196–205
of intensive care unit-acquired

weakness 532–533, 532
Neurophysiologic testing 384–385

in cardiac arrest 598, 605
Neuropsychologic evaluation, long-term

care, rehabilitation 216–221
Neuropulmonology 33–48

introduction to 33
neurocritical disorders associated with

pulmonary disease 33–40
Neurorehabilitation 235

of aneurysmal subarachnoid
hemorrhage 222

in cardiac arrest 607–608
for comatose patient 127–128
for intensive care unit-acquired

weakness 539
neurologic complications, in critically

ill pregnant patients 670
for neurologic complications of cardiac

and vascular surgery 587
for PRES 479
for traumatic brain injury 261

Neurotransmitters
after ischemia 620
during seizures 510

New-onset RSE 132
autoimmune encephalitis and 144–145

Nicardipine, for cerebral hyperperfusion
syndrome 584–585

Nimodipine 216–221
NINDS trial (National Institute of

Neurologic Disorders and Stroke)
161

Nitric oxide 716
Nitric oxide synthase 620
Nitroprusside, for cerebral hyperperfusion

syndrome 584–585
N-methyl-D-aspartate receptors 594–595
Nocardia asteroides 727–729
Nocardiosis, after transplantation 561, 565
Nomogram, for time and death following

WLST 413
Nonaneurysmal perimesencephalic SAH

196
Nonbacterial thrombotic endocarditis 725
Noncontrast head CT 717

acute ischemic stroke and 158–159, 159
Nonconvulsive seizures, incidence of

107–108
Nonconvulsive status epilepticus 132, 507,

552, 719
in coma 134–136

Nonconvulsive status epilepticus
(Continued)

comatose patients with 143
criteria for 514–515, 515
diagnosis of 139

benzodiazepine trial for 514–515,
515

focal
with impaired consciousness 136
without impaired consciousness 136

incidence of 107–108, 109
kainic acid-induced 134
mechanisms of 510
patterns in critical illness 143
phenotypes of 508
with preservation of consciousness 143
semiologic spectrum of 512
without coma 136

Nondepolarizing neuromuscular
paralytics, in intracerebral
hemorrhage 182

Nonfatal drowning 691–695
clinical presentation of 692–693, 692
clinical trials and guidelines of 694
complex clinical decisions of 694
epidemiology of 691
hospital course and management

693–694
neurodiagnostics and imaging of 693
neuropathology of 692
neurorehabilitation of 695
outcome prediction of 694–695

Noninvasive positive-pressure ventilation
19, 665

Noninvasive ventilation, contraindications
to 19

Nonlacunar stroke syndromes, insula and
52

Nonspecific reversal agents 753
Normal respiration 16
Normal ventilation 36
Nurses, critical care 7
Nursing care, in early beginnings of

neurocritical care 7
Nutrition, for comatose patient 125, 127

O
Obstructive sleep apnea, stroke and 36
Obtundation 708
Oligoastrocytomas 718
Oligodendrogliomas 718
Onconeural antibodies 729–732
Opioids 487–489
clinical course for 488–489
clinical presentation in 488
complex clinical decisions for 489
in delirium 457
drug-induced encephalopathy and 768
epidemiology of 487
laboratory testing and imaging in 488
management of 488–489
pharmacology of 487–488
receptors of 487–488, 488
for traumatic brain injury 253–254

Opportunistic infections, and neurologic
complications of transplantation
548, 561

Optimal CPP 68, 74–78
Organ
preservation 419–420
recovery, prior to death 417–419
support 428–429

Organ donation 404
after brain determination of death/

heart-beating donors 420–432
background of 409–411
deceased 409–410
demand and supply mismatch in 410
donation after brain death 411
donation after circulatory death

411–420
neurointensive care unit and 411
organ and
preservation of 419–420
recovery of 417–419
support of 415–416, 428–429

protocols 409–440
Organ Procurement and Transplantation

Network 421
Organ procurement organizations 430
Organ transplant 545
procedures for 546

Orthostatic hypotension 720
Osmolytes 708
Osmoreceptors 705–706
Osmotherapy, for ICP 67–68
Osmotic demyelination syndrome 557,

709–710
Osmotic therapy, for traumatic brain injury

255
Ottawa SAH rule 205–206
Out-of-hospital cardiac arrest 593
score 386

Oxygenation, in subarachnoid hemorrhage
36

P
P300 wave 385
Pain 720–721
Pancreas 697
pathophysiology of 415

Pancreatitis, graft 415
Papilledema 716
Paracetamol (Acetaminophen) in Stroke

trial 166
Paraneoplastic neurologic disorders

729–733, 730–732
Paraplegia, in surgical ICU 445
Parasites, intramedullary infectious

myelopathies and 323
Paroxysmal sympathetic hyperactivity

syndrome, in comatose
patient 126

Partial thromboplastin time, active 749
Patent foramen ovale 693
Patients in persistent vegetative state,

diagnosis of 129
PbtO2, traumatic brain injury and 249
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Penetrating neck trauma, spinal cord
injuries and 277

