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Series Editor’s Introduction

The evaluation and treatment of seizures in the very demanding environment of
the critical care setting has not received sufficient attention in a focused monograph
on the subject. Seizures in Critical Care: A Guide to Diagnosis and Therapeutics
fills that need extremely well and serves as an indispensable companion to previous
works in the Current Clinical Neurology Series, Seizures: Medical Causes and
Management by Delanty, Critical Care Neurology and Neurosurgery by Suarez,
and Handbook of Neurocritical Care by Bhardwaj, Mirski, and Ulatowski. The two
volumes on critical care contain excellent chapters concerning management of sta-
tus epilepticus. The current volume fills out the field by adding invaluable informa-
tion concerning the wide range of specific critical care situations in which seizures
of all types occur and how they are best managed in those contexts.

Seizures are a very concerning and frightening event. As repeatedly pointed out
in this volume, the incidence of seizures in various underlying medical and neuro-
logical disorders is astonishingly high. When they occur in the intensive care unit
setting, they are nearly always symptomatic of serious underlying medical derange-
ments and are often perceived, correctly or incorrectly, as heralding a significant
downturn in the patient’s clinical course. In the particular case of hypoxic—ischemic
brain injury, they have been thought to be predictive of adverse outcomes that, as
indicated by Drs. Koenig and Geocadin, may not necessarily be the case.

Management of seizures begins with their prompt recognition and differentia-
tion from other types of involuntary movements and changes in mental status which
frequently occur in seriously ill patients. In particular, the surprising frequency
with which nonconvulsive status epilepticus presents in the intensive care unit and
how often it is missed underscores the need for careful clinical evaluation and the
timely use of bedside electroencephalography in making this diagnosis. Because
“seizures beget seizures” the urgency of prompt diagnosis and early effective treat-
ment is paramount. Treatment of seizures begins with the identification and man-
agement of the usual suspects, such as metabolic, electrolyte, infectious, vascular,
and pharmacologic contributors. The use of anticonvulsants requires particular skill
in patients with organ failure and in patients being treated with numerous other
drugs capable of interacting with anticonvulsants. All of these issues are addressed
in great depth and with considerable sophistication by the impressive array of con-
tributors to this volume.

Daniel Tarsy, MD
Beth Israel Deaconess Medical Center
Harvard Medical School, Boston, MA



Foreword

Seizures and Critical Care: A Guide to Diagnosis and Therapeutics is a gem
among monographs, as well as a tribute to the creativity, insight, and hard work of
its editor. The idea itself is totally new. Now that it is complete and before me in
finished form, I find myself wondering why this was never done before. It was a
challenge to define all the issues, and then find a set of authors to soundly and
comprehensively address the identified issues. The topic has been circumscribed
for the first time.

In its final form, Seizures and Critical Care: A Guide to Diagnosis and Thera-
peutics is practically a text of epilepsy, even in a way a text of medicine. The num-
ber of situations in which seizures are precipitated, particularly in an intensive care
unit (ICU) setting, recapitulates the systems of the body and the ways in which their
altered functions affect the nervous system (and other systems). The brain responds
to extreme malfunction of any system in a variety of ways, one of which is almost
always the possibility of seizure. Understanding the manner in which this might
occur, and the many approaches to diagnosis and treatment, is critical to progress in
intensive care. This is all the more important because of the fragile situation often
faced by the clinician caring for patients in an ICU setting, in which multiple other
systems and derangements, as well as treatments and drug interactions, must be
considered in the appropriate selection of therapy, monitoring, and followup. All of
those aspects are recognized and addressed.

Just as the brain may respond to extreme malfunction of any and all systems
with seizures, the clinician responds to seizures with a variety of approaches, some
of which are inherently incorrect for some situations, even while preferred in oth-
ers. Seizures in the intensive care setting may precipitate additional systemic or
central nervous system compromise requiring compatible and thoughtful handling.
If initial treatment fails, the steps to be followed may be novel, and require consid-
eration of the myriad of other health risks in this setting. We need guidelines for
diagnosis, selection of treatment, implementation of treatment, and assessment of
outcome. Furthermore, where no answer exists, we need a balanced consideration
of the areas of controversy.

Seizures and Critical Care: A Guide to Diagnosis and Therapeutics therefore
fills a need we may not have even realized exists. It updates multiple antiquated
misconceptions by discussing old controversies and finalizing some reasonable
approaches and conclusions. It defines other controversies and objectively consid-
ers the data available, and the aspects that remain unknown.

The authoritative reviews with many references are welcome additions to our
literature. The uniform format incorporating epidemiology and incidence, patho-
physiology, diagnostic and treatment interventions, and outcome and its measure-

vii
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ment make it easy to read and approach each chapter. The reviews are comprehen-
sive, accurate, well written, and unique in this field. The book will be of use to
almost anyone who manages patients in a neurological or general medical or surgi-
cal intensive care setting.

I am proud to say that I had some part in the education and development of Dr.
Varelas and was able to observe the formation of the idea, the process, and the
completion of this most remarkable and useful work. It will certainly bring critical
care neurology to a higher level, while identifying potential areas of fruitful and
important research for the future.

Susan S. Spencer, MD

Department of Neurology and Neurosurgery
Yale School of Medicine, Yale University,
New Haven, CT



Preface

Seizures are devastating events in a person’s life. Their very presence suggests
that something is wrong with the brain. In some regions, seizures are believed to be
caused by spirits; and in others, they are a “sacred illness,” either a curse or a reason
for awe. As a result of my training at Yale University, which has one of the best
epilepsy centers in North America, and because I am married to an epileptologist, I
have had extensive exposure to the study of seizures. Consequently, I could not
escape their spell.

I became intrigued by the diversity of their presentation and fascinated by the
possibility that various simple or complex behaviors, within the normal or abnor-
mal range, could be explained by such an “obsolete” machine as the electroen-
cephalograph (EEG). Later, after my training as a neurointensivist, my interest grew
further as I was trying to find treatable causes in somnolent or comatose patients
with various brain injuries in the intensive care unit (ICU). The simplistic and
mechanistic suspicion that the patient’s clinical status resulted from an electrical
discharge of the brain led, I am sure, to several unnecessary requests for EEGs and
trials of antiepileptics. Fortunately, I also had some unexpected successes.

I started looking at the issue of seizures more closely and had revealing discus-
sions with my peers, especially those who were not neurointensivists. To my
surprise, two facts emerged: first, many in the ICU community did not know what
to seek, what to expect, and how and when to treat for seizure; and second, while
reviewing the literature, I found little information. Most of the articles were report-
ing small, uncontrolled series or personal experiences. Few studies were conducted
in the complex environment of an ICU. Very often, as with my personal experi-
ence, doubts regarding the epileptic nature of the phenomenon lingered. EEG, the
gold-standard test, was difficult to interpret or inconsistently ordered. In many
cases, seizures could be explained by more than one mechanism. In other cases, the
response could be attributed not so much to the administration of the usual
antiepileptics, but to the correction of more systemic derangements. Interactions
between ICU medications and antiepileptics were frequent and puzzling to the
treating physicians. Several antiepileptics either were not available for parenteral
administration or were contraindicated because of specific organ failure. Finally,
the newer antiepileptics were not well known and were seldom used in the ICU.
It did not take me long to decide to edit a book regarding seizures in the ICU.

Seizures in Critical Care: A Guide to Diagnosis and Therapeutics is a collabora-
tive effort. Experts in both the ICU and epilepsy fields from North America and
Europe contributed chapters to this volume. I have tried to confine the content to
the most common and interesting topics in the ICU. Norman Delanty’s book,
Seizures: Medical Causes and Management, served as the starting point in many
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cases; however, the scope of this book is different. This book is much more
balanced toward central nervous system insults, which can occur in the ICU.
I encouraged authors to reference personal experiences and requested that they
provide many authentic ICU cases with EEGs and neuroimages. Where data were
lacking or information was contradictory—a very common situation indeed—the
authors were advised to provide raw data and expert advice.

Our hope is that Seizures in Critical Care: A Guide to Diagnosis and Therapeutics
can serve as a useful aid in the everyday ICU and in neurological practice for
intensivists, neurologists, neurosurgeons, and any other healthcare professional or
student in this expanding field. Most importantly in my mind, but less directly, it
should constitute a testimony to the paucity of data in the field and become a
starting point for well-organized research in the future.

I dedicate this effort to my parents, my grandfather (the shining star of my life),
and all my teachers, who taught me the “Cewv” (living) and “ev Lewv” (living well)
of the ancients. I am also very grateful to all my coauthors, who did an excellent
job, and especially to my wife, Marianna, for her indirect contribution and support.

Panayiotis N. Varelas, MD, PhD



Contents

Series EAitor’s INtroduction ........ccoeeeveireninieninieninieseesieeeeeeeee e v
FOTEWOTA ..ottt vii
PIEface c.oooveeeeeeeeeeeeeeeee ettt et ettt a et e reenre e ix
CONIIDULOTS ..ttt b et b st saenen xiii

1 Presentation and Pathophysiology of Seizures

in the Critical Care Environment: An OUerview .........cc.coevvvevvervevensnn 1
Marek A. Mirski
2 Stroke and Critical Care SEIZUTIeS ........cccocvevieeierieeierieseerie e seeieneeens 21
Panayiotis N. Varelas and Lotfi Hacein-Bey
3 Traumatic Brain Injury and Seizures in the ICU ..o 81
Andrew Beaumont and Grant Sinson
4 Brain Tumors and ICU SeiZUTeS .........ccevveeeieerinenierieieieieeeeeeeneenns 101

Efstathios Papavassiliou and Panayiotis N. Varelas

5 Global Hypoxia—Ischemia and Critical Care Seizures ..................... 119
Matthew A. Koenig and Romergryko Geocadin

6 Seizures in Renal and Hepatic Failure and Endocrine Disease...... 139
Andrew Beaumont

7 Seizures in Organ Transplant Recipients .........cccccooeoiioicciinnenns 161
Greg A. Worrell and Eelco F. M. Wijdicks

8 Extreme Hypertension, Eclampsia, and Critical Care Seizures ..... 177
Errol Gordon and Michel T. Torbey

9 Infection or Inflammation and ICU Seizures .........ccococeeevrerrereucncne. 191
Wendy C. Ziai
10 Electrolyte Disturbance and Critical Care Seizures.............cccceu..... 217
Jenice Robinson and Jose 1. Suarez
11 Alcohol-Related Seizures in the ICU ... 237
Zachary Webb
12 Seizure-Inducing Drugs Used for the Critically Ill...........c.c.c.c.c.c..... 261

Rebecca E. Schuman and Panayiotis N. Varelas

X1



xii Contents
13 Critical Care Seizures Related to Illicit Drugs

ANA TOXINIS 1vvvevveeieeieeieeeiietiete ettt e e sre e sse s e sessesseseessesaesansens 291
Andreas R. Luft

14 Management of Status Epilepticus and Critical Care
SEIZUIES ..ottt e 305

Panayiotis N. Varelas and Marianna V. Spanaki



Contributors

ANDREW BEAUMONT, MD, PhD ® Department of Neurosurgery, Medical
College of Wisconsin, Milwaukee, WI

ROMERGRYKO GEOCADIN, MD ® Department of Anesthesiology and Critical
Care Medicine, Neurosciences Critical Care Division, The Johns
Hopkins Hospital, Baltimore, MD

ErrOL GORDON, MD ® Department of Neurology, Medical College
of Wisconsin, Milwaukee, WI

Lotrt HACEIN-BEY, MD @ Departments of Interventional Neuro-Radiology,
Radiology, Neurology, and Neurosurgery, Medical College
of Wisconsin, Milwaukee, W1

MartTHEW A. KOENIG, MD ® Department of Neurology, The Johns Hopkins
Hospital, Baltimore, MD

ANDREAS R. LUFT, MD ® Department of Neurology, University of Tiibingen,
Tiibingen, Germany

MAREK A. MIrsk1, MD, PhD ® Neurosciences Critical Care Unit, Department
of Anesthesiology & Critical Care Medicine, The Johns Hopkins
Hospital, Baltimore, MD

ErsTATHIOS PAPAVASSILIOU, MD ® Department of Neurosurgery, Harvard
Medical School, Beth Israel Deaconess Medical Center, Boston, MA

JENICE ROBINSON, MD ® Department of Neurology, University Hospitals
of Cleveland, Louis Stokes Veterans Affairs Medical Center, Case
Western Reserve University, Cleveland, OH

ReBecca E. SCHUMAN, PharmD ® Froedtert Memorial Lutheran Hospital,
Medical College of Wisconsin, Milwaukee, WI

GRANT SINSON, MD ® Department of Neurosurgery, Medical College
of Wisconsin, Milwaukee, WI

MARIANNA V. SPANAKL, MD, PhD @ Department of Neurology, Comprehensive
Epilepsy Center, Medical College of Wisconsin, Milwaukee, WI

Jose I. Suarez, Mp ® Neurosciences Critical Care, Departments of Neurology
and Neurosurgery, University Hospitals of Cleveland, Louis Stokes
Veterans Affairs Medical Center, Case Western Reserve University,
Cleveland, OH

SusaN S. SPENCER, MD® Department of Neurology and Neurosurgery, Yale
School of Medicine, Yale University, New Haven, CT

DaANIEL TARrsy, MD ® Department of Neurology, Beth Israel Deaconess
Medical Center, Harvard Medical School, Boston, MA

xiii



X1v Contributors

MicHEL T. TorBEY, MD, MPH ® Stroke Critical Care Program, and
Departments of Neurology and Neurosurgery, Medical College
of Wisconsin, Milwaukee, WI

PANAYIOTIS N. VARELAS, MD, PhD ® Neurointensive Care Unit, and
Departments of Neurology and Neurosurgery, Medical College
of Wisconsin, Milwaukee, WI

ZAcHARY WEBB, MD ® Department of Neurophysiology, and Department
of Neurology, Medical College of Wisconsin, Milwaukee, WI

EeLco F. M. WrpIcKks, MD, PhD, FACP ® Department of Neurology, Mayo
Medical School, and Neurology-Neurosurgery Intensive Care Unit,
and Department of Neurology, Mayo Clinic, Rochester, MN

GREG A. WORRELL, MD ® Division of Epilepsy, Department of Neurology,
Mayo Clinic, Rochester, MN

WENDY C. Zial, MD ® Neurosciences Critical Care Division, Departments
of Neurology, Neurosurgery, and Anesthesiology, Critical Care
Medicine, The Johns Hopkins Hospital, Baltimore, MD



1

Presentation and Pathophysiology of Seizures
in the Critical Care Environment

An Querview

Marek A. Mirski

SUMMARY

Seizures represent stereotypic electroencephalographic (EEG) and behavioral
paroxysms as a consequence of electrical neurological derangement. Seizures are
usually described as focal or generalized motor convulsions. Other, nonconvulsive
seizure types are common as well and require vigilant patient evaluation for opti-
mal detection. Owing to the admission diagnoses and physiological derangements
common to critically ill patients, the intensive care unit (ICU) hosts conditions
appropriate for the manifestation of the entire spectrum of seizure disorders. Com-
mon etiologies of seizures in the ICU entail primary neurological pathology or sec-
ondary to critical illness and clinical management. Alterations in neurotransmitter
sensitivity via up- or down regulation of receptors, a decrease in inhibition, or alter-
ations in membrane pump functions may contribute to the high incidence of sei-
zures in an ICU. Particularly prevalent as precipitants of seizures are hypoxia/
ischemia, mass lesions, drug toxicity, and metabolic abnormalities. For optimal
treatment, early diagnosis of the seizure type and its cause is important to ensure
appropriate therapy. Most seizures and their recurrence are easily treated, and
attention is focused on ascertaining the cause and correcting any medical abnor-
mality. Convulsive status epilepticus, which represents the most feared seizure state,
requires emergent treatment to prevent irreversible brain injury and severe meta-
bolic disturbances. Treatment of seizures with anticonvulsants in an ICU is not
without risks, and appropriate judgment and selection of therapeutic drugs are
important.