Penicillin, drug-induced encephalopathy
and 768

Pentobarbital
ICP and 84–85
for refractory status epilepticus 518, 519

complications of 518
Penumbral brain tissue, in acute ischemic

stroke 155
Peptic ulcers, prophylactic treatment for

718
Perceptual disturbances, in delirium 452
Percussion peak, ICP and 71–72, 73
Percutaneous tracheostomy 27
Perihematomal edema, in intracerebral

hemorrhage 180
Perihematomal ischemic penumbra, in

intracerebral hemorrhage 182
Peripheral nervous system, and graft-

versus-host disease 563
Peripheral neuropathies 686
clinical presentation of 581
epidemiology of 577
hospital course and management of 585
intraoperative monitoring for 581–582
neuropathology of 579
outcome prediction 587

Peritumoral edema 716
Petechial hemorrhage, in acute ischemic

stroke 154–155
pH, effects on brain physiology 17–18
Pharmacologic therapy, for spinal cord

injuries 288–289
Pharmacoresistance, of seizures 510–512
Pharmacotherapy, status epilepticus and

137–139, 140–142
Phencyclidine 489
Phenobarbital 522, 719
for seizures 516

Phenylethylamines 496
Phenytoin 520–521, 719
for intracranial hypertension 83
for neurologic complications of

transplantation 553
for seizures 516

Phosphate 711
Phrenic nerve, injury to 579, 581
Physical examination, with MRC scale

535
Physiotherapy, for traumatic brain injury

261
Physostigmine 495
Piperacillin-tazobactam 368
Piracetam, for cognitive impairment 584
Pituitary apoplexy 664
Plasma exchange 661
Plasmapheresis, for superrefractory status

epilepticus 522
Plateau waves 67–68, 716
Platelet function assays 749
Platelets 698
Pneumonia 365–369
aspiration and 367
bronchial cultures and 367

Pneumonia (Continued)
causative organisms 366–367
diagnosis 367
stroke and 36
treatment in 368–369, 368

Poisoning, coma due to 120
Poliomyelitis, epidemics 4
in Denmark 4–6, 5
in Minnesota 6–7

Poliovirus, intramedullary infectious
myelopathies and 323

Polyalcohols 708
Polycystic kidney disease, autosomal

dominant, as risk factor of cerebral
aneurysms and SAH 201–203

Polymerase chain reaction
for acute encephalitis 340
analysis 727–729
for diagnosing bacterial meningitis

353–354
Polymorphisms, in traumatic brain injury

241–242
Polytrauma
altered mental status in 641–645
definition of 633
electroencephalography and 645–646
neurologic complications of 633–656,

634
neuromuscular complications in

648–650
neurovascular complications of

635–641
arterial dissection 635–637
coagulopathy-related neurovascular

phenomena 637–638
embolic strokes 638–640
hypoperfusion-related cerebral

ischemia 640–641
other vascular complications in 641
seizures and 645–646, 646
spinal complications in 646–648
clinical presentation of 647
clinical trials and guidelines of 647
complex clinical decisions of

647–648
epidemiology of 646
hospital course and 647–648
neurodiagnostics and imaging

of 647
neuropathology of 646–647
neurorehabilitation/outcomes

of 648
Pons 178, 178
Pontine lesions, in comatose patient 122
Positive end-expiratory pressure 41
Positron emission tomography 213
for spinal cord emergencies 328–329,

328
for traumatic brain injury 244

Post cardiac arrest syndrome 595–596
Post intensive care syndrome 531
Postarrest therapeutic hypothermia 599
Postendovascular care, acute ischemic

stroke and 155
Postepidural headache 660

Posterior reversible encephalopathy
syndrome 555, 555–556, 557, 771

autoregulatory failure in 469–470
clinical presentation of 471, 471
clinical trials for 478
complex clinical decisions for 478–479
conditions and medications associated

with 468
diagnosis of 556
proposed algorithm for 479

differential diagnosis in 472
endothelial dysfunction in, other causes

of 470–471
epidemiology of 468
gadolinium enhancement in 475
guidelines for 478
histopathology in 471
hospital course and management for

474–476, 477
hypertension in 469–470
imaging in 472–474, 473, 476
in intensive care unit 467–484
neurodiagnostics in 471–474
neuropathology of 468–471
neurorehabilitation for 479
outcome prediction in 476–478
pathophysiology of 468–471
recurrent 477–478
restricted diffusion in 474