Key Words: Critical care; seizures; pathophysiology; GABA receptors;
nonconvulsive status; convulsive status epilepticus.

From: Current Clinical Neurology: Seizures in Critical Care:
A Guide to Diagnosis and Therapeutics
Edited by: P. N. Varelas © Humana Press Inc., Totowa, NJ
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2 Mirski

INTRODUCTION

Over the past several decades, a collective attempt has been made to define the
precise circuitry of brain elements important in seizure expression, together with
the physiological mechanisms that ignite these paroxysms. Such answers, in theory,
would provide the necessary clues to successfully inhibit and prevent the ictal pro-
cess. Nature, of course, thwarts our attempts to simplify the human condition, and
perhaps the most unsettling physiological constraint is our inability to comprehend
the intricacies of brain function. Seizures lie within that neurological realm.

In a comparative manner, the complex care environment of the intensive care
unit (ICU) is to clinical management as what the brain is to human physiology. We
still remain appreciably uneducated about the fundamental physiology of the tran-
sitions from normal brain excitation to ictal behavior. Seizures may occur in any
individual, given the appropriate triggers. Our brains normally have a “cloak” of
inhibition that aids in protecting us from paroxysmal excitation. When a person is
stricken with critical illness, such protective measures become less effective; given
additional neurological injury such as trauma, ischemia, or inflammation, these pro-
tective measures work even less well. Coupled with the myriad physiological
derangements that commonly occur in the ICU setting, our risk for seizures be-
comes unsettling high. The ICU is therefore both the best environment to gain an
understanding into the nature of seizures—based on the incidence—and the worst—
owing to the multiple and overlapping etiologic factors present. For intensivists,
the complexities inherent in an ICU translate to the clinical truism that seizures
may appear often and may manifest in severe form, with a few that are grossly
refractory to routine inpatient management.

As we have come to appreciate, seizures that occur in the ICU are of many types,
and the clinical characteristics of each are dependent on the region of brain involved.
The term epilepsy, in fact, encompasses a wide variety of recurrent seizure disor-
ders that have been classified in accordance to the location and extent of the seizure
process within the brain. Fundamentally, seizures are of two types. Seizures may be
partial (focal) or they may be generalized (Table 1). This distinction is appropriate
for two reasons. First, the extent of cortical involvement differs between the groups.
Second, and more important, each seizure type has a fundamentally distinct neu-
roanatomical mechanism. In the examination into the origin of seizures, many
analytical tools and methods have been used. Surface and depth electroencephalo-
graphic recording have provided the majority of evidence to date, although radio-
graphic techniques such as radionuclide autoradiography, positron emission
tomography, computed tomography, and a variety of magnetic resonance sequence
studies have proven to be of substantial value.

The greatest consideration into anatomical mapping has been given to the focal
epilepsies, in which structural disease is frequently apparent. These seizures dis-
play electroencephalographic and clinical manifestations consistent with the
involvement of only a portion of the cortex and its corresponding functional sys-
tems (Fig. 1). Such events are precipitated by local excitatory aberrations of the
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Table 1

Common Presentation of Seizures in the ICU

Seizure type Clinical expression

Focal motor Face or limb motor seizure, no alteration of sensorium
Generalized tonic—clonic Loss of consciousness, generalized convulsions
Complex—partial Disturbed sensorium, automatisms common

Nonconvulsive status epilepticus ~ Disturbed sensorium or loss of consciousness

+
FIELD (EEG) i
EXTRACELLULAR —HHH . ( my
INTRACELLULAR | I

__!20 v

10 ms

Fig. 1. Example of a focal seizure in a 49-yr-old man recorded by scalp EEG. The sei-
zures begin in the left frontal region. (Used with permission from ref. /. Courtesy of R. P.
Brenner.)

corresponding cerebral mantle, with spread typically to adjacent cortical regions
via local synaptic connections. Such ictal events are exemplified by the classic
“Jacksonian march,” a focal seizure that spreads along the cortical motor strip to
excite progressively the neurons that control topographically associated limb mus-
culature.

Other partial seizures, such as many of the temporal epilepsies, are formally
described as partial complex because conscious interaction with the environment is
disturbed. The anatomy associated with this form of epilepsy is more complicated
than that for a simple partial seizure because of the recruitment of deeper brain
elements that affect our conscious behavior. Most commonly, elements of the lim-
bic brain, usually the hippocampus or amygdala and their connections, play a major
role in the expression of these seizures. Automatisms frequent such ictal events—
speech or behavioral mannerisms such as lip smacking, blinking, or repetitive hand
movements. Such seizures that affect nonmotor regions of the cerebral cortex may
be difficult to diagnose unless suspicion is high. Such patients may only appear to
be noninteractive, or in a “fugue” state.

At the other end of the spectrum are the generalized seizures, where conscious-
ness is affected and convulsions may occur throughout the face and extremities.
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Fig. 2. Generalized and synchronous 3- to 3.5-s spike—wave EEG seizure having a fron-
tal maximum, occurring during sleep. Note that all leads are rapidly incorporated into the
seizure, although the occipital leads demonstrate only modest ictal changes. (Used with
permission from ref. 2. Courtesy E. Niedermeyer and F. Lopes Da Silva.)

Axial rigidity is not maintained, and the patient will fall if standing. Generalized
seizures commonly begin with a focal cortical nidus, and ictal activity spreads rap-
idly. This “secondary” generalization may, in some circumstances, be too rapid for
the electroencephalogram (EEG) to detect (Fig. 2). As a group, generalized sei-
zures likely spread via cortical networks or cortical-subcortical circuits. The “pri-
mary” generalized seizures (e.g., absence epilepsy or primary tonic—clonic seizures)
probably utilize brainstem/subcortical structures in the mediation and propagation
of the paroxysmal activity (3—7). No cortical nidus is identified, and the deeper
cerebral elements are the likely culprits in the initiation, or at least early propaga-
tion, of these events (§—15). These primary generalized seizures are exemplified by
bilaterally synchronous and symmetrical epileptiform discharges on EEG and clini-
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Table 2
Complications of Critical Illness Increasing Seizure Predisposition

Hypoxia/ischemia

Drug/substance toxicity
Antibiotics
Antidepressants
Antipsychotics
Bronchodilators
Local anesthetics
Immunosuppressives
Cocaine
Amphetamines
Phencyclidine

Drug/substance withdrawal
Barbiturates
Benzodiazepines
Opioids
Alcohol

Infection and fever

Metabolic abnormalities
Hypophosphatemia
Hypocalcemia
Hypoglycemia
Renal/hepatic dysfunction

Surgical injury (craniotomy)

cal behavior characterized by a loss of consciousness and generalized convulsive or
paralytic motor phenomena. In the majority of instances, no diffuse or focal brain
disease or generalized metabolic disturbance can be convincingly demonstrated.
Nonconvulsive generalized seizures may also occur and are more difficult to diag-
nose. As discussed later, such seizures often complicate the management of the
comatose ICU patient.

In the intensive care unit setting, seizures are a common neurological complica-
tion in both medical and postsurgical patients; they commonly arise from
comorbidities associated with the ICU experience (Table 2). Most ICU seizures
occur in patients who have not had a prior episode or for whom neurological
pathology was part of the primary admitting diagnosis. A review by Bleck et al.
noted that approx 12% of patients admitted with a nonneurological primary diag-
noses incurred neurological events during their critical illness (16). Of these, sei-
zures (28.1% incidence) closely followed metabolic encephalopathy (28.6%) as the
leading neurological complication. Status epilepticus (SE), the diagnosis most
associated with seizures and the ICU, is in fact a rare admission diagnosis (0.2%)
compared with the incidence of seizures as a complication (3.3%). Since seizures
occur most often in nonprimary neurological patients, it is important for the general
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clinician, intensivist, and consulting neurologist to know about the potential for
seizures in the ICU and to be aggressive in treating them.

Regardless of seizure type, the medical management in an ICU and the environ-
ment itself unfortunately present unique challenges and difficulties regarding the
etiology, diagnosis, and treatment of seizures. Patients are critically ill, and the
common scenario of multisystem organ dysfunction presents a variety of potential
etiologies for cerebral disturbance, often predisposing to seizures. Also, hindering
the neurological examination are treatment with sedatives, as a means to provide
comfort to the patient, and administration of paralytic agents to optimize therapy
(17). Many pharmaceuticals used in an ICU, particularly psychotropic medications,
antibiotics, and stimulants, may also lower seizure threshold (/8,19). Anti-
convulsants and other medications may alternatively sedate the patient or enhance
toxic responses, further delaying neurological recovery from the seizure episode
(20). Such difficulties may lead to additional diagnostic studies and a prolongation
of ICU stay. Seizures also may accompany conditions that render the patient into
coma, such as severe encephalopathy, trauma, or stroke (2/-26). Recurrent or con-
tinuous seizure activity may prevent arousal, and in such cases EEG assessment is
necessary for correct diagnosis. More seriously, recurrent seizures and SE are more
difficult to suppress than simple focal or generalized convulsions and can be life
threatening when they occur as complications of primary neurological or other vis-
ceral organ disease. Finally, the ICU itself is an environment with considerable
electrical field dispersion, often preventing optimal EEG recording.

The need to diagnose and effectively treat recurrent seizure activity is impera-
tive. Multiple seizure events or convulsive SE may lead to acidosis, hyperthermia,
rhabdomyolysis, and trauma, with consequent higher morbidity and mortality (27).
Loss of protective airway reflexes, which is common in patients with prolonged or
recurrent seizures, promotes the likelihood of pulmonary aspiration. The duration
of seizures of more than an hour is an independent predictor of poor outcome (odds
ratio of almost 10) (28). Prolonged seizures increase the risk of cerebral damage
owing to excitotoxicity, intracellular Ca?* accumulation and apoptosis, epileptoge-
nic synaptic reorganization and sprouting, and the depletion of energy stores with
inhibition of protein and DNA synthesis (29).

CELLULAR PATHOPHYSIOLOGY OF ICU SEIZURES

Fundamentally, despite numerous phenotypic expressions of seizures and epi-
lepsy syndromes, the manifestations of the ictal process emanate from a few com-
mon cellular mechanisms and brain loci. The cerebral cortex is the nidus for most
clinically evident seizures, and into that category also falls the hippocampus, the
most rudimentary cortical element of the medial temporal lobe. Regarding subcor-
tical structures, it is well known that the thalamus plays a substantive role in
mediating the paroxysms and supporting the hypersynchronous, rhythmic EEG activa-
tion. Specific research effort has prominently identified all three locations in seizure
mechanisms and has implicated a variety of neuronal and glial functions (12,30-33).
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Fig. 3. Illustration of an intracellular PDS with both extracellular and field EEG correla-
tions. Note intracellular depolarization triggers associated bursting of intracellular spikes
leading to paroxysmal discharges on scalp EEG. (Used with permission from ref. 2. Courtesy
of E. Niedermeyer and F. Lopes Da Silva.)

As evidenced by the cortical EEG, the fundamental marker for an epileptic par-
oxysm is the interictal spike, which is the electrical fingerprint of the intracellular
paroxysmal depolarizing shift or PDS (Fig. 3). The interictal spike is generated by
a synchronous firing of a network of local neurons, coupled with periods of inhibi-
tion via K* current-activated hyperpolarization. Neurons in particular that are
readily disposed to such activity are the pyramidal cells of cortical layer V and the
CA3 neurons in the hippocampus (34). These cells are synaptically linked to
regional neurons that amplify the excitation within a synaptic network. The parox-
ysmal discharge may be induced by a local increase in excitation, a decrease inhibi-
tory neurotransmission, or alteration in Na* or K* current conductance (35).
Excitation is classically derived from direct stimulation of N-methyl-p-aspartate
receptors or enhancement of synaptic transmission via reduction of K* current.
Reduced inhibition may stem from antagonism of y-aminobutyric acid (GABA)
activity at its receptor or decreasing GABA binding through chemical means, such
as a reduction of local Mg?* (36-39).

The interictal spike may be effectively transitioned to an array of several spikes,
or to a “burst,” by the presence of local burst-generating cells. These are made
possible by persistent Na* and Ca®* slow-action potential currents that function pri-
marily in the dendritic formations, promoting prolonged depolarizations in the neu-
ron soma (38,40). The bursts appear to further manifest when there is alternating
depolarization between the dendrites and soma (4/). Network modeling of hippoc-
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Fig. 4. Example of one of the few identified subcortical pathways participating in the
early propagation of experimental generalized seizures. The expression of these seizures,
induced by the chemical convulsant pentylenetetrazol, was modulated by the perturbation
of neuronal activity within the path from the brainstem (ventral and dorsal tegmental nuclei)
synaptically linked to the hypothalamus, anterior thalamus (AN), and cingulate gyrus (33).
Clinical trials of deep brain stimulation of AN for refractory epilepsy have been conducted.

ampal cells has reproduced the EEG events of a tonic—clonic seizure (42,43). The
high-frequency firing tonic component is triggered by prolonged somatic
depolarizations, and the slower synchronous clonic seizure results from rhythmic
bursting of slow-channel dendrite depolarizations. Continued depolarization of the
neuronal membrane (contrast to the brief depolarization of a PDS) is responsible
for the maintenance of successive rapid discharges inherent in a stereotypic sei-
zure. Recurrent afterdischarges, as occur during a clonic seizure, are perpetuated
by areduction of the hyperpolarizations that follow aberrant paroxysms such as the
interictal spike.

Now that the susceptible tissue has undergone epileptiform transformation, the
propagation to larger cortical terrain, or even generalization, requires vital network
pathways and connections (44,45). On a regional scale, ictal events may spread by
disruption of the local chemical environment, such as alterations in K* or Mg>*
Such spread is not very rapid, estimated at 50-200 mm/s (46). Clinically important



Seizures and Critical Care 9

Table 3
Common Etiologies of Seizures in the ICU

Neurological pathology

Neurovascular
Stroke
Arteriovenous malformations
Hemorrhage
Tumor
Primary
Metastatic
CNS infection
Abscess
Meningitis
Encephalitis
Inflammatory disease
Vasculitis
Acute disseminated encephalomyelitis
Traumatic head injury
Contusion
Hemorrhage
Primary epilepsy
Primary CNS metabolic disturbance (inherited)

seizure propagation must clearly utilize synaptic transmission via networked con-
nections. Even ectopic transmission has been proposed as a means to further
enhance the spread or continuation of the ictal state (47). Such cortico—cortico, or
subcortico—cortico circuitry has only been occasionally identified (12,32,48,49)
(Fig. 4).

We do know from clinical experience that many pathological conditions inher-
ent in ICU patients, particularly those with primary cerebral disturbance, predis-
pose to seizures (Table 3). However, very little is known concerning the
contribution of regional pathology on the predisposition to seizures, despite ready
acknowledgment that injured regions of brain following a stroke or head injury
appear to be more prone to paroxysms than native cortex (50). Similarly, brain
tissue adjacent to “irritative elements” such as neoplasms or vascular malforma-
tions has been associated with a high risk of manifesting seizures. The mechanisms
leading to enhanced susceptibility have only recently been forthcoming (Table 4)
(45,53).

It is clear from work on cerebral neoplasia that tumors may have intrinsic cellu-
lar properties inciting an epileptogenic focus (55,56). Other consequences of a mass
lesion that impacts regional blood flow and supply (such as tumors or arteriovenous
malformations [AVMs]) are the potential for local tissue ischemia, denervation
hypersensitivity, alteration in neural plasticity, and disequilibrium of the local micro-
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Table 4
Proconvulsant Mechanisms Inherent in Cerebral Neoplastic and Vascular
Malformations

Intrinsic epileptogenic cellular properties (tumors)
Local impaired vascularization/ischemia
Denervation hypersensitivity

Axonal and synaptic plasticity

Decrease in regional GABA

Increase in local glutamate

Alteration of electrolyte ions (Mg?*)

Increase in regional Fe?*

Adapted from ref. 54.

Table 5

Intracranial Pathology and Relative Risk for Seizures
Pathology High risk

Stroke Hemorrhagic

Large cortical involvement
Acute confusional state

Intracranial tumor Cortical
Primary
Metastatic
Traumatic head injury Cerebral contusion

Acute subdural hemorrhage (SDH)
Depressed skull fracture
Penetrating missile injury
Evacuation/chronic SDH

chemistry (GABA, glutamate, Mg?*, etc.) (57-60). Some evidence also suggests
alterations in intercellular iron ions (Fe?* or Fe3*) may exist and predispose to sei-
zures. Aside from the putative intrinsic epileptogenic characteristics of certain tumor
types themselves, the proconvulsant features just listed that have been associated
with tumors and AVMs may likely apply to cerebral tissue affected by head injury,
stroke, and inflammatory conditions (Table 5). In the following chapters, there will
be detailed discussion relating to the specific etiologies and therapies for seizures
occurring in the ICU arena.

CLINICAL MANIFESTATIONS AND DIAGNOSIS

A focal or generalized seizure commonly lasts for several seconds or up to 1-2
min. During this period, alterations in hemodynamics and respiratory indices are
typical in generalized convulsions, with increases usually recorded in heart rate and
blood pressure. Ventilation may be impeded in the latter seizure type, with
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desaturation noted on pulse oximetry, often with excessive salivation. Interestingly,
although grunting and gasping are encountered during a generalized tonic—clonic
seizure, patients only rarely incur an aspiration event. If one should occur, it is
almost always of the patient’s oral secretions rather than gastric contents. There-
fore, patient care during a violent convulsion is focused on protecting the patient
from extremity injury and biting of the tongue, and maintenance of a clear airway
during prolonged seizures. Brief desaturations are the rule, and these require no
special intervention. For the vast majority of simple convulsive episodes, protec-
tion of the airway beyond what has been described, or frank ventilatory support, is
not indicated. A depressed sensorium is common following a generalized convul-
sion and requires several additional minutes before baseline is reestablished. Focal
or generalized seizures may also lead to postictal focal deficits (Todd’s paralysis)
lasting up to several hours. These deficits are especially common in patients with
preexisting subtle weakness from a mass lesion or stroke, and seizures can accentu-
ate these preconvulsive neurological impairments. In contrast to generalized con-
vulsive episodes, patients with focal seizures are fully cogent during their attack,
and those with complex—partial seizures typically return rapidly to their baseline
neurological state.

Most seizures that occur in an ICU setting manifest as generalized tonic—clonic
convulsions, including secondary generalization, with some reports observing
approximately 90% of the presenting seizure as of this variety (16,26). Focal sei-
zures comprise the majority of remaining behaviorally disturbing seizure types.
These data suggest that recognition of a seizure in the ICU is rarely a diagnostic
dilemma. Patients who do present with complex—partial or other nonconvulsive
seizures (9%) may be considerably more difficult to diagnose, especially in a criti-
cal care setting where sedative medication is often administered, but such patients
are uncommon. Recent data suggest that in an ICU population, 5-10% of comatose
patients were in nonconvulsive status epilepticus (NCSE) (67). Other investigators
have evidence to suggest that the incidence of nonconvulsive seizures is alarmingly
high, up to 34% of neurological ICU patients, and only lack of monitoring prevents
the detection of these seizures (62).

Besides overt behavioral manifestations, the scalp EEG is the diagnostic test of
choice. Even when a seizure is noted by obvious clinical expression, evaluating the
treatment success according to the presence or absence of motor paroxysms or level
of consciousness may be occasionally misleading. Treatment of motor convulsions
alone may be insufficient to prevent the continuation of seizure activity. The per-
sistence of electrographic status without convulsions (NCSE) has been observed in
14% of patients treated for convulsive SE (63). Conversely, improvement in the
neurological examination is often a poor clinical assessment tool, since 87% of
patients successfully treated for convulsive SE and 100% of patients treated for
NCSE remained comatose 12 h after the initiation of therapy (64). Therefore, it
cannot be over-emphasized that electrical monitoring of ICU patients is crucial in
settings where seizures may be a complicating feature of critical illness. Unless a
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seizure fully resolves and the patient returns to an alert, cognitive baseline, an EEG
is highly useful, if not mandatory to exclude ongoing ictal activity.

OVERVIEW OF STATUS EPILEPTICUS

Status epilepticus represents a distinct seizure phenomenon. Not simply a pro-
longed seizure, SE represents a reconfiguration of the excitatory and inhibitory
network of normal brain (65). Most focal seizures do not secondarily spread to
produce a generalized event because of local (GABA-mediated) inhibitory circuitry
that prevents enlargement of the ictus. As seizures continue, it is known that a
breakdown occurs within this cortical “inhibitory surround,” thus making it easier
for seizure activity to spread. In addition, the inhibitory events that assist in termi-
nating the seizures also become disturbed. Thus, recurrent or prolonged seizures
induce a positive feedback loop that help sustain ictal activity rather than inhibit it
further. In essence, “seizures beget seizures” (65).

Our understanding of the exact point at which a prolonged seizure or set of
recurrent seizures is deemed to have become “SE” continues to evolve. Histori-
cally, since the 1960s, the minimum time of unremitting seizures before SE was
said to occur by experts was arbitrarily set at 30 min. This included a single gener-
alized seizure lasting longer than 30 min, or a group of repetitive seizures between
which the patient had not fully recovered. Given the discussion regarding the risk
of early neuronal injury, and a desire to adequately treat this disorder prior to irre-
versible cerebral insult, shorter seizure epochs have been more recently empha-
sized as SE. Based on the typical seizure duration of 1-2 min, it is reasonable to
classify as SE any seizure events lasting longer than 5—10 min. Such is now the
tenet of the American Academy of Neurology and the American Epilepsy Society.
There are several reports describing seizures of 10-29 min duration that have had
spontaneous resolution without therapy, but consensus is that these represent a small
population. It is strongly felt that a high risk/benefit ratio exists in not treating such
patients as SE. If treatment was required to “stop” the clinically obvious seizure,
EEG correlation again is advocated for patients who have not returned to their
preictal, alert condition.

There are three main subtypes of SE, two of which are prominent in the ICU.
Generalized convulsive SE (GCSE) represents the classic motor SE (Fig. 5). The
seizures may be overt, or they may have subtle motor manifestations, especially if
the SE is prolonged. By far, GCSE is the most commonly reported SE subtype.
Focal motor SE (FMSE), or epilepsia partialis continuans, is relatively uncommon
and is rare in the ICU. Continuous motor twitching of a single limb or side of face
is most frequently observed. These seizures can be difficult to control with medica-
tions. It is not clear whether prolonged FMSE results in substantive injury to the
cerebral cortex. Thus, reasonable attempts at control are advocated, but high-risk
therapies such as induced pharmacological coma are rarely used. Nonconvulsive
SE is currently an umbrella term for a wide spectrum of continuous nonmotor sei-
zures. As a group, the conditions may range from primary generalized SE, such as
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Fig. 5. Status epilepticus in a 20-yr-old female with no history of seizures. The seizure
begins suddenly (A) and continues in a crescendo—decrescendo pattern with having an abrupt
termination. A follow-up seizure began soon after the decrescendo phase (B). (Used with
permission from ref. 2. Courtesy of E. Niedermeyer and F. Lopes Da Silva.)

absence SE, which has a very stereotypic EEG to secondary generalized seizures
with variable EEG features (Fig. 6). Other terms within NCSE are complex—partial
SE, subtle SE, nontonic—clonic SE, and subclinical SE. The hallmark is a diminu-
tion of the neurological exam secondary to the seizure, but the patient may present
clinically anywhere along the spectrum between awake/ambulatory and comatose.
The true incidence of this subtype of SE is unknown and likely underrecognized.
Pertinent to the ICU setting, a recent trend ascribes the label of NCSE to patients
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Fig. 6. Focal nonconvulsive status epilepticus a few hours after resection of a left tempo-

ral lobe arteriovenous malformation. Onset of the seizure over the left fronto-temporal leads

(dotted line). Patient was aphasic during the period of the seizure, but responded well to
treatment with benzodiazepines.

having suffered from severe anoxic/ischemic encephalopathy, when characteristic
EEG spikes are present. When such EEG findings, consisting of bilateral periodic
lateralizing epileptiform discharges (PLEDs), are present along with the appropri-
ate clinical history, they portend a poor neurological outcome (66).

Although there is a strong consensus in aggressively treating GCSE, there is
mixed opinion about the proper management of NCSE (61,63). These seizures are
diagnosed by recurrent paroxysmal or epileptiform bursts on the cortical EEG. In
the purest form, without prior evidence of cerebral injury or mass lesion, NCSE is
typically benign. Apart from altered cognition during a seizure that may be dis-
abling, there is no evidence that permanent morbidity has been attributed to this
form of SE. Thus, therapy should be directed toward chronic prevention of the
attacks. In the ICU, however, most forms of NCSE are associated with a history of
moderate to severe cerebral injury, for example, following an anoxic/ischemic event
or trauma. Although associating the effects of NCSE with direct neuronal injury is
difficult in this setting, most epileptologists would agree that in such scenarios the
presence of continuous paroxysmal activity may accentuate injury incurred by the
primary insult. Therefore, it is prudent to attempt therapy as rapidly as is feasible. It
remains unclear to what degree one should attempt to abolish the EEG paroxysms,
although even the induction of barbiturate coma has been performed.

As may be expected, monitoring by EEG is critical to achieving an accurate
diagnosis of SE and for monitoring the therapeutic response itself. This is espe-
cially true for both NCSE and prolonged convulsive SE, where physical findings
are few and the EEG may be the only effective tool for diagnosis (67-69). Table 6
lists common EEG features of GCSE and NCSE. For ongoing SE, EEG (preferably
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Table 6
Typical EEG Presentation of Generalized Convulsive Status Epilepticus (GCSE)
and Nonconvulsive Status Epilepticus (NCSE)

Classic GCSE Generalized spike or sharp wave pattern—begins from a normal back-
ground rhythm. SE is characterized by an unremitting spike activity
or, more commonly, a crescendo—decrescendo pattern of major motor
ictal periods interspersed with lower voltage paroxysmal activity. No
abrupt termination or “postictal depression” is observed, unlike the
aftermath of simple seizures.

NCSE EEG is variable, and a number of EEG patterns are recognized. Gener-
ally, seizures such as complex—partial status resemble their non-SE
counterparts.

continuous) is mandatory to ensure effective treatment. Commonly, convulsive SE
is incompletely treated with residual subtle EEG seizures or NCSE, despite cessa-
tion of motor ictal activity. Some clinical reports suggest residual electrographic
seizures in almost 50% of patients with GCSE and a 10-20% incidence of NCSE in
patients treated for GCSE with cessation of motor seizure activity (63).

PAROXYSMAL LATERALIZING EPILEPTIFORM
DISCHARGES (PLEDS)

The significance of PLEDs has been debated since their first designation in the
early 1960s, but the fact not in dispute is their frequent appearance in ICU patients.
Although not rigidly defined, PLEDs have been ascribed to the presence of spikes,
sharp waves, or a mix of sharp—spike waves that may have coincident slow waves
that together appear on the EEG at regular, periodic intervals (Fig. 7) (70). Mostly
described in patients with cortical injury, PLEDs have also been associated with
patients with epilepsy syndromes and following bouts of severe seizures, such as
SE. Ischemic stroke appears to be the most frequent etiology, but other brain condi-
tions such as hemorrhage, neoplasms, cortical infection and inflammation, and even
metabolic disturbances have been linked to this EEG phenomenon (71).

The underlying pathophysiological mechanisms remain unclear, but the similar-
ity of PLEDs to the interictal spike suggests that similar chemical/membrane dis-
turbances underlying the PDS may be fundamental. In one interesting observation,
clinically occurring PLEDs were linked to basal ganglia circuit function (72). This
is of interest because it links subcortical activity with PLEDs and thus connects this
epileptiform phenotype with the basal ganglia association with seizures (73).

Many consider PLEDs to be a cerebral response to an acute focal process,
although these paroxysms may last for several years if a stroke or mass lesion
remains a physiological irritant. Although structural injury is the greatest stimulant
for development of PLEDs, metabolic or diffuse alteration of cerebral function may
be an etiologic factor in some patients (74). The presence or absence of coincident
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Fig. 7. A good example of PLEDs emanating from a largely quiet background EEG.
(Used with permission from ref. /. Courtesy of R. P. Brenner.)

e

paroxysmal bursts leads to a subcategorization of “simple or proper PLEDs” or
“PLEDs plus” (75). The disappearance of PLEDs, either spontaneously or with
anticonvulsant therapy, has been well documented (76,77).

The attribution of PLEDs to an active ictal state is a position that lacks consen-
sus. It is clear that these discharges may come in the setting of a diagnosis of sei-
zures, or simply with a structural lesion. Data appear not to support definite
conclusions that might be drawn from their presence about such matters as patient
clinical outcome or further risk for seizures (78).

CONCLUSION

Seizures occurring in the ICU setting are more difficult to prevent, diagnose,
and treat effectively than those manifesting outside the ICU or hospital. Particu-
larly challenging is the diagnostic component of seizure management, especially
when only subtle clinical evidence is present and the EEG is not conclusive. The
use of a variety of medications and the clinical management in an ICU all tend to
lower seizure threshold rather than elevate it. A high index of suspicion is war-
ranted by the intensivist, and early use of EEG surveillance can be vital in early
detection. Treatment of seizures in an ICU setting can also be challenging, even in
the absence of SE. The ability to recognize and treat seizures is critical, however,
given the clear evidence for potential grave neurological injury when seizures per-
sist as SE. However, the treatment of seizures itself may impose new patient toxic-
ity, and there must be appropriate toxicity/benefit evaluation, as well as proper
drug selection. Finally, confronting the etiology of the seizures, assessing the risk
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for future episodes, and acquiring an understanding of the treatment options can
greatly assist in formulating the acute ICU and future therapeutic management of
these phenomena.

REFERENCES

1.

Brenner RP. Is it status? Epilepsia 2002;43(suppl 3):103-113.

2. Niedermeyer E, Lopes da Silva F, eds. Electroencephalography. Basic Principles, Clinical

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

Applications, and Related Fields, 3rd ed. Baltimore: Williams & Wilkins; 1993.

. Andy, OJ, Mukawa J. Brain stem lesion effects on electrically induced seizures

(electroencephalographic and behavioral study). EEG Clin Neurophysiol 1959;11:397.