Posterior reversible syndrome, prognosis
of 771

Postictal 718–719
Postneurosurgical wound infections

373–375
Postoperative complications, of

subarachnoid hemorrhage 212
Postoperative encephalopathy, after

transplantation 551–552, 551
Postpartum woman, differential diagnosis

for seizure in 659
Postreperfusion syndrome 549
Postthrombolysis transfers, acute ischemic

stroke and 158
Posttransplantation lymphoproliferative

disorder 566, 566
Posttraumatic cardioembolic strokes 638
Posttraumatic cerebral infarction 637
Posturing reflexes, comatose patient and

123
Power lines, accidents with 689–691

clinical presentation of 690, 690
clinical trials and guidelines 691
complex clinical decisions of 691
epidemiology of 689
hospital course and management

of 691
neurodiagnostics and imaging of 690
neuropathology of 689
neurorehabilitation of 691
outcome prediction of 691

Practical guidance for prognostication in
comatose cardiac arrest survivors
(2015 guidelines) 773, 774

Prasugrel 744–745
Pre-B€otzinger complex 36–37
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Pre-eclampsia 658–659, 661–664
incidence of 657
PRES and 468, 470

Pregnancy 658
emergency and pathologic causes of

headache during 668
in status epilepticus 145

Pregnancy-related clinical syndromes
661–664

Prehospital management, in intracerebral
hemorrhage 182

Preintubation neurologic evaluation 19–20
standard elements of 20

Preoxygenation, in intubation 22
Pressure ulcers, spinal cord injuries and

277
Pressure-reactivity index 74, 96

of traumatic brain injury 250, 251
variability in 77

Pressure-volume compensatory reserve
69, 78–79, 79

Prevalence, of VAP 366
Primary graft dysfunction 414
Prognosis on Admission of Aneurysmal

Subarachnoid Hemorrhage scales
206, 206

Prognostic models and factors,
de-escalation of life-sustaining
interventions associated with
401–403

Prognostication
cerebral microdialysis for 98–99
in continuous EEG 110–113, 112
electroencephalography for 94

Progressive multifocal encephalopathy
557

Progressive multifocal
leukoencephalopathy, after
transplantation 561, 564–565, 565

Proinflammatory cytokines 677
Proinflammatory signaling pathways,

activate 199–200
Prophylaxis, care in comatose patient 127
Propionibacterium acnes 727–729
Propofol 602

in ICU 644
in intracerebral hemorrhage 182
for intracranial hypertension 82–83
for refractory status epilepticus

518–520, 519
for traumatic brain injury 252–253

Propofol infusion syndrome 82–83,
518–520

status epilepticus and 142
Protamine, for heparin-associated epidural

hematoma 331
Protamine sulfate 752

in intracerebral hemorrhage 184
Proteus 366–367
Prothrombin complex concentrates

751–752
in intracerebral hemorrhage 183

Prothrombin time 748–749
Prothrombotic state, of pregnancy 658
Proximal myopathy 711

Pseudomonas aeruginosa 366–367
Puerperium, emergency and pathologic

causes of headache during 668
Pulmonary edema, neurogenic 38–39, 39
Pulmonary infiltrates 39
in subarachnoid hemorrhage 35

Pulmonary injuries, traumatic brain injury
and 260

Pulsatility index 100
Pulse oximetry 234
Pupillary light reflex 382
Putamen 178, 178
Pyridoxine, for superrefractory status

epilepticus 523
Pyruvate, in cerebral microdialysis 98
Pyuria 371

Q
Quantitative EEG 109

R
Rabies 339, 343–344, 344
intramedullary infectious myelopathies

and 323
Radcliffe respirator 7
Radiation therapy 733–734
Radiculopathy 723
Radiographic analysis, of spinal cord

injuries 278–283, 281–283
Radionuclide cerebral perfusion scan, in

brain death 425–427
Ramping up 20
Rankin scale 381
Rapid-sequence intubation, in

intracerebral hemorrhage 182
Rebleeding
initial management and prevention of

209
preventing 216–221

Receptor for advanced glycation end
products 34–35

Recombinant activated factor VIIa, in
intracerebral hemorrhage 183

Recombinant FVIIa 752
Recurrent PRES 477–478
Refractory status epilepticus 132, 142,

508–510
antiepileptic drug dosing and

pharmacokinetics for 519
hospital course and management of

518–520
mortality rate 525

Regional cerebral oximetry, for cognitive
impairment 584

Regional wall motion abnormalities 58
Regular physical exercise, as risk factor of

cerebral aneurysms and SAH
201–203

Rejection encephalopathy, after
transplantation 549–550

Relative hyponatremia 709
Religious, and spiritual support, of family

choices 404
Renal, hypothermia and 697
Renal cell carcinoma 715–716

Renal failure, PRES and 470–471
Renal system 698
Renin-angiotensin-aldosterone system