. Bancaud J, et al. “Generalized” epileptic seizures elicited by electrical stimulation of the frontal

lobe in man. EEG Clin Neurophysiol 1974;37:275-282.

. Gloor P. Generalized cortico-reticular epilepsies. Some considerations on the pathophysiology of

generalized bilaterally synchronous spike and wave discharge. Epilepsia 1968;9:249-263.

. Murphy JP, Gelhorn E. Further investigations on diencephalis—cortical relations and their signifi-

cance for the problem of emotion. J Neurophys 1945;8:431-455.

. Velasco F, et al. Specific and non-specific multiple unit activities during the onset of pentylene-

tetrazol seizures. II. Acute lesions interrupting non-specific system connections. Epilepsia
1976;17:461-475.

. Green JD, Morin F. Hypothalamic electrical activity and hypothalamo-cortical relationships. Am

J Physiol 1953;172:175-186.

. Jinnai D, et al. Effects of brain-stem lesions on metrazol-induced seizures in cats. Clin

Neurophysiol 1969;27:404-411.

Kreindler A, et al. Electroclinical features of convulsions induced by stimulation of brain stem. J
Neurophys 1958;21:430-436.

Mirski MA, Ferrendelli JA. Interruption of the connections of the mamillary bodies protect against
generalized pentylenetetrazol seizures in guinea pigs. J Neurosci 1987;7:662—-670.

Mirski MA, Ferrendelli JA. Anterior thalamic mediation of generalized pentylenetetrazol sei-
zures. Brain Res 1986;399:212-223.

Mirski MA, Fisher RA. Pharmacological inhibition of posterior hypothalamus raises seizure
threshold in rats. Epilepsia 1993;34(suppl 6):12.

Mirski MA, Ferrendelli JA. Anterior thalamus and substantia nigra: two distinct structures medi-
ating experimental generalized seizures. Brain Res 1986;397:377-380.

Mullen S, et al. Thalamic lesions for the control of epilepsy—a study of nine cases. Arch Neurol
1967;16:277-285.

Bleck TP, Smith MC, Pierre-Louis SJC, et al. Neurologic complications of critical medical ill-
ness. Crit Care Med 1993;21:98-103.

Mirski MA, Muffelman B, Ulatowski JA, Hanley DF. Sedation for the critically ill neurologic
patient. Crit Care Med 1995;23:2038-2053.

Mirski MA, McPherson RW, Traystman RJ. Dexmedetomidine lowers seizure threshold in a rat
model of experimental generalized epilepsy. Anesthesiology 1994:81:1422—1428.

Wallace KL. Antibiotic-induced convulsions. Crit Care Clin 1997;13:741-761.

Dreifuss FE. Toxic effects of drugs used in the ICU. Anticonvulsant agents. Crit Care Clin
1991;7:521-532.

Annegers JF, Hauser A, Coan SP, Rocca WA. A population-based study of seizures after trau-
matic brain injuries. N Engl J Med 1998;338:20-24.

Arboix A, Garcia-Eroles L, Massons JB, Oliveres M, Comes E. Predictive factors of early sei-
zures after acute cerebrovascular disease. Stroke 1997;28:1590-1594.

Lee ST, Lui TN, Wong CW, et al. Early seizures after severe closed head injury. Can J Neurol Sci
1997;24:40-43.

Lee ST, Lui TN, Wong CW, Yeh YS, Tzaan WC. Early seizures after moderate closed head
injury. Acta Neurochir (Wien) 1995;137:151-154.



18

25.

26.

217.

28.

29.

30.
31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

Mirski

Sabo RA, Hanigan WC, Aldag JC. Chronic subdural hematomas and seizures: the role of prophy-
lactic anticonvulsive medication. Surg Neurol 1995;43:579-582.

Wijdicks EFM, Sharbrough FW. New-onset seizures in critically ill patients. Neurology
1993;43:1042-1044.

DeLorenzo RJ. Status epilepticus: concepts in diagnosis and treatment. Semin Neurol
1990;10:396-405.

Towne AR, Pellock JM, Ko D, DeLorenzo RJ. Determinants of mortality in status epilepticus.
Epilepsia 1994;35:27-34.

Sloviter RS. Status epilepticus—induced neuronal injury and network reorganization. Epilepsia
1999;40:S34-S39; discussion S40,S41.

Clark S, Wilson WA. Mechanisms of epileptogenesis. Adv Neurol 1999;79:607-630.
Delgado-Escueta AV, Wilson WA, Olsen RW, Porter, eds. Advances in Neurology, Vol 79. Jas-
pers Basic Mechanisms of the Epilepsies. Philadelphia: Lippincott, Wilkins & Williams; 1999.
McNamara JO. Emerging insights into the genesis of epilepsy. Nature 1999;399(suppl):
A15-A22.

Mirski MA, et al. Anticonvulsant effect of anterior thalamic high frequency electrical stimulation
in the rat. Epilepsy Res 1997;28:89-100.

Connors BW. Initiation of synchronized neuronal bursting in neocortex. Nature 1984;310:
685-687.

Segal MM. Sodium channels and epilepsy electrophysiology. Novartis Found Symp
2002;241:173-180.

Jeffreys JG. Experimental neurobiology of the epilepsies. Curr Opin Neurol 1994;7:113-122.
Jeffreys JG. Nonsynaptic modulation of neuronal activity in the brain: electric currents and extra-
cellular ions. Physiol Rev 1995;75:689-723.

Le Beau FEN, Alger BE. Transient suppression of GABA s—receptor-mediated IPSPs after epi-
leptiform burst discharges in CA1 pyramidal cells. J Neurophysiol 1998;79:659-669.
Lopantsev V, Avioli M. Laminar organization of epileptiform discharges in the rat entorhinal
cortex in vitro. J Physiol 1998;509:785-796.

Traub RD, Jeffreys JG. Are there unifying principles underlying the generation of epileptiform
after-discharges in vitro? Prog Brain Res 1994;102:383-394.

Traub RD, Wong RK, Miles R, Michelson H. A model of a CA3 hippocampal pyramidal neuron
incorporating voltage-clamp data on intrinsic conductances. J Neurophysiol 1991;66:635-660.
Heinemann U, Lux HD, Gutnick MJ. Extracellular free calcium and potassium during paroxys-
mal activity in the cerebral cortex of the cat. Exp Brain Res 1977;27:237-243.

Traynelis SF, Dingledine R. Potassium-induced spontaneous electrographic seizures in the rat
hippocampal slice. J Neurophysiol 1988;59:259-276.

Larkum ME, Zhu JJ, Sakmann B. A new cellular mechanism for coupling inputs arriving at dif-
ferent cortical layers. Nature 1999;398:338-341.

McCormick DA, Contreras D. On the cellular and network basis of epileptic seizures. Annu Rev
Physiol 2001;63:815-846.

Traub RD, Jeffrey JG, Miles R. Analysis of the propagation of disinhibition-induced afterdis-
charge along the guinea-pig hippocampal slice in vitro. J Physiol 1993;472:267-287.

Stasheff SF, Hines M, Wilson MA. Axon terminal hyperexcitability associated with
epileptogenesis in vitro. I. Origin of ectopic spikes. J Neurophysiol 1993;70:961-975.

Mirski MA, Ferrendelli JA. Selective metabolic activation of the mamillary bodies and their con-
nections during ethosuximide-induced suppression of pentylenetetrazol seizures. Epilepsia
1985;51:194-203.

Mirski MA, Ferrendelli JA. Interruption of the mammillothalamic tracts prevents seizures in
guinea pigs. Science 1984;226:72-74.

Mirski MA, Varelos P. Seizures in the ICU. J Neurosurg Anesthesiol 2001;13:163-175.
Kuijlen JM, Teernstra OP, Kessels AG, Herpers MJ, Beuls EA. Effectiveness of antiepileptic
prophylaxis used with supratentorial craniotomies: a meta-analysis. Seizure 1996;5:291-298.



Seizures and Critical Care 19

52.

53.

54.

55.

56.

47.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Gastaut JL, Sabet Hassan MS, Bianchi CL, Gastaut H. Electroencephalography in brain edema
(127 cases of brain tumour investigated by cranial computerized tomography). EEG Clin
Electrophysiol 1979;46:239-255.

Williamson A, Patrylo PR, Lee S, Spencer DD. Physiology of human cortical neurons adjacent to
cavernous malformations and tumors. Epilepsia 2003;44:1413-1419.

Beaumont A, Whittle IR. The pathogenesis of tumour associated epilepsy. Acta Neurochir (Wien)
2000;142:1-15.

Kim JH, Guimaraes PO, Shen MY, Masukawa LM, Spencer DD. Hippocampal neuron density in
temporal lobe epilepsy with and without glioma. Acta Neuropathol (Berlin) 1990;80:41-45.
Wolf HK, Wiestler OD. Surgical pathology of chronic epileptic seizure disorders. Brain Pathol
1993;3:371-380.

Avoli M, Drapeau C, Pumain R, Olivier A, Villemure JG. Epileptiform activity induced by low
extracellular magnesium in the human cortex maintained in vitro. Ann Neurol 1991;30:589-596.
Gonzalez D, Elvidge AR. On the occurrence of epilepsy caused by astrocytoma of the cerebral
hemispheres. ] Neurosurg 1962;19:470-482.

Sherwin A, Robitaille Y, Quesney F, et al. Excitatory amino acids are elevated in human epileptic
cerebral cortex. Neurology 1988;38:920-923.

Singh R, Pathak DN. Lipid peroxidation and glutathione peroxidase, glutathione reductase,
superoxide dismutase, catalase and glucose-6-phosphate dehydrogenase activities in FeCly
induced epileptogenic foci in the rat brain. Epilepsia 1990;31:15-26.

Towne AR, Waterhouse EJ, Boggs JG, et al. Prevalence of nonconvulsive status epilepticus in
comatose patients. Neurology 2000;54:340-345.

Jordan KG. Continuous EEG and evoked potential monitoring in the neuroscience intensive care
unit. J Clin Neurophysiol 1993;10:445-475.

DeLorenzo RJ, Waterhouse EJ, Towne AR, et al. Persistent nonconvulsive status epilepticus after
the control of convulsive status epilepticus. Epilepsia 1998;39:833-840.

Treiman DM, Meyers PD, Walton NY, et al. A comparison of four treatments for generalized
convulsive status epilepticus. Veterans Affairs Status Epilepticus Cooperative Study Group. N
Engl J Med 1998;339:792-798.

Fountain NB, Lothman EW. Pathophysiology of status epilepticus. J Clin Neurophysiol
1995;12:326-342.

Garzon E, Fernandez RM, Sakamoto AC. Serial EEG during human status epilepticus: evidence
for PLED as an ictal pattern. Neurology 2001;57:1175-1183.

Mirski MA. Rapid treatment of status epilepticus with low dose pentobarbital. Crit Care Report
1989;1:150-156.

Mirski MA, Williams MA, Hanley DF. Prolonged pentobarbital and phenobarbital coma for
refractory generalized status epilepticus. Crit Care Med 1995;23:400-404.

Rumbach L, Sablot D, Berger E, Tatu L, Vuillier F, Moulin T. Status epilepticus in stroke: report
on a hospital-based stroke cohort. Neurology 2000;54:350-354.

Young GB, Goodenough P, Jacono V, Schieven JR. Periodic lateralized epileptiform discharges:
electrographic and clinical features. Am J EEG Technol 1988;28:1-13.

Pohlman-Eden B, Hoch DB, Cochius JIU, Chiappa KH. Periodic lateralized epileptiform dis-
charges: a critical review. J Clin Neurophysiol 1996;13:519-530.

Gross DW, Quesney LF, Sadikot AF. Chronic periodic lateralized epileptiform discharges during
sleep in a patient with caudate nucleus atrophy: insights into the anatomical circuitry of PLEDs.
EEG Clin Electrophysiol 1998;107:434-438.

Norden AD, Blumenfeld H. The role of subcortical structures in human epilepsy. Epilepsy Behav
2002;3:219-231.

Raroque HG, Gonzales PCW, Jhaveri HS, Leroy RF, Allen EC. Defining the role of structural
lesions and metabolic abnormalities in periodic lateralized epileptiform discharges. Epilepsia
1993;34:279-283.

Reiher JR, Hollier LH, Sundt TM, et al. Periodic lateralized epileptiform discharges with transi-
tional rhythmic discharges: association with seizures. EEG Clin Neurophysiol 1991;78:12—-17.



20

76.

77.

78.

Mirski

Erkulvrawatr S. Occurrence, evolution and prognosis of periodic lateralized epileptiform dis-
charges in EEG. Clin Electroencephalogr 1977;8:89-99.

Markund ON, Daly DD. Pseudoperiodic lateralized paroxysmal discharges in electroencephalo-
gram. Neurology 1971;21:975-981.

Garcia-Morales I, Garcia MT, Galan-Davila L, Gomez-Escalonilla C, Saiz-Diaz R, et al. Periodic
lateralized epileptiform discharges. J Clin Neurophysiol 2002;19:172-177.



2

Stroke and Critical Care Seizures

Panayiotis N. Varelas and Lotfi Hacein-Bey

SUMMARY

Patients with hemorrhagic stroke are usually admitted for observation to an
intensive care unit (ICU). A smaller percentage of patients with ischemic stroke are
also admitted, as well as patients with cerebral venous thrombosis or those who
have undergone carotid endarterectomy. All these patients are at risk for seizures.
Those with hemorrhagic stroke are usually at two to three times higher risk than
those with ischemic stroke, but several characteristics of the stroke modify the risk
for having a seizure. In most cases an early seizure (within the first few days after
the ictus) has a different significance from a late seizure (after the patient has been
discharged from the ICU or the hospital). In addition, a significant role is played by
the treatment offered to these patients, either medical, surgical, or endovascular.
Despite an abundance of studies examining the incidence and characteristics of
poststroke seizures, there are several questions still to be answered regarding the
institution and duration of the appropriate treatment.

Key Words: Ischemic; hemorrhagic stroke; sabarachnoid hemorrhage;
arteriovenous malformation; caratoid endarterectomy; hyperfusion syndrome;
cerebral sinus thrombosis.

INTRODUCTION

Seizures following stroke have been reported since the 19th century. Hughlings
Jackson in 1864 reported convulsions in the paralyzed side after a middle cerebral
artery (MCA) embolism (/), and few years later, in 1885, William Gowers intro-
duced the term “posthemiplegic epilepsy” (2).

Seizures can occur early following a stroke (within the first 2 wk), or they can
start at later stages. They can occur more than 24 h before clinical evidence of
stroke (“antecedent” seizures) or within the 24-h period before or after the initial
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neurologic deficit (“at-onset” or “acute phase” seizures) (3,4). Early seizures may
be seen during the index admission to the intensive care unit (ICU) for stroke, or
they may occur later in the course of the event, justifying admission or readmission
to the unit. Three major questions arise in the ICU when a patient with stroke devel-
ops one or more seizures.

(1) How do the seizures affect the stroke?
(2) Are the fits, especially the early ones, a mode of entrance into epilepsy?
(3) When is antiepileptic treatment appropriate?

While trying to address the importance of the problem, one may encounter several
difficulties in reviewing the literature: many studies are older (from before the com-
puted tomography [CT] era), retrospective, based on small numbers of patients, do
not include all types of stroke, and do not consider the timing (not differentiating
between early or late seizures). However, it is important to differentiate between
early and late poststroke seizures because there are several clinical, etiological, and
prognostic differences that justify a separate analysis (5). Moreover, in several stud-
ies, the time between stroke onset and admission is unclear; and thus it is also
unclear whether seizures occurred before a healthcare personnel encountered the
patient, an important detail because many seizures occur during the very first hours
after the onset of a stroke. Finally, many studies do not control effectively for the
presence of antiepileptic medications when the seizures occur, potentially underes-
timating the natural history of poststroke seizures.

SEIZURES AFTER ISCHEMIC STROKE
Clinical Studies

The reported incidence of poststroke seizures varies between 4.4 and 13.8%,
depending on the subgroups included in the analysis, the methods used to evaluate
the stroke, and the follow-up period (5-13). A male preponderance has been
reported in two studies (5, /4). Early seizures (definition varying from the first 24 h
to the first 4 wk poststroke) usually occur at the stroke onset in 1.8—15% of patients
and constitute the majority of poststroke seizures (5,6,8,9,11,12,15—-18). The
majority of early seizures occur immediately poststroke, and the majority of those
are inaugural of stroke (/2). Late poststroke seizure occurrence also depends on the
definition and the duration of follow-up, with a reported incidence of 2.5-15% of
cases (6,10,12,19-22). Recurrent seizures (epilepsy) after stroke can occur in
4-9% of patients (23,24). Although some studies have reported that early seizures
did not lead to the development of late seizures (25,26), the cumulative risk for
epilepsy may reach 19% by 6 yr, a figure 22 times higher than the expected age-
specific incidence of epilepsy in the general population (/6). In a large epidemio-
logical study from southwestern France, Loiseau et al. found that cerebrovascular
disease was the most frequently recognized etiology of seizures in the aging popu-
lation: it was the underlying cause in 36.6% of patients with spontaneous seizures
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and in 53.9% of the patients with confirmed epilepsy (/4). Therefore, although
only 5% of epilepsy is attributable to cerebrovascular disease (pre-CT data from
Rochester, MN) (16), because stroke incidence is high in the elderly, stroke may
account for 25-50% of new epilepsy cases in this population segment (14,27-31).

Most of the seizures after stroke have a focal onset and are of the simple partial
type (9-11,32,33). Almost half show secondary generalization, making it difficult
in the ICU to differentiate between the two types unless the onset was witnessed or
there is continuous video monitoring of electroencephalographic (EEG) data. Com-
plex partial seizures are less frequent, although in one retrospective study their
incidence reached 24% of all poststroke seizures (33). The incidence of primary
generalized seizures lies between the two, although this may be an overestimate,
because most authorities agree that most of these events are secondary generalized
(34).

There have been very few studies conducted in a stroke unit or other ICU,
because the majority of stroke patients are managed in an acute floor setting and are
admitted to an ICU environment only if they have significant comorbidities or if
their condition deteriorates. This chapter provides a review of all currently avail-
able data, so that readers may form their own opinions.

Several studies were conducted in the pre-CT era, the most notable being that by
Louis and McDowell, who reviewed the records of 1000 patients who are presumed,
based on clinical criteria, to have suffered thrombotic infarction (/0). The inci-
dence of seizures was 7.7%. Early seizures were reported in 55% and late in 45% of
60 patients. Epilepsy developed in 3% of patients with early seizures and in 81% of
patients with late seizures during an average follow-up period of 27 mo.

Another early report of a large stroke population admitted to an acute stroke unit
in Toronto found that 83 of 827 (10%) patients had seizures during the first admis-
sion or during the 2- to 5-yr follow-up (35). Seizures occurred only in patients with
hemispheric lesions and were equally represented in those with infarcts and hemor-
rhages. Early seizures (within 1 wk) occurred in 57% of those patients (39% within
the first day). By the first year 88% of those 83 patients had seizures. Mortality
during the first week was not different in patients with and without seizures.

In a retrospective analysis of 90 patients with postischemic stroke seizures,
immediate seizures (defined as occurring within 24 h) were observed in 30% and
early seizures (within 2 wk) in 33% (32). Overall, 98% of the initial poststroke
seizures were observed within 2 yr. The authors could identify precipitating factors
for initial seizures in four patients (one with hypoglycemia, one with hyponatre-
mia, and two with fever resulting from pneumonia). Early seizures were more likely
partial and late seizures generalized. Recurrent seizures occurred in 35 of 90 (39%)
patients with a mean follow-up of 30 mo. Eighty-six percent of patients with recur-
rent seizures had identifiable precipitating factors, the major being noncompliance
with the antiepileptic medication regimes. There was no difference in the recur-
rence rate between patients with early (40%) and late seizures (38%).
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In a retrospective analysis of medical records from Taiwan, approx 2000 patients
were admitted with presumed cerebral infarction and 118 of them had seizures (33).
A bimodal distribution of postthrombotic stroke seizures was found, with an early
peak within 2 wk (early seizures) and a late peak between 6 and 12 mo (33). Early
seizures were reported in 13 of 118 (11%) patients, with seizures and late seizures
in 66 of 118 (66%). However, this study has several limitations, including 42 of
118 patients with unknown interval between seizure and stroke onset. Twenty-three
out of 118 patients (19.5%) with a first seizure had silent infarcts proven by CT of
the head and no history of stroke. In patients with a single infarct (excluding lacu-
nae and border zone infarcts), the frontal and the temporal lobes were the most
commonly involved lobes, either solely or partially (58% each), followed by the
parietal lobe (43%) and the occipital lobe (20%). Most of the seizures were simple
partial (58%) or complex partial (24%), with or without secondary generalization.
Status epilepticus (SE) occurred in 15% of the patients. For patients with ischemic
stroke, epilepsy developed in 35% of patients after early seizures and in 90% of
patients with late seizures.

In another hospital-based study from Buenos Aires, Argentina, 22 (10%) of 230
patients with stroke developed seizures, including 7.1% of those with ischemic
stroke and 25% of those with intracerebral hemorrhage (ICH) (6). The risk for sei-
zures was higher in patients with ICH, cortical involvement, and large stroke (de-
fined as a lesion involving more than one lobe). Early-onset seizures (within the
first month) occurred in 54.5% and seizure recurrence in 6 of 22 (27%) of patients
with seizures. There was no difference in the type, location, and size of stroke
between patients with early and late seizures.

In a prospective study conducted in Birmingham, England, 230 patients were
followed for at least 27 mo after acute stroke (/7). Early seizures at the onset of
stroke (defined as within a 24-h period before or after the initial onset of neurologi-
cal deficit) occurred in 13 (5.7%) of patients, all with strokes in the internal carotid
artery distribution. The percentages were 4.3, 10.7, and in the subarachnoid hemor-
rhage (SAH) group 11.1% in the ischemic stroke subgroup, the ICH group, and the
subarachnoid hemorrhage (SAH) group, respectively. Mortality in patients with
seizures was significantly higher than the whole stroke group only during the first
48 h after admission. This study has several limitations. Only 86% of patients were
admitted to the hospital within the first 48 h of stroke onset, and only 20% had
confirmation of the stroke type by CT, angiogram, or necropsy. Six out of 13
patients with seizures had epilepsy or were taking antiepileptic medications before
the onset of the stroke. None of the remaining patients with poststroke seizures who
survived their stroke (5 of 7) had further seizures during a minimum follow-up of
30 mo. The authors concluded that antiepileptic agents failed to control seizures in
these patients.

A large prospective study was conducted in Australia, following 1000 patients
admitted for stroke (9). The incidence of early seizures (within 2 wk) was 4.4% (44
patients) and occurred within the first 48 h in 43 of 44 subjects (97%). Four patients
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had SE (0.4%), and 18 (1.8%) had multiple seizures. All patients who received
antiepileptic treatment (77%) had readily controlled seizures. The highest incidence
of early seizures (15.4%) was found in patients with supratentorial lobar or exten-
sive (lobar and deep) ICH, followed by 8.5% in patients with SAH, 6.5% in patients
with carotid territory infarcts, and 3.7% in patients with hemispheric transient
ischemic attacks (TIAs). No early seizures were found in any patients with subcor-
tical, lacunar, or vertebrobasilar distribution infarcts or deep cerebral or
infratentorial ICHs. There was no difference in the incidence of seizures after
cardioembolic infarct compared with large-vessel extracranial disease. In the ICH
subgroup, arteriovenous malformation (AVM) as a cause of lobar ICH was found
to have a strong association with early seizures (p = 0.001).

As a follow-up to the study from Australia, the same authors reported the inci-
dence of late seizures (defined as seizures occurring after discharge) in 31 of 44
surviving patients who had had early seizures without TIA (36). Late seizures
occurred in 32% of these patients, compared with 10% of patients without early
seizures from the same cohort and matched for age, sex, and type of stroke. In
patients with ischemic stroke, late seizures occurred in 26 and 0%, respectively,
and in patients with ICH in 62.5 and 25%, respectively. The mean time from early
to late seizure was 12 mo (3 to 30 mo), and the type of seizure was not associated
with seizure recurrence. Twenty-one patients were on antiepileptic treatment at dis-
charge, but the authors could not draw conclusions about the usefulness of these
medications to prevent late seizures because of the small sample size.

Early seizures (within 2 wk) occurred in 2.5% of 1200 patients admitted for
acute stroke in a large, retrospective study from China (75). The incidence of early
seizures was 2.3% in infarction, 2.8% in ICH, and 2.7% in SAH. There was no
association between the stroke subtype and early seizure occurrence. Carotid artery
territory cortical infarctions had 10-fold increased incidence of seizures in com-
parison to noncortical infarctions, and lobar ICH had 20-fold increased incidence
versus nonlobar ICH (p < 0.001). Two-thirds of early seizures were partial, 24%
generalized, and 10% SE.

Another large retrospective hospital-based study was conducted in Marseilles,
France (12). Seventy-eight patients out of 2016 (3.9%) developed seizures after
acute stroke and were followed for an average of 30.2 mo. The authors observed a
biphasic chronological distribution of seizures: early seizures (within the first
month) were observed in 28 of 78 (36%) of patients with seizures and late seizures
(after the third month) in 64%. Among those with early seizures, two-thirds
occurred within the first 24 h (23% of all seizures), and among the late seizures,
two-thirds occurred between the 3rd and 12th mo (42% of all seizures). ICH was
followed more frequently by early seizures than were ischemic strokes (p = 0.05).
The proportion of seizures following cardioembolic stroke was analogous to that
from other causes. Simple partial seizures (with or without secondary generaliza-
tion) were observed in 64%, primary generalized in 32%, and complex partial in
4% of patients. SE presenting as first seizure occurred in 14% of cases. EEG was
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performed in 97% of patients with seizures and showed focal slowing abnormali-
ties in 63% and focal irritative abnormalities in 37% of cases. The earlier it was
performed after stroke (within the first 48 h or not), the higher the percentage of
irritative abnormalities found. Recurrent seizures occurred in 51% of 70 patients
who survived the stroke, and no difference was found between those with early or
late seizure onset.

In a retrospective, hospital-based study from Palermo, Italy, 217 out of 4425
(4.7%) patients with acute stroke had one or more seizures (37). Seizures after
ischemic stroke and ICH occurred in 4.7 and 5.7% of patients, respectively. In the
ischemic group, seizures heralded the stroke in 10.7% of patients with seizures,
were early (within 2 wk) in 44.3% and late in 44.9% of patients with seizures. The
location of ischemic stroke was cortical in 45.5% of cases, subcortical in 32.6%,
and mixed in 21.9%.

In a prospective hospital-based registry of 1099 patients with stroke conducted
in Barcelona, Spain, 27 (2.5%) had early seizures (within the first 48 h) (17).
Younger age, confusional syndrome, hemorrhagic stroke, large lesion size, and
involvement of parietal and temporal lobes were more frequently found in patients
who developed early seizures. There was no increased frequency of early seizures
in those patients with TIAs, embolic infarcts, and lacunar strokes. Patients with
seizures had 33.3% mortality (vs 14.2% for those without seizures, p = 0.02). Pres-
ence of early seizures after stroke was an independent predictor of in-hospital mor-
tality (odds ratio [OR] 6.17, 95% confidence interval [CI] 2.13-17.93). In a
subsequent article, with an additional year of data included, the authors reported
similar findings regarding early seizures: in the multivariate analysis, only cortical
involvement (OR 6, 95% CI 2.5-14) and acute agitated confusional state (OR 4.4,
95% CI 1.4-13.8) were independent predictors for early poststroke seizures (38).

In a prospective multicenter international study (Seizures After Stroke Study
Group [SASS]), 1897 patients with acute stroke were admitted to teaching hospi-
tals (7). Seizures were present in 8.6% of patients with ischemic stroke and 10.6%
of patients with ICH. Early-onset seizures (within 2 wk) occurred in 4.8% of
patients with ischemic stroke. Forty percent of all seizures (3.4% of patients with
ischemic stroke) occurred within the first 24 h. Recurrent seizures (epilepsy)
occurred in 2.5% of all patients (28% of patients who had seizures) or 2.1% of
patients with ischemic stroke (55% of patients with late-onset seizures). Partial
seizures accounted for 52% of all seizures. The 1-yr actuarial risk for seizures was
20% for patients with ICH and 14% for patients with ischemic stroke. According to
an analysis by means of a Cox proportional hazards model, late-onset seizures con-
veyed in the total cohort an almost 24-fold increased risk for epilepsy. In the
ischemic stroke group, cortical involvement and stroke disability (as measured by
the modified Canadian Neurological Score) were independent factors for develop-
ment of seizures and late-onset seizures for the development of epilepsy (12-fold
increased risk).
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The only prospective hospital-based study conducted in the ICU examining the
incidence of poststroke seizures was conducted at the University of California, Los
Angeles; these investigators used continuous EEG (CEEG) monitoring (39). None
of the patients with ischemic stroke received prophylactic antiepileptic treatment
(phenytoin, with therapeutic levels 14-18 mg/dL) unless they had had surgery, a
ventriculostomy, or seizures. All patients with ICH were covered with such a regi-
men. Seizures occurred in 18 of 63 (28%) patients with ICH and 3 of 46 (6%)
patients with ischemic stroke (OR 5.7, 95% CI 1.4-26.5; p < 0.004). Most seizures
(89%) occurred within the first 72 h after the insult, and most (76%) were
nonconvulsive (unresponsive patients with absence of overt convulsions).

Most of the aforementioned studies are hospital-based studies, introducing a
potential bias for more severe stroke admissions. Such bias can be avoided by study-
ing population-based cohorts. These studies give information for both acute-onset
seizures after stroke (usually hospitalized patients) and the long-term risk (and thus
influence the decision about prophylactic antiepileptic management).

The oldest population-based study was conducted in Rochester, Minnesota, and
included 535 patients with first ischemic stroke (40). Onset seizures (within 24 h)
occurred in 4.8% of these patients and early seizures (within 1 wk) in 6%. The
cumulative probability of developing late seizures (after the first week) in the first
year was 3% (a risk 23-fold higher than for the general population); by 5 yr the
probability was 7.4%, and by 10 yr it was 8.9%. In the multivariate analysis, ante-
rior hemisphere location of the infarct was a strong predictor of early seizures (OR
4,95% CI 1.2-13.7). Early seizures and stroke recurrence were independent pre-
dictors for late seizures and recurrent seizures (epilepsy). These results may be
criticized because several patients had their first stroke in the 1960s, when CT was
not available and might have had hemorrhagic instead of ischemic strokes as
reported.