707
Reperfusion injury 595
acute ischemic stroke and 156

RESCUEicp trial 304, 305
Respiration 16
in Full Outline of Unresponsiveness

score 122
Respiratory alkalosis 16
hyperventilation and 16

Respiratory complications, brain injury
and 15

Respiratory depression, in
dextromethorphan 490

Respiratory distress syndrome, acute 25,
39–40, 39

traumatic brain injury and 260
Respiratory failure
rare causes of acute weakness and 230
spinal cord injuries and 287
spinal shock and 330

Respiratory intoxication 685–689
clinical presentation of 686–687, 687
complex clinical decisions of 688
epidemiology of 685
hospital course and management of 688
neurodiagnostics and imaging of

687–688
neuropathology of 685–686
neurorehabilitation 689
outcome prediction of 688–689

Respiratory management, for spinal cord
injuries 286–288

Respiratory muscle weakness 232
Respiratory rhythm generator mechanism

16–17
Respiratory system 697–698
Respiratory weakness 534
Restricted diffusion, in PRES 473, 474
Return of spontaneous circulation 599
Reversal agents, nonspecific 753
Reversible cerebral vasoconstriction

syndrome, PRES and 474
Reversible posterior leukoencephalopathy

555
Reversible posterior leukoencephalopathy

syndrome. see Posterior reversible
encephalopathy syndrome

Rewarming phase, of hypothermia 622
Rhabdomyolysis 497–498
Risk factors, for bacteremia 369
Risperidone, for delirium 583–584
Rivaroxaban 753
ROCKET-AF trial 744
Rocuronium 600
Rupture, cerebral saccular aneurysm and

199–200
Ruptured aneurysm repair 216–221

S
S100-B, in traumatic brain injury 248
Saphenous nerve, injury to 579, 581
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Sarcoidosis, of spinal cord 321, 322–323,
327

Scalp electrodes, for
electroencephalography 95

Scandinavian Candesartan Acute Stroke
Trial 165

Schistosomiasis, intramedullary infectious
myelopathies and 323

Secondary brain injury, cerebral
microdialysis for 99

Sedation
depth of, monitoring 109
for traumatic brain injury 252–254, 253

Sedative-hypnotic toxicity 485–487
agents in, abused in 485–486, 486
clinical course for 487
clinical presentation in 486
complex clinical decisions for 487
epidemiology of 485–486
laboratory imaging and testing in

486–487
management of 487
pharmacology of 486

Sedative-hypnotic withdrawal 490–493
alcoholic hallucinosis in 491
alcoholic tremulousness in 491
alcoholic withdrawal seizures in 491
clinical course for 491–493
clinical presentation of 491
complex clinical decisions for 493
delirium tremens in 491
epidemiology of 490–491
laboratory testing and imaging in 491
management of 491–493
pharmacology of 491

Seizures 38, 216–221, 645–646, 646, 716
activity 384
acute ischemic stroke and 155
after transplantation 552–553

evaluation management of, algorithm
for 553

of aneurysmal subarachnoid
hemorrhage 214

cerebral ischemia and 83
clinical presentation of 580, 580
in critically ill 507–530

clinical presentation of 512
clinical trials and guidelines for 524
complex clinical decisions in
524–525

epidemiology of 508–510
hospital course and management of
515–524

imaging 512–515
neurodiagnostics 512–515
neuropathology of 510–512
neurorehabilitation for 525
nonconvulsive, semiologic spectrum
of 512

outcome prediction in 525
pharmacoresistance in 510–512
prophylaxis in 524
substances causing 513–514

in critically ill pregnant patients
659–660, 666

Seizures (Continued)
detection and management of 107–109,

108, 109
epidemiology of 576
hospital course and management of 583
ICP and 83
management of 184
neuropathology of 578
nonconvulsive 552
electrophysiologic evaluation

for 559
outcome prediction 586
in pregnant woman, differential

diagnosis for 659
in PRES 471, 474–475
prophylaxis, for traumatic brain injury

254–255
SUDEP and 56
traumatic brain injury and 92–93, 245

Sepsis
clinical presentation and

neurodiagnostics 678–679
epidemiology of 675–676
hospital course and management

679–680
intensive care unit-acquired weakness

and 533–534
neurologic complications of 675–683
PRES and 468, 470
signs of 369

Sepsis-associated delirium 676
Septic encephalopathy 675–683
clinical presentation and

neurodiagnostics 678–679
definition of 676
epidemiology of 675–676
hospital course and management