Another large prospective population-based study was performed in France
between 1985 and 1992 (5). Using the Stroke Registry of Dijon, the authors reported
90 (5.4%) patients with early seizures (within the first 15 d) out of 1640 patients
with acute stroke, with an under-study population of 150,000. All patients had CT
of the head, and all patients with seizures had an EEG evaluation. Patients with
cerebral infarct resulting from atheroma, cardiogenic embolus, lacunae, and TIAs
had seizures in 4.4, 16.6, 1, and in 1.9%, respectively. An interesting observation in
this study is the high incidence of seizures with infarcts of the occipital lobe
(11.3%). There were no seizures in patients with brainstem, thalamic, cerebellar, or
retinal infarcts. The authors reported higher incidence of seizures after
cardioembolic infarction (20.8%) than after infarction from atheroma (5%; p =0.01)
in the anterior circulation distribution. There was no such difference in the
vertebrobasilar distribution. This study is also interesting because it reports male
predominance as an independent factor for early seizures after stroke and also EEG
findings. All patients with seizures had abnormal EEGs: nonspecific focal slow
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waves in 43 patients, bilateral slow waves in 18, periodic lateralized epileptiform
discharges (PLEDs) in 15, paroxysmal features in 10, and electrical partial SE in 4.

A second large, prospective, population-based study was conducted in Besancon,
France (21). Out of 3205 patients with first-time ischemic or hemorrhagic stroke,
159 (5%) had first-time seizures. Early-onset seizures occurred in 57 (1.8%) patients,
and late seizures occurred in 102 (3.2%) patients. During a mean follow-up period
of 47 mo, 68 of 135 (50%) patients with a first poststroke seizure experienced sei-
zure recurrence. A second seizure occurred more often in patients with late as
opposed to early seizures (p < 0.01). Occipital involvement and late-onset first sei-
zure were independent predictors of multiple seizure recurrences.

A large European population study was conducted in England in the Oxfordshire
community (8). Over 4 yr, 675 patients with first stroke were registered from a study
population of about 105,000. Onset seizures (within the first 24 h) occurred in 14 (2%)
of acute stroke patients and were generalized in 7, simple partial in 6, and complex
partial in 1. The risk for onset seizures was higher in patients with SAH (6%) and ICH
(3%) than in patients with ischemic stroke (2%). Onset seizures conveyed a 7.5 times
higher risk (95% CI 2.5-23) for subsequent seizures in comparison to patients with
acute stroke but no onset seizures. In the actuarial analysis, the cumulative risk for
seizures after ischemic stroke was 4.2% (2.2-6.2%) in the first year and 9.7% (3.7-
15.7%) in 5 yr. The risks for seizures from ICH were 19.9% (1.5-38.3%) and 26.1%
(0-54.8%) and from SAH 22% (2.6-41.8%) and 34.3% (0—-100%), respectively. Survi-
vors of total anterior circulation infarction had a 34% (12-57%) risk for poststroke
seizures within 2 yr, a risk much higher than in those with other stroke subtypes. On the
other hand, the lowest risk for seizures was found in those patients with lacunar strokes
(only 3% developed seizures) and in those who were independent at 1 mo poststroke
(actuarial risk at 5 yr 4.2% [0.1-8.3%]). Compared with the general population,
ischemic stroke conveyed a 29-fold increased risk for seizures in the first year and a 21-
fold increased risk in the second year. This difference was accentuated in the over-65
age group, where the risk for seizures in the first year was 76-fold increased compared
with the general population without stroke. Interestingly, in this age group and during
the second year, the risk for seizures, although still higher than for the general popula-
tion, was lower than for the other age groups (17.2-fold increase vs 18.5 to 23.2-fold
increase in patients age 65 yr and older). Thus, younger patients were noted to have a
dramatically increased risk for seizures during the first year after stroke, which dropped
during the second year.

Another population based study was conducted in Copenhagen, where 1195
patients with acute stroke out of a population of 240,000 inhabitants were followed
for 3 yr (18). Early seizures (within the first 14 d after stroke) occurred in 4.2% of
patients, most within the first 72 h (86%). Early seizures were related to the sever-
ity of stroke only, as estimated by the Scandinavian Stroke Scale (SSS). For each
10-point increase in the SSS, the risk for early seizures increased by a factor of 1.65
(95% CI 1.4-1.9). This study did not include patients with SAH. Although ICH
was more frequent in patients with early seizures than without (17 vs 7%), in the
multivariate analysis it was not a predictor of seizures. Mortality in patients with
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early seizures was 50% (vs 20% in patients without seizures), but seizures did not
stand as an independent predictor of mortality in the multivariate analysis: only
stroke severity predicted mortality. Indeed, in survivors this study found that early
seizures were associated with a better outcome. The authors explained this finding
by suggesting that seizures were emanating from a larger ischemic penumbra, which
represents salvageable brain tissue.

In another population based study, the Northern Manhattan Stroke Study
(NOMASS), seizures occurred in the first 7 d of the stroke onset in 4.1% of all 904
patients enrolled and in 3.1% of 704 patients with ischemic strokes (4/). The most
common type was complex partial seizures (48.7%), followed by primary general-
ized (24.3%), simple partial (10.8%), and undetermined (16.2%) seizures. Com-
pared with ischemic infarcts, seizures post-ICH conferred a 2.4-fold increased risk
for subsequent seizures (95% CI 1.2-5.2). Compared with deep infarcts, lobar
infarcts conferred an 11 times increased risk for seizures (95% CI 2.6-47.6). Deep
and lobar ICH, as well as SAH also correlated with a significantly higher risk for
seizures than deep ischemic infarcts (OR 7.9, 95% CI 1.4-43.6; OR 25.3, 95% CI
5.1-125.2; OR 13.2, 95% CI 2.7-86.4, respectively). In a subgroup with recorded
National Institutes of Health Seizure Scores (NIHSS), seizures were more com-
monly associated with NIHSS > 15 on admission. Early seizures following ischemic
stroke were not independently predictive of 30-d case fatality, a finding that was in
conflict with results of earlier studies (/7).

Finally, a recent large prospective study from Lausanne, Switzerland, using the
Lausanne Stroke Registry, reported 43 of 3628 (1.2%) patients with seizures (42).
The patients with seizures were matched for age, sex, and location/type of lesion
with two controls without seizures from the same cohort. Early seizures (within the
first 24 h) occurred in 23 of 3270 (0.7%) patients with ischemic stroke and 14 of
352 (3.97%) patients with ICH. Patients with infarcts were statistically less likely
than those with ICH to develop seizures. Hemorrhagic infarcts were associated with
seizures, but embolic infarcts were not. All lesions in patients with seizures involved
the cortex, except for three (one deep posterior circulation infarct and two
striatocapsular ICHs). In the multivariate analysis, a high blood cholesterol level
was an independent predictor for decreased risk for early seizures (OR 0.18, 95%
CI 0.06-0.54).

Table 1 summarizes the aforementioned studies of stroke and seizures, as well
as percentages of early, late, recurrent (epilepsy), or total seizures.

Status Epilepticus

SE is defined as a seizure or a series of repetitive seizures that lasts more than 30
min without recovery between episodes (43,44). SE may be an additional risk fac-
tor for increased mortality and morbidity after stroke through systemic metabolic
changes, increased risk for herniation secondary to elevated intracranial pressure,
cardiac arrhythmias leading to sudden death, or increased risk of aspiration pneu-
monia (41). Thus, SE is an unquestionable reason for admission to the ICU.
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Acute stroke is the third most common cause for SE (44), accounting for approx
20% of all SE cases (45—47). In a retrospective study, 8% of all initial poststroke
seizures presented as SE (6% focal and 2% generalized) (32). SE was more com-
mon with early-onset seizures (14%) than with late (5%) but did not occur as recur-
rent seizures. This was demonstrated in the largest pre-CT retrospective study of
seizures following nonembolic cerebral infarction, which found the majority of SE
attacks to occur in the acute poststroke phase (10).

In another retrospective study, SE occurred in 13% of 118 patients with throm-
botic stroke and was generalized tonic—clonic (GTC) in 60%. This latter study
reported only one patient with SE as the initial stroke manifestation and another
three with SE in the acute stroke phase: 60% of patients had SE as late seizure
manifestation postinfarction (33). Milandre et al. found that 14% of their patients
with initial poststroke seizures were in SE (/2) and Lo et al. reported that 10% of
early seizure patients were in SE (75). In the first 7 d following an ischemic stroke,
SE occurs in 0.9% of patients (NOMASS-population based study) and represents
15.8-27% of all seizures after stroke (41,48).

In the large, prospective, population-based study conducted in Besancon, France
(48), out of 3205 patients with first-time strokes, 159 (5%) had first-time seizures.
SE occurred in 31 of 159 (19%) patients with poststroke seizures. Partial SE occur-
red in 12 patients, nonconvulsive SE (NCSE) in 10, generalized seizures in 6, and
unclassifiable events in 3 patients. SE occurred in 22 of 2742 (0.8%) patients with
ischemic stroke and 22 of 116 (19%) patients with ischemic stroke who had
poststroke seizures. SE occurred in 9 of 463 (1.9%) patients with ICH and 9 of 43
(21%) patients with ICH and poststroke seizures. There was no significant differ-
ence between the two etiologies of stroke (ischemic stroke or ICH) regarding the
occurrence of poststroke SE. In 4 of 3205 (0.12%) patients, stroke initially mani-
fested as SE, and in 17 of 159 (11%) SE occurred as the first poststroke epileptic
symptom. In patients with SE, it manifested as the first epileptic syndrome in 17 of
31 (55%) patients (in 7 as “early” SE—within the first 2 wk—and in 10 as “late”
SE), and in 14 patients it followed another seizure after the stroke (in 2 patients it
was “early” SE, and in 12 patients it was “late” SE). In an average 47-mo follow-up
of the 16 of 17 surviving patients with SE as the first epileptic symptom, only 3
(19%) developed additional episodes of SE and 50% were SE or seizure free. By
contrast, all 14 patients with SE after one or more seizures had recurrences: 5 with
SE (36%) and 9 (64%) with only seizures. Thus, SE as the first epileptic symptom
was associated with a lower risk for subsequent seizures (p < 0.01). Such favorable
association was not noted with early or late occurrence of SE. Fifteen out of 31
(48%) patients with poststroke SE died. In 5 patients (16%, all with infarction) SE
was considered to be the direct cause of death. There was no significant difference
in mortality for patients with poststroke seizures and poststroke SE. Permanent
neurologic deterioration after SE occurred in 2 patients only, and transient deterio-
ration occurred in 13 patients. However, there was no radiological change in these
15 patients. In another large, multicenter study of 346 patients with generalized
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convulsive SE, mortality reached 11% in those patients with stroke as the precipi-
tating cause (45).

Another large, retrospective hospital-based study was reported from Turkey (49).
Out of 1174 patients with first-time stroke, 180 (15.3%) developed poststroke sei-
zures, of which 17 (9%, or 1.45% of the whole cohort) developed SE. Twelve
patients manifested SE after ischemic stroke and five after ICH. There were no
differences between the group with SE and the group with poststroke seizures
regarding sex, age, stroke risk factors, seizure types, EEG findings, stroke type
(ischemic or hemorrhagic), topography or cortical involvement, or size of the lesion.
However, SE occurred more frequently among more disabled patients (Rankin scale
>3, p =0.002). Early-onset (within the first week) SE was found in 7 of 17 patients,
of whom SE occurred as the first epileptic symptom in 6 (stroke begun as SE in 2
patients) and as SE after at least one seizure in 1 patient. Late-onset SE was found
in 10 of 17 patients, of whom SE occurred as the first epileptic symptom in 3. Five
of seven patients with early onset SE and none with late-onset SE experienced
recurrence of SE (p = 0.003). Mortality was not different among patients with SE
(53%) and those with poststroke seizures (50%). However, it was higher in those
patients with early-onset SE than in those with late-onset seizures (p = 0.049). Death
was the direct consequence of SE in two patients (12%). Poor functional disability
was the only independent clinical factor for developing poststroke SE; for mortal-
ity after poststroke SE, age was the only such factor.

In the large prospective study from Lausanne, Switzerland, SE was reported in 3
of 37 (8%) patients with early seizures after stroke but in only 0.08% of all patients
with ischemic infarction or ICH in this cohort (42).

Table 2 is a summary of the aforementioned studies reporting SE incidence after
stroke.

Pathophysiology

Although the vast majority of seizures follow stroke, they can also precede it.
Many studies excluded epileptic patients from the analysis if they suffered a stroke
and had concurrent seizures. However, others reported the outcomes in these
patients with “vascular precursor epilepsy” (10,33). In one particular study from
the United Kingdom, 46% of patients who developed seizures after acute stroke
were epileptics, raising the possibility that epileptic patients may have more fre-
quent seizures after a stroke than nonepileptic patients (11). This could be explained
either through recurrent or continuous focal ischemia capable of inducing an epi-
leptogenic cortical focus or the activation of epileptiform discharges by regional
hypoxia in patients with partial or primary generalized epilepsy, a mechanism not
yet demonstrated in nonepileptic patients (3).

In another study from Taiwan, 4 patients had seizures preceding the onset of
thrombotic stroke by periods ranging from a few hours to 2-3 d (33). In the
Oxfordshire study, 2% of patients had a seizure in the year before the stroke, a
threefold increase over the general population (8). Another case-control study of
230 patients showed an eightfold increased risk of epilepsy before stroke (50). More
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Table 2
Studies With Reported SE Incidence After a Stroke

Type of No. Incidence
Study study  patients of SE Comments

Sung et al. (33) R 118 15% 0.8% initial stroke manifestation
Kilpatrick et al. (9) P 1000 0.4% Patients with early seizures
Loetal. (15) R 1200 0.25% Patients with early seizures
Milandre et al. (12) R 2016 0.5%
Gupta et al. (32) R 90 8% 14% of patients with early
seizures

5% of patients with late seizures

Labovitz et al. (41) P 904 0.9%

Rumbach et al. (48) P 3205 Isc 0.9% 0.12% initial stroke manifestation
ICH1.9%  19% of patients with SE had
recurrent SE, when this was
first epileptic symptom
36% of patients with SE had
recurrent SE when SE followed

seizures
Velioglu et al. (49) R 1174 1.45% 0.17% initial stroke manifestation
Isc 1% 71% of patients with early-onset

SE had recurrence
ICH 0.45% 0% of patients with late-onset
SE had recurrence

Devuyst et al. (42) P 3628 0.08% Excluding six patients with pro-
dromal seizures
Lamy et al. (19) P 581 0.34% Age group 18-55 yr

P, prospective; R, retrospective; Isc, ischemic; ICH, intracerebral hemorrhage.

recently, the previously cited large prospective study from Switzerland reported 6
of 3628 (0.16%) patients with seizures within the week preceding the stroke onset
(42). Three patients had infarcts and three had ICH. The authors suggest that these
prestroke seizures are caused by an initially preclinical lesion, which because of
rebleeding, developing edema, or extension or dysfunction of adjacent or remote
structures (diaschisis) evolves into a clinical stroke syndrome. Because of CTs
revealing that up to 11% of patients with first clinical strokes have asymptomatic
cerebral infarctions (half of which involve the cortex) (51), it is conceivable that
the preceding seizures arise from these asymptomatic lesions (33). Two studies sup-
port this theory. In the first study, 15 of 132 (11.4%) patients with late-age-onset
seizures and no history of stroke had infarcts on CT of the head vs 2 of age- and
sex-matched controls (p = 0.003). However, 60% of these infarcts were lacunae
(52). In another study, 75 of 387 (19%) of patients older than age 50 yr with new-
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onset seizures had ischemic lesions on CT of the head, making cerebral vascular
disease the most frequently identified cause of late-in-life-onset epilepsy (31).