679–680
neuropathology of 676–678
signs and symptoms of 678

Serratia marcescens 366–367
Serum inflammatory markers, for

diagnosing bacterial meningitis
354

Serum S-100B protein 597–598
SETscore 27
Sexual disturbances 720
SGE-102, for seizures 524
Shivering
management of 600–601
TH and 625–626

Shock ward 6
Short-term cognitive decline 578
Signs/symptoms, of CAUTI 370–371
“Sinking skin flap syndrome,” 312
Sinoatrial node 49–50, 50
Sirolimus, for drug toxicity 557–558
Skin
care in comatose patient 127
hyponatremia and 697

Sleep-disordered breathing, stroke and 36
Sleep-wake cycle, in delirium 457
SLUDGE acronym 231
Smoking, as risk factor of cerebral

aneurysms and SAH 201–203

Society of Critical Care Medicine 6
Sodium, perturbations of 705
Sodium channel blockade, in cocaine 498
Sodium regulation 707
Solitaire Flow Restoration device 163
Somatic support, in pregnant women 669
Somatosensory evoked potentials

112–113, 384
in neurophysiologic testing 605
reliability of 775
TH and 621

Sonography, transcranial Doppler
70–71

aII-Spectrin breakdown products, in
traumatic brain injury 248

Sphincter dysfunction 720
Spinal clearance, for spinal cord injuries

276
Spinal cord compression 720–721
Spinal cord emergencies

clinical presentation of 321–324,
322–323

diagnosis of 319–336
epidemiology of 319
examination patterns in 324
hospital course and management of

330–333
management of 319–336
neurodiagnostics and imaging in

324–330
neuropathology of 320–321
neurorehabilitation for 333
outcome prediction of 333

Spinal cord infarction 575
aortic dissection-associated 331
etiologies and clinical pearls of

322–323
hospital course and management of 331
neuropathology of 320

Spinal cord injuries 646, 720
clinical trials and guidelines in 625
history of care of 8
traumatic 275–298
blunt cervical trauma-associated

vascular injuries, management of
289–290, 289

clinical presentation of 276–278
clinical trials and guidelines

for 291, 292
closed cervical spine reduction for

283–286, 284
complex decision making in 289–291
deep venous thrombosis prophylaxis

for 290–291
definitive clinical assessment of

291–293
epidemiology of 275–276, 276
field triage and spine clearance for

276
hemodynamic management of

287–288
hospital course and management of

278–289
initial hospital evaluation of 278,

278, 279
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Spinal cord injuries (Continued)
initial radiographic analysis of
278–283, 281–283

pharmacologic therapy for 288–289
prehospital management of 276–278
respiratory management for 286–288
spinal immobilization in 277
transportation of patient with
277–278

Spinal epidural abscess
hospital course and management of 331
neuropathology of 320

Spinal epidural hematoma, hospital course
and management of 331

Spinal immobilization
complications of 277
methods of 277

Spinal injuries, traumatic brain injury and
260

Spinal shock
hospital course and management of 330
neuropathology of 324

Spondylotic compressive myelopathies,
management of 332

Spontaneous breathing trials 26, 26
“Spot sign,” 382–383
Staphylococcus aureus 366–367, 727–729
Static cold storage 415–416
Statins 216–221

in delirium 457
Status epilepticus 131, 384, 507, 660,

718–720
absence 136
causes of 133
clinical presentation of 134–136
complex clinical decisions in 143
convulsive 134–135
in critically ill pregnant patients 667
defined 507–508
diagnostic tests and imaging in 513
epidemiology of 132–133
etiology of 514
hospital course for 140–143
imaging in 136–140
management of 131–151, 646
myoclonic 135
neurodiagnostics and 136–140, 139
neuropathology of 133–134
nonconvulsive 132
in coma 134–136
comatose patients with 143
patterns in critical illness 143
with preservation of consciousness
143

without coma 136
outcome prediction in 145–146
pharmacotherapy and 137–139,

140–142
in pregnancy, management of 145
in PRES 474–475
refractory 132, 142, 508–510
new-onset 132, 144–145

subtle 134–136
superrefractory 132, 143–144, 144,

508–510

Status Epilepticus Severity Score 146, 525
Stereotactic radiosurgery 722
Steroids, for superrefractory status

epilepticus 522
Streptococcus pneumoniae 366–367,

727–729
in bacterial meningitis 349–350

Stress-induced cardiomyopathy, status
epilepticus and 135

Stress-related cardiomyopathy 49
SAH and 57

Stroke 36, 580
acute, NCCU population and 398
causes of 659
hemispheric, decompressive

craniectomy for 304–310
ischemic, TH and 624–625
in pregnancy 660, 662

“Stroke code” teams 156
Stroke syndrome, drug toxicity and 558,

559
Strongyloides stercoralis 727–729
Structural brain injury, acute, delirium in

450
Subacute cerebellar degeneration 729
Subacute encephalopathy 449
Subarachnoid blood 204
Subarachnoid hemorrhage 35–36, 49,

57–58
algorithm for investigation of patients

with 208
aneurysmal, cardiac enzyme with 56
causes of 196

deterioration after 212
CBN associated with 52–53
characteristics of 58
clinical trials and guidelines in 624
common neurocardiac sequelae of 54
computed tomography of different types

of 197, 207
diagnosis of cause of 207–209
differentiating from traumatic lumbar

puncture 208
early pathophysiology of 198
history of 201–203
ICH and 52–53
IS and 53
management of 58–59
pathogenesis of 58
pathology studies in 53
patients with 51
prevention of 216–221
risk factors for 201–203, 216–221
risk of 663
RWMA in, diverse pattern of 58
secondary to 212
stress-related CMO and 57
TH and 621

Subarachnoid space 320
Subdural empyema 373–374
clinical presentation of 352
complex clinical decisions in 360
epidemiology of 351
hospital course and management

of 359

Subdural empyema (Continued)
neurodiagnostics and neuroimaging of

355, 356
recommendations for initial antibiotic

therapy for 357
Subdural hematomas, traumatic brain

injury and 240–241
Subdural hygroma, complications of

decompressive craniectomy 311
Subdural space 320
Subhairline EEG 113
Substance P, during seizures 510
Succinylcholine 22
Sudden cardiac arrest 402–403
Sudden cardiac death 49
definition of 55
epilepsy and 56
tachyarrhythmias associated with 55

Sudden unexplained death in epilepsy 38,
49

definition of 56
Superrefractory status epilepticus 132,

143–144, 144, 508–510
alternative treatments for 522–523
defined 520
hospital course and management of

520–523
Supratentorial masses 716–717
Surface cooling systems 621–622
Surface echocardiography, acute ischemic

stroke and 160–161
Surface-cooling systems 599–600
Surgery, for ICP 67–68
Surgical ICUs, consults in 445
Surgical tracheostomy 27
Surgical Trial in Intracerebral Hemorrhage

I and II 186
Surrogate decision makers 398
Surviving Sepsis Campaign, further

adjunctive therapeutic measures
according to guidelines of 679

Susceptibility-weighted imaging 717
SWIFTPRIME 164
Sympathetic nerve injury 579
Sympathetic nervous system 707
Sympathetic stimulation, in autoregulation

469
Sympathomimetic toxicity 496–498
amphetamines in 496–497
cathinones in 494, 496–497
clinical presentation in 497
cocaine in 496–497
complex clinical decisions for 498
epidemiology of 496
laboratory and imaging in 497–498
management of 498
pharmacology of 496–497
phenylethylamines in 496
synthetic cathinones in 497

Symptomatic aneurysm, as risk factor of
cerebral aneurysms and SAH
201–203

Symptomatic hemorrhagic transformation,
in acute ischemic stroke 162

Syndrome of the trephined 311, 312
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Synthetic cathinones 497
Systemic disease, coagulopathies

associated with 755–756, 756
Systemic inflammatory response

syndrome
and intensive care unit-acquired

weakness 533–534
in subarachnoid hemorrhage 35–36

T
Tachyarrhythmias 55
Tako-tsubo cardiomyopathy 59–61, 59–60
status epilepticus and 135

Targeted temperature management 382,
599

for comatose survivors 602–603
neuroprognostication after cardiac

arrest using 608–609
provision of 603

Telemedicine, in intracerebral hemorrhage
182

Temozolomide 718
Temperature management, in acute

ischemic stroke 166
Temperature modulation techniques, TH

and 621–622
Temperatures, core body 626
Temporal lobe masses 716–717
Tetany 710–711
Thalamus 50, 50, 178, 178
“The Milwaukee protocol,” 343–344
Therapeutic hypothermia 601–602
clinical trials and guidelines in 622–625
complex clinical decisions in 625–627
description of 619
hospital course and management of

621–622
intra-arrest 599
neurodiagnostics and imaging in 621
neuropathology in 619
outcome prediction in 627
postarrest 599
protocols 619–632

Thermal burns 685–689
clinical presentation of 686–687, 687
complex clinical decisions and 688
epidemiology of 685–689
hospital course and management of 688
neurodiagnostics and imaging of

687–688
neuropathology 685–686
neurorehabilitation of 689
outcome prediction of 688–689

Thermoregulation 697
Thiamine deficiency 487
Thoracoabdominal asynchrony 232
Thrombectomy, for ischemic stroke 583
Thrombin inhibition, assays for measuring