Onset seizures after acute stroke have common features with acute seizures after
traumatic brain injury and imply a common pathogenesis (7,8). Because there may
be a free-time interval between the development of late seizures after early
poststroke seizures, the pathophysiologic mechanisms may differ between early
and late seizures or may be evolving in time (/2). Early seizures are thought to
emanate from electrically irritable tissue in the penumbra of the lesion (53,54), as a
result of regional metabolic dysfunction and excitotoxic neurotransmitter release,
such as glutamate. Dysfunction of inhibitory circuits related to y-aminobutyric acid
(GABAergic) is another possibility. Accumulation of Ca?* and Na* inside the cell
results in depolarization of the cellular membrane and the activation of several
intracellular cascades. This has been shown in animal models of stroke, where cor-
tical neurons in the neocortex and hippocampus had altered membrane potentials
and increased excitability (55,56). In a rat model, Nedergaard and Hansen showed
that the penumbral depolarization after middle cerebral artery (MCA) occlusion are
either spreading depression waves (from K* or glutamate release from the core of
the infarct) or ischemic depolarizations (because of blood flow fluctuations around
the threshold of anoxic membrane failure) (57). These derangements do not remain
stationary but constitute an evolving process. In a rat model of forebrain ischemia a
differential seizure threshold to infused proepileptic agents was seen to be chang-
ing over time (58). Thus, it is suggested that after an initial critical period, esti-
mated around 3 h, the progression of the penumbra tissue toward necrosis leads to
lessened epileptogenic activity, which accounts for the decrease in seizure fre-
quency between 3 and 24 h after stroke (42). These findings are supported by
another neurophysiological study using transcranial magnetic stimulation, where 6
of 84 patients with stroke showed a decrease in duration of the silent period in
either the arm or leg of the affected side in comparison to the unaffected limb (59).
Five of these six patients had early or late poststroke focal seizures and no interictal
epileptiform activity on the EEG. The authors suggested that this finding was the
result of decreased cortical inhibitory activity related to functional or structural
impairment of GABAergic interneurons.

Late seizures probably are caused by gliosis and the development of
meningocerebral cicatrix, leading to persistent hypoperfusion and anoxia, dendritic
deformation, and hypersensitivity or denervation supersensitivity (3,32,54).

A summary of possible mechanisms for seizures in varying temporal relation-
ships to stroke can be found in the work of Armon et al. (3) and Silverman et al.
(54). Poststroke seizures are associated with more severe brain ischemia as shown
by positron emission tomography (60). Seizures associated with migraine may be
warning signs of an underlying cerebral infarction (67). A causal relationship
between TIAs and seizures has been difficult to establish. Repetitive involuntary
movements in association with TIAs have been reported. EEG in these patients did
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not show epileptiform activity, and the movements did not respond to phenytoin
(3,62).

Although the involvement of the cerebral cortex after ischemic stroke is thought
to be necessary for the occurrence of seizures, there have been several reports of
seizures associated with lesions involving subcortical structures. For instance,
lacunar infarcts have been implicated in the development of seizures, either through
more widespread cerebrovascular disease and involvement of adjacent cortex not
apparent on the CT of the head or because subcortical lesions, such as those in the
caudate head, may induce seizures (5,26). In the prospective study from Birming-
ham, England, 4 of 13 patients with seizures after acute stroke had subcortical
lesions (11). Only 3 of 273 (1%) patients with lacunar infarcts had seizures in the
previously quoted large prospective study from Dijon, France (5). In the same popu-
lation, the authors reported in a different study that 11 of 13 (85%) patients with
seizures and CT-proven lenticulostriate strokes had an associated ipsilateral
posterofrontal or anterotemporal cortical ischemic lesion demonstrated by mag-
netic resonance imaging (MRI). Inspection of single photon emission images
showed that 13 of 13 (100%) patients had decreased cerebral blood flow (CBF) in
the ipsilateral frontal area. Also, in patients with a lenticulostriate stroke, larger
subcortical and ipsilateral cortical ischemic lesions were predictive of seizures (63).
In the Oxfordshire study, 5 patients (3%) with lacunae had seizures (8), and another
5 patients with lacunal and grand mal seizures have been reported in a case series
from Israel (64). In the multicenter, prospective SASS study, 2.6% of patients with
lacunae developed seizures, but 7 of 8 had also other identifiable reasons (7).

Finally, in a prospective hospital-based registry, 113 patients with nonlacunar
subcortical infarcts were studied. Seizures occurred in 4 (3.5%) of these patients,
all with striatocapsular infarcts: two within the first 24 h, one within the first month,
and one within the first year. Cardioembolic strokes were more common in patients
with seizures (65). Other large studies have not found an association between lacu-
nae and seizures (9).

Seizures associated with embolic infarcts may be caused by commonly seen
hemorrhagic conversion, since iron deposition in rat brain tissue is known to be
epileptogenic (66). In the same way, iron deposition may play a significant role in
seizure development after ICH, although this mechanism does not adequately
explain the early onset frequently seen. In addition, thrombin is thought to play a
significant role in seizures after ICH. In a rat model of ICH, thrombin injected into
the brain at concentrations found in hematomas produced brain edema and immedi-
ate focal motor and electrographic seizures in all animals. When a-NAPAP, a throm-
bin inhibitor, was added to the thrombin injection, none of the animals had clinical
or EEG seizure activity and brain edema was reduced (67).

How much do seizures affect the evolution of the triggering stroke? The effect
of seizures on the infarcted area, through hypoxia, lactic acidosis, ionic changes,
and a higher metabolic demand of the brain, is thought to lead to persistent worsen-
ing of the neurologic deficits (17,68). In one particular study, persistent partial
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motor poststroke seizures led to persistent worsening of the prior neurologic deficit
in 10 of 48 patients, without new CT or MRI findings (68). However, several other
studies have failed to demonstrate worsening of prognosis after poststroke seizures
(9,11,18,41).

EEG Findings

Occasionally, EEG may be helpful in the ICU in the evaluation of poorly defined
poststroke neurological symptoms (54), such as focal weakness (Todd’s paralysis)
or coma (resulting from NCSE) (69). Conventional analog EEG, computer-assisted
digitized EEG and CEEG recordings have all been used in the ICU (69,70). Normal
EEG after poststroke seizures has been reported in 4—15% of cases (9,12,15,32).
Vespa et al., who used CEEG monitoring in the ICU, concluded that electrographic
poststroke seizures are four times more frequently detected than clinical poststroke
seizures (39).

Abnormalities on the EEG may have a differential predictive value regarding
the development of seizures after cerebral infarction. Holmes found that 98% of
poststroke patients with sharp waves, spikes, and PLEDs on the EEG developed
seizures but did not correlate these findings with seizure recurrence (/3). Twenty-
six percent of patients who developed poststroke seizures had PLEDs in this study,
whereas only 2% of those never had one. The prognostic significance of poststroke
PLEDs has also been emphasized in another retrospective study, which noted that
all four patients with PLEDs on the initial EEG had recurrent seizures (32).

Conversely, in patients with poststroke seizures, focal irritative abnormalities
(electrographic seizures, epileptiform abnormalities, PLEDs) can be found on the
average in one-fourth of cases and focal slowing in two-thirds (/2,15,32). Epilepti-
form abnormalities on EEG performed within the first 24 h (“unless the patient was
critically ill”) were found in 14% of patients with peristroke seizures in a large
recent prospective study (42). The specificity of the test is poor, because similar
findings are not uncommon in patients with stroke without seizures (12). The fre-
quency of irritative abnormalities can be influenced by the timing and the repetition
rate of the test. This may explain why in a prospective study from Denmark, epilep-
tiform abnormalities were reported in only 2 of 77 (2.6%) patients with supratento-
rial strokes (23). EEGs were obtained in all patients within the first week after the
stroke and repeated at 3 and 6 mo. All seven patients who developed epilepsy in
this series had focal d and 0 activity on the EEG. One patient who had epileptiform
activity at 3 mo poststroke later developed epilepsy, and another had such activity
on the first EEG recorded 6 d after stroke and 5 d after the first seizure. The authors
conclude that EEG was not helpful in determining the risk for developing epilepsy.

Neuroimaging
Diffusion-weighted MRI (DWI) and apparent diffusion coefficient (ADC)

changes have been well-described during acute ischemic stroke. In the acute phase,
because of energy substrate depletion and Na*, K*-ATPase pump failure, ionic
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changes lead to cytotoxic edema and decreased diffusion of water. On DWI,
ischemic brain appears brighter (high signal) than normal brain, whereas it is darker
on ADC maps (low ADC = decreased signal). Later, when the cells die and cellular
membranes are disrupted, these changes reverse (decreased DWI signal and
increased ADC signal). However, neuroimaging changes have also been reported
after repetitive seizures or SE or NCSE (71), making interpretation more difficult
when these conditions coexist. Low-density changes on CT and high signals on T2-
weighted MRI (that do not respect vascular territories), leptomeningeal contrast
enhancement (indicative of alteration of the blood—brain barrier and vasogenic
edema), local hyperperfusion on magnetic resonance angiography and cerebral
activation on functional MRI, all reversible, have been well-associated with partial
epilepsy and could help differentiate between ischemic stroke and seizure activity
(72,73). Senn et al. reported a patient with partial SE who had high DWI and ADC
signal in the effected areas at the onset of seizures. Seven days later, DWI signal
had regressed and ADC had further increased; 10 d later, there was marked regres-
sion of all signals and signs of focal atrophy (72). These findings contrast with
those of Lansberg et al., who reported three patients with complex partial SE and
decrease in ADC on the first day (73). These differences may be the result of timing
of the MRI during SE. So far, to our knowledge, no data exist regarding
neuroimaging findings of poststroke seizures, except for one patient with mito-
chondrial encephalomypathy—lactic acidosis syndrome and recurrent SE (74).

Poststroke Seizures in the Young and Elderly

Nonhemorrhagic stroke in young patients (<45 yr) accounts for 3—10% of all
infarctions and has low mortality (range: 1.5-8%) (75-77). Only a few studies have
examined the incidence of poststroke seizures in this younger population.

In a retrospective analysis of 65 young stroke patients (age 15-45 yr), followed
for an average 32 mo (range: 12-59 mo), the incidence of seizures was 10.8%, and
all occurred in patients with carotid artery territory infarction (78).

In a prospective, multicenter European study (the PFO-ASA study), 581 patients
with cryptogenic ischemic stroke, age 18-55 years, were followed for seizures for
an average of 38 mo (/9). None of the six deaths was related to the occurrence of a
seizure. Early seizures (within 1 wk poststroke) occurred in 14 of 581 (2.4%) of
patients, 71% of them within the first 24 h. Two patients developed SE, one as an
inaugural event. Rankin scale =3 (OR 3.9, 95% CI 1.2-12.7) and cortical involve-
ment (OR 7.7, 95% CI 1-61.1) were the only clinical and radiologic independent
variables associated with early seizures. Late seizures occurred in 20 of 581 (3.4%)
with a mean delay of 12.9 mo poststroke. Six of these patients had early seizures
and 4 of 6 were on antiepileptic treatment when the first late seizure occurred. Early
seizures (OR 5.1, 95% CI 1.8-14.8), cortical signs (OR 4.5,95% CI 1.6—13.1) and
size of infarct larger than one-half hemisphere (OR 9.7, 95% CI 3.1-30.8) were
independent predictors for late seizure development. Recurrent, unprovoked late
seizures were found in 11 of 20 (55%) patients with late seizures, and the risk for
epilepsy was 2.3% within 3 yr in this patient population.
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The incidence of seizures in the elderly is close to that in the first decade of life.
With increasing age, more patients have an identifiable cause for their seizures, and
thus more seizures may have a focal onset (79). Luhdorf et al. followed all patients
within a definite area who developed seizures after age 60 yr. In 32% of these
patients, the dominant cause of seizures was previous stroke (29). In a retrospective
population-based study from Saskatchewan, Canada, 46 of 84 (55%) patients age
60 yr and older with new-onset seizures had acute or remote cause identified (symp-
tomatic). Of those, 22 of 46 (48%, or 26% of all patients with new seizures) resulted
from acute or old stroke. All patients with non-life-threatening strokes had excel-
lent prognosis, with seizures resolving in all but one patient. No information is
provided about the number of elderly patients admitted to an ICU in these studies
(80).

Similar findings were noted in a large, prospective epidemiological study con-
ducted in southwestern France (/4). The annual incidence of seizures in patients
older than age 60 yr was 127 out of 100,000. Cerebrovascular disease was the most
frequently recognized cause in this age group and represented 36.6% of patients
with spontaneous seizures and 54% of patients with confirmed epilepsy.

Treatment of Post-Ischemic Stroke Seizures

Seizures at the onset of an ischemic stroke are considered to be a contraindica-
tion for intravenous administration of tissue plasminogen activator (t-PA) (81),
although data addressing this issue are missing. In a prospective study from Calgary,
Canada, 230 patients were eligible for intravenous t-PA (admission within the
3-h window) but did not receive the treatment for various reasons (82). Seizures at
the stroke onset were the reason for the exclusion in 2 out of 230 (0.9%) of these
patients. In a recent large prospective study, 60% of peristroke seizures occurred
between the stroke onset and 3 h (during the IN t-PA treatment window) and only
26% between 3 and 24 h (42). This study does not report the number of patients
with stroke admitted within 3 h of stroke onset to estimate the percentage of the
patients with seizures.

The most recent guidelines from the Stroke Council of the American Stroke
Association recognized that the available data regarding poststroke seizures are
derived from level III-V evidence (nonrandomized concurrent cohort studies to
anecdotal case series) (83). The authors concluded that there are no data about the
utility of administering prophylactic antiepileptic treatments and few data concern-
ing the efficacy of these drugs in the treatment of poststroke patients who have
experienced seizures. Their recommendation was to base the treatment on the
established management of seizures complicating any acute neurological illness.
The following paragraphs summarize the data available and provide an in-depth
look at the problem an intensivist faces.

It has been mentioned that there are no randomized-controlled trials evaluating
specific treatment options in poststroke seizures. Bladin et al. argue that any such
trial would pose extensive logistic challenges and would likely be unethical (7).
Prophylactic treatment for seizures after ischemic stroke is controversial. The dura-
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tion of treatment is also unknown. Should these patients be admitted to an ICU
when they present with a seizure in the context of an acute or subacute stroke?

Armon et al. have summarized the rationales for treating seizures at the onset of
a stroke as follows: (a) control of persistent or recurrent seizures (SE), (b) preven-
tion of seizures within the first day of stroke, (c) prevention within the first 2 wk
poststroke, and (d) prevention of recurrence of seizures after the first 2 wk or the
appearance of late seizures (3). We suggest adapting the same rationale to the ICU
setting by tailoring it to the following issues: (a) whether to treat or not treat a
seizure that accompanies a stroke, (b) whether to treat recurrent seizures or SE, (c¢)
whether to treat preventively poststroke seizures, (d) whether to prevent late sei-
zures from occurring after an early seizure, and (e) whether to prevent epilepsy
from developing after early or late seizures.

The current consensus in ischemic stroke management is not to treat patients
unless they present with a first seizure or are known as pre-existing epileptics. For
a patient who has had prestroke seizures, the rationale for covering with
antiepileptic agents is based on the prevention of pre-existing epilepsy to manifest
in its usual form poststroke or as SE (3). However, even before the occurrence of
the first seizure, some subgroups of nonepileptic patients may be at higher risk for
seizure development. Large infarct size, cortical involvement, hemorrhagic stroke,
and severe stroke (5-7,15,18,19,32,36,38,40,41,84) are typical situations in which
a physician could consider covering the patient with antiepileptic treatment to pre-
vent early seizures, especially if other comorbidities make a seizure manifestation
an unacceptably high risk for complications.