750
Thrombin time 750
Thrombocytopenia
epidemiology of 745
management of 754
neuropathology of 745–747

Thromboelastography 750

Thrombolysis, for spinal cord infarction
331

Thromboprophylaxis, for traumatic brain
injury 258

Thyroid carcinoma 715–716
Ticagrelor 744–745
Tick-borne encephalitis 338–339, 343
Time to treatment, and seizures 517
Tissue plasminogen activator

administration 161–162, 162
Todd’s paralysis 719
Tonic-clonic seizures 711
Topiramate, for superrefractory status

epilepticus 522
Toxemia 658–659
Toxic-metabolic encephalopathy 340
Toxicology 485
panel, for seizure patients 513–514

Toxidrome-oriented physical examination,
in unknown ingestion 499–500

Toxins, SAH and 196
Toxoplasma, after transplantation 561
Toxoplasma gondii 727–729
Toxoplasmosis, after transplantation 564
T-piece trials 26
Trach collar trials 26
Tracheobronchial aspiration 367
Tracheostomy 27, 126, 126
alternative to intubation 19
in early beginnings of neurocritical care

4–6
for spinal cord injuries 287

Tracheotomy, in acute ischemic stroke 171
Transcranial Doppler
Aaslid’s description of 70–71
in brain death 425–427

Transcranial Doppler sonography 70–71,
212

Transcranial Doppler ultrasonography 100
Transcranial NIRS 80
Transesophageal echocardiograms, acute

ischemic stroke and 160–161
Transfusion, blood, for traumatic brain

injury 259
Transfusion targets 216–221
Transient global ischemia 198
Transplant recipient, consultation in 445
Transplantation
neurologic complications of 545–572
akinetic mutism as 552
central pontine myelinolysis as

560–562
clinical presentation 548–553
CNS infections as 563–566
drug toxicity 554–559, 554
epidemiology of 547–548
failure to awaken as 549–551,

549–550
graft-versus-host disease as 562–563
guidelines for 567
idiopathic hyperammonemia as 563
incidence of, contemporary studies

evaluating 547
neurodiagnostics and imaging of

559–560, 560

Transplantation (Continued)
neuropathology 548
outcomes of 560
in pediatric populations 548
postoperative encephalopathy and

delirium 551–552
posttransplantation

lymphoproliferative disorder as
566, 566

risk factors of 548
seizures as 552–553
timing of 548
treatment of 553–554
white matter diseases 557

procedures for 546
Transthoracic echocardiogram 639

acute ischemic stroke and 160–161
Transthoracic echocardiography 599
Trastuzumab 724
Trauma

decompressive craniectomy for
302–304

DECRA trial 302–304
RESCUEicp trial 304, 305

ICUs, consults in 445
SAH and 196

Traumatic axonal injury 382
traumatic brain injury and 241

Traumatic brain injury 33–35, 385, 398,
402

abnormalities in vasomotor tone and
reactivity of 244–245

balancing second-tier therapies for 259
basic intensive care for 252–255
bedside neurodiagnostics and

monitoring for 248–251, 249, 252
biomarkers in 247–248, 248
brain swelling in 242–244, 242, 244
clinical decisions for 257–260
clinical neuropathology of 240–245
clinical presentation of 245
clinical trials and guidelines for 257,

623–624
coagulopathy after 745, 747
coma and 119–120
computed tomography of 93
critical care management of 239–274
dysautoregulation in 242–244
in elderly patient 258–259
energy failure in 242–244, 243
epidemiology of 240
focal pathology of 240–241, 240
genetic modulation of disease course

and outcome in 241–242
hemostatic abnormalities after 257–258
hospital course and management of

251–257
imaging for 246–247, 246–247
intracranial pressure monitoring for 95
Lund concept for 41
molecular mechanisms of 242
multimodal monitoring for,

time-synchronized data of 94
multiple trauma in 260
neurorehabilitation for 261
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Traumatic brain injury (Continued)
in nonassessable patient, monitoring of

259
nonfocal (diffuse) pathology

of 240, 241
organ dysfunction following 40
osmotic therapy for 255
outcome of 262, 262
pathophysiology of 240–245, 240
prediction for 262–263
rescue therapies for 255
routine ICU interventions for 255
sedation for 252–254, 253
seizure prophylaxis for 254–255
seizures and 92–93
skull X-ray of 93
temperature management for 254
TH and 620–621
thromboprophylaxis for 258
ventilatory strategies for 252

Traumatic intracerebral hemorrhage,
traumatic brain injury and
240–241

Traumatic lumbar puncture, differentiating
from subarachnoid hemorrhage
208

Traumatic spinal cord injuries, acute
275–298

blunt cervical trauma-associated
vascular injuries, management of
289–290, 289

clinical presentation of 276–278
clinical trials and guidelines for 291,

292
closed cervical spine reduction for

283–286, 284
complex decision making in 289–291
deep venous thrombosis prophylaxis for

290–291
definitive clinical assessment of

291–293
epidemiology of 275–276, 276
field triage and spine clearance for 276
hemodynamic management of 287–288
hospital course and management of

278–289
initial hospital evaluation of 278, 278,

279
initial radiographic analysis of 278–283,

281–283
pharmacologic therapy for 288–289
prehospital management of 276–278
respiratory management for 286–288
spinal immobilization in 277
transportation of patient with 277–278

Trephined, syndrome of 311, 312
Treponema pallidum, intramedullary

infectious myelopathies and 323
Troponin I 57
Truncal ataxia 693
Tuberculosis, after transplantation 561
“Tumor growth factor,” 718–719
Tumor location 718
Tumor necrosis factor-alpha 725
Tumor-associated epilepsy 718–720

U
Ubiquitin C-terminal hydrolase-L1 385
UCH-L1, in traumatic brain injury 248
UK Glucose Insulin in Stroke Trial 166
Ulcers, pressure, spinal cord injuries and

277
Unconsciousness, prolonged, in comatose

patient 128–129
Uncontrolled DCD 411
continuation of resuscitation efforts

versus 420
pathophysiology of 414
protocols and guidelines in 417, 419

Unfractionated heparin
intracranial hemorrhage and 744
for spinal cord injuries 290–291

Uniform Determination of Death Act
409–410

United Council of Neurologic Specialties
9–10

United Network for Organ Sharing 410
criteria 413

University of Wisconsin DCD Evaluation
Tool 413

Unknown ingestion, patient with,
approach to 498–500

central nervous system imaging in 500
history in 498–499
laboratory imaging in 500
physical examination in

general 499
toxidrome-oriented 499–500

Unresponsive wakefulness syndrome 380
Unruptured aneurysms 216–221
Uremia
after transplantation 549–550
coagulopathy and 756
epidemiology of 746
neuropathology of 748

Uremic encephalopathy, ICU-acquired,
prognosis of 769

Urinary tract infections 370–371
in comatose patient 127

Urine drug-of-abuse testing, reflexive use
of 500

V
Vagus nerve, injury to 578–579, 581
Valproic acid 521, 719–720
for seizures 516
for status epilepticus 140–141

Valsalva maneuver 720–721
Vancomycin 371
Varicella zoster virus infection, after

transplantation 561
Vascular compromise 372
Vascular endothelial growth factor 716
Vascular hemorrhage 196
Vascular malformations
etiologies and clinical pearls

of 322–323
hospital course and management of

331–332
neuropathology of 320–321

Vascular occlusion 725

Vascular surgery, neurologic
complications of 573–592

clinical presentation of 579–581
clinical trials and guidelines for 585
complex clinical decisions 585
epidemiology of 574, 575–577
hospital course and management of

582–585
neurodiagnostics and imaging 581–582,

582
neuropathology of 577–579
neurorehabilitation for 587
outcome prediction 585–587

Vasodilatatory cascade 72–73
Vasogenic edema
in acute ischemic stroke 156
traumatic brain injury and 243–244

Vasomotor tone, traumatic brain injury and
244–245

Vasopressors, in intracerebral hemorrhage
182

Vasospasm
angiographic 204–205, 212–213
in PRES 474
TCD ultrasound and 100

Vecuronium 600
Vegetative state 380
Venography, in intracerebral hemorrhage

181–182
Venous outflow obstruction, ICP and

67–68
Venous thromboembolism 216–221, 727
management of 186

Ventilation
mechanical
airway management and 15–32

monitoring of, in seizures 517
noninvasive, contraindications to 19
problems after acute brain injury 23

Ventilator weaning 26–27
Ventilator-associated pneumonia 41–42,

365–369, 367
Ventilatory support, in organ donation 429
Ventral respiratory group 36–37
Ventricular arrhythmias, pathophysiology

of 52
Ventriculitis 371–373
decompressive craniectomy,

complications of 311
VerifyNow-ASA 749
Vertebral metastases 721
Veterans Affairs Cooperative Study 517
Video intubation 21
Viral encephalitis 339
Viruses, intramedullary infectious

myelopathies and 323
Viscoelastic hemostatic assays 749–750
Visual disturbances, in PRES 471
Vitamin K, intravenous, for

warfarin-associated epidural
hematoma 331

Vitamin K antagonists 751–752
intracranial hemorrhage and 744

Volume replacement, in comatose
patient 126–127
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W
Warfarin
associated with, epidural hematoma 331
in intracerebral hemorrhage 179
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