The occurrence of one or more seizures may trigger the decision to use
antiepileptics, although that decision may also depend on the type and location of
stroke. Because of the risk of progression to SE, further damage to the ischemic
penumbra leading to deterioration of the stroke or aspirating oral secretions or vomi-
tus, we believe these patients should be admitted and treated in a neurological ICU
(NICU) or a stroke unit. Are there any data that support this approach? In the series
of Milandre et al., 51% of patients with seizures developed recurrent seizures (mul-
tiple in two-thirds) (/2). In the series by Gupta et al., 39% of patients had recurrent
seizures (multiple in 57%) (32). In neither study was there any difference in the
recurrence rate that could be related to whether the seizures occurred early or late
poststroke. In the Oxfordshire study, 3% of patients with cerebral infarction devel-
oped a single poststroke seizure and another 3% recurrent seizures, which overall
occurred infrequently. The percentages for those with total anterior circulation inf-
arction were 5 and 11% and 2 and 1%, in those with lacunae, respectively. How-
ever, 40% of patients with seizures within the first 24 h after an ischemic stroke and
50% post-ICH developed later seizures, although the numbers are very small (8).
Patients with lobar ICH or SAH had 14 and 8% incidence, respectively, of early
seizures in the Manhattan population study, and the authors suggested prophylaxis
for these subgroups for the first 24 h only, because almost 90% of seizures occurred
within that time frame (41).
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Usually late poststroke seizures are not encountered in the ICU unless one is
dealing with SE. Occasionally, however, a patient who is admitted to the ICU for
another medical reason develops seizures that cannot be related to a drug or a meta-
bolic derangement. Or, with a patient who develops seizures in the context of a
recurrent stroke, it may be difficult (if there is no clear focality in the seizure onset
or in the EEG) to associate the seizure with the new or the old stroke. As with early
seizures, there are data supporting the use of antiepileptic coverage for these late
seizures. From the SASS study, although late onset seizures (after the first 2 wk)
occurred in only 3.8% of all patients with ischemic stroke, they led to epilepsy in
55% of these patients, and their presence was the only independent predictor for the
development of epilepsy (7). This has been also noted in other studies (33,40) and
in younger patient populations (/9).

The role played by antiepileptic medications in preventing early or late
poststroke seizures is also unclear (9,11). In a retrospective study, 88% of patients
with postinfarction seizures were controlled with monotherapy, mostly phenytoin,
whereas smaller percentage was initially started on multidrug regimen (32). An
Israeli group retrospectively compared 35 patients with postischemic stroke treated
immediately with antiepileptic medications for 2 yr after their first early seizure
with 26 patients who were untreated until they developed a second seizure (85).
The assignment was made based on the admission service that had accepted the
patients. The mean time for the development of a first seizure poststroke was 5.7 d,
and for the second the mean time was 15.2 mo. During the initial 2-yr postevent
period, the group that was treated immediately had lower relapse (14.3 vs 38.5%, p
=0.03) and higher seizure free rates (85 vs 61%, p = 0.042). However, after discon-
tinuing the antiepileptic treatment, the treated group had the same seizure risk as
the untreated group during the period between the first and second seizures (4.8 vs
6.2%, p = 0.6). This protective role of antiepileptic medications was not confirmed
in other larger studies. In a recent multicenter prospective European study of
younger patients (age <55 yr) with cryptogenic ischemic stroke, antiepileptic treat-
ment did not prevent late seizures in patients with early seizures (/9).

Which antiepileptic agents are most effective in preventing poststroke seizures
is also unknown. Overall, poststroke seizures seem to be easily controlled, and
monotherapy usually suffices. Because the majority of seizures have a focal onset,
first-line drugs in the ICU are parenteral agents, such as phenytoin (PHT) or
fosphenytoin (54). However, if the patient’s mental status and swallowing ability
allow oral administration of other agents, such as carbamazepine or oxcarba-
mazepine, those should be considered. Because of more favorable side effect pro-
file and tolerability, newer agents such as lamotrigine, also should be considered as
monotherapy. Other oral agents that are approved only for adjunctive treatment and
are commonly used as monotherapy, such as topiramate, leviracetam, zonisamide,
and tiagabine, could also be used in individual cases. Gabapentin has been used as
monotherapy in 71 patients with late poststroke seizures, followed for an average
of 30 mo, in an uncontrolled study from Barcelona, Spain (86). The initial dose of
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Table 3
Treatment With Antiepileptic Medications After Ischemic Stroke

1. Infarct and preexisting seizures: continue or restart antiepileptic regimen; keep
therapeutic levels.

2. Infarct and no seizures
Observe
Consider treatment if large, cortical infarct, with hemorrhagic component or
significant comorbidities (lung, heart, presence of aneurysm, etc.) for at least 2 wk.

3. Infarct and early first seizure
Start monotherapy. If subcortical or lacune, continue for 2 wk. If anterior circu-
lation cortical infarct, continue for 1-2 yr (seizure-free interval). Assess with
EEG before discontinuation?

4. Infarct and SE
Treat according to SE protocol in the NICU. Continue treatment for at least 4 yr
(seizure-free interval) if SE was the first epileptic symptom. Assess with EEG
before discontinuation and individualize. Treat indefinitely if SE followed early
or late seizures.

5. Infarct and late first seizure
Treat with monotherapy for at least 2 yr (seizure-free interval). Assess with
EEG before discontinuation and individualize.

gabapentin was established based on weight: 900 mg/d for patients weighing under
75 kg and 1200 mg/d for patients weighing over 75 kg. If seizures recurred, the
dose was increased by 300 mg/d. Thirteen patients (18.3%) experienced one or
more recurrent epileptic seizures during follow-up, but only two patients (2.8%)
discontinued the drug because of poor seizure control. Recurrence rate of seizures
in the first year was 8.35%. A greater proportion of patients with no seizures was
found among patients who had partial seizures than among those with generalized
seizures (p = 0.045). Overall, these patients achieved better control than patients
with newly diagnosed nonvascular partial epilepsy (87).

The duration of the antiepileptic treatment is also unknown. Most experts use
the EEG together with the clinical picture and stroke type to decide about the length
of treatment. Armon et al. suggested for cortical ICH and seizures a 12-mo seizure-
free interval and an EEG without epileptiform activity as grounds to consider with-
drawing the treatment. For nonhemorrhagic stroke and one or more GTC seizures
(at the onset or early on) they suggested a 1- to 2-wk course with PHT, then taper-
ing if the EEG does not show an epileptogenic focus. If such a focus is present, they
suggested a longer treatment. The same approach was used for epilepsia partialis
continua, with the objective of minimizing the likelihood of secondary generaliza-
tion (3).

Table 3 represents a suggested algorithm for the treatment of poststroke sei-
zures.
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INTRACEREBRAL HEMORRHAGE

Clinical Studies

Although there are no widely accepted guidelines for ICH admission to an ICU,
most physicians prefer to admit patients with moderate- to large-size (>30 cc)
hematomas to the stroke unit or ICU for initial observation. One of the signs of
ICH, which would make an admission to the ICU particularly likely, is early sei-
zures, although there are no data supporting that approach. Seizures post-ICH can
develop with the same crude incidence rate in the ICU and in other non-ICU ser-
vices (88) but probably could be recognized earlier and managed more safely in a
unit environment if they recur.

Several studies have reported the incidence of post-ICH seizures ranging
between 0 and 28% (5,7,26,37,39,88-95), with the highest incidence reported from
a NICU in which patients were monitored with CEEG (39). No particular sex asso-
ciation with seizures has been reported (39,94). At least one study has reported
lower frequency of post-ICH seizures in black patients (94). Most studies have
found that posthemorrhagic stroke seizures occur more frequently than postis-
chemic stroke seizures (5—7,9), although a few failed to find this association (/1,35).
For at least 50 yr, since one of the earliest studies, by Richardson and Dodge, corti-
cal involvement has been postulated to be more common in patients who develop
seizures (96). As with ischemic stroke, most post-ICH seizures are of the partial
type with or without secondary generalization in 67-71% of cases (26,39,91,95).
Only one study found seizures to be more often generalized (94).

Most of the studies providing information about the natural history of ICH have
limitations.

Using the Besangon Stroke Registry, Tatu et al. identified 350 patients with pri-
mary ICH (92). Seizures occurred in 39 of 350 patients (11.1%) and were the pre-
senting symptom of ICH in 20 of 350 patients (5.7%), although their incidence
varied with the location of the hematoma: 22.7% with lobar, 8% with putaminal,
1.8% with thalamic, and none with cerebellar ICH. Among 191 patients admitted
within 12 h of onset, 51 (26.7%) experienced an early clinical worsening, but no
data are presented about the subgroup with seizures. In another study, however,
seizures were not found to be associated with neurological deterioration in
noncomatose patients with ICH (97).

The vast majority of studies after CT became available are hospital-based and
retrospective investigations.

An interesting study with clinical and radiological details (through medical
record review) was conducted in the Bronx, New York (94). Seizures occurred in
19 of 112 (17%) patients with supratentorial ICH, all within 24 h from the ICH
onset. A major limitation of this study is that in all but one patient, seizures mani-
fested before arrival at the emergency room. This may account for a possible
overrepresentation of generalized (68%) vs focal (32%) seizures. Another limita-
tion is the short median follow-up period of 60 d. Patients with bleeding diatheses
(anticoagulants or alcohol-induced thrombocytopenia) and cortical extension of the
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hemorrhage were more likely to have seizures. No association was found between
seizure occurrence and level of consciousness or Glasgow Coma Scale (GCS) score
on admission, hemorrhage size, presence of midline shift, or subarachnoid or intra-
ventricular extension.

Another large chart review study from Taipei, Taiwan, reported 126 patients
with seizures out of 1402 patients with ICH (9%) (91). However, the authors
excluded from their analysis patients who had any type of surgery post-ICH. In
those medically treated patients, who were followed for an average of slightly less
than 2 yr, seizures occurred in 4.6%. More than half were early seizures (within 2
wk), and in 30% they were the first manifestation of ICH. Overall, 90% of seizures
occurred within the first year post-ICH. The incidence of epilepsy after ICH was
2.5%. Twenty-nine percent of patients with early seizures developed epilepsy com-
pared with 93% of those with late seizures; we calculated the OR for seizure recur-
rence for late vs early seizures (OR 29.4, 95% CI 5.9-146.4, p < 0.001). More
patients with lobar vs deep-seated hematomas developed early seizures, late sei-
zures, SE, or epilepsy.

One retrospective study from New Orleans examined the incidence of seizures
after primary or secondary (neoplasms or vascular lesions) ICH (93). Thirty-three
out of 222 patients (15%) had seizures within 12 mo of follow-up. Hematoma loca-
tion played a role: 32% of frontal ICH had seizures, 36% with parietal, 37% with
temporal, and only 6% with occipital. None of the patients with caudate head
involvement or intraventricular hemorrhage (IVH) had seizures. Of patients with
immediate or early seizures (up to 72 h after onset of ICH), 70% had recurrent
seizures. All patients with seizures after the first 72 h had recurrences, but no patient
had seizures while on antiepileptic treatment after the first 4 mo.

In a retrospective, hospital-based study from Palermo, Italy, 217 out of 4425
(4.9%) patients with acute stroke had one or more seizures (37). Seizures after
ischemic stroke occurred in 4.7% of patients and after ICH in 5.7%. In the ICH
group, seizures heralded stroke in 3.3%, were early (within 2 wk) in 60%, and were
late in 36.7% of cases. Lobar ICH and seizures were found in 67% of cases, subcor-
tical in 20%, and massive in 13%. In another retrospective study from Rome, Italy,
the authors reported seizures in 55 of 298 (18%) patients with primary ICH (95). A
limitation of this study is that almost 40% of ICH was diagnosed before the CT era.
In 42% of patients with seizures, these were the inaugural symptom of ICH, in 18%
they were early (within 2 wk), and in 25% they were late. Seizures were seen in
35% of lobar ICH and only 8% of deep-seated hematomas. Epilepsy developed in
9% of patients with inaugural, in 29% with early, and in 93% of patients with late
seizures.

In a series of 123 patients with primary ICH, followed for an average of 4.6 yr or
until death, 31 (25%) patients from Birmingham, Alabama, had seizures according
to retrospective chart review (26). In 50% of patients with seizures, these occurred
within 24 h of the ICH, and in 13% seizures were the inaugural symptom. Overall,
two-thirds of seizures occurred within the first 48 h. Cumulative seizure incidence
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was 50% within 5 yr. Seizure incidence was highest with bleeding into lobar corti-
cal structures (54%), low with basal ganglionic hemorrhages (19%), and zero with
thalamic hemorrhages. Within the basal ganglia, caudate involvement predicted
seizures, and within the cortex, temporal or parietal involvement also predicted
seizures. Although cumulative seizure incidence was high (50%) by year 5, preva-
lence of recurrent seizures (epilepsy) was much lower: 13% in 30-d to 2-yr survi-
vors and 6.5% in 2- to 5-yr survivors. The authors estimated the incidence of
post-ICH seizures to be 15 times higher than in the the general population within
the first 2 yr and 8 times higher within years 3—-5. Hematoma size in this (26) and
other studies (7) was not found to be associated with seizures.

In the prospective study from Dijon, France, the authors reported a 16.2% inci-
dence of seizures in patients with supratentorial ICH and none in those with
infratentorial ICH (5). Seizures were more frequent in patients with lobar ICH and
cortical involvement (22.7%) than in those with deep ICH (2.5%) or those with
cortical infarction (6.8%, p = 0.001).

In a prospective multicenter international study, 1897 patients with acute stroke
were admitted to teaching hospitals and followed for an average of 9 mo (7). Sei-
zures were present in 10.6% of patients with ICH. Early-onset seizures (within 2
wk) occurred in 7.9% of patients, and 57% of these occurred during the first 24 h.
The 1-yr actuarial risk for seizures was 20% for patients with ICH. Recurrent sei-
zures occurred in all patients with late seizures (after the first 2 wk). Based on a
Cox proportional hazards model, ICH conveyed an almost twofold increased risk
for seizures (OR 1.85,95% CI 1.3-2.7, p = 0.002). The only independent predictor
for seizures was cortical involvement by the ICH. According to the authors, a com-
bination of sudden development of a space-occupying lesion with mass effect, focal
ischemia, and blood products is thought to play a role in the development of early
seizures after ICH (7).

A recent prospective hospital-based study from Siena, Italy, found that in 57 of
761 (7.5%) patients, seizures followed spontaneous supratentorial ICH (88). The
crude incidence rate of seizures in the ICU was 5.1%, not different from other ser-
vices admitting ICH patients. An interesting finding was that patients with a history
of stroke did not have a higher incidence of immediate (within 24 h) or early (within
30 d) seizures after the index ICH than those without a history of strokes. Thirty-
two (4.2%) patients had immediate seizures, the majority (62.5%) being simple
partial ones. In a multivariate analysis, lobar location of ICH and smaller volume of
ICH (=18 cc) were independent predictors of immediate seizures (OR 4, 95% CI
3.45-4.65,p <0.001; OR 1.6,95% CI 1.02-4.5, p = 0.009, respectively). Only one
patient with immediate seizures had recurrent seizures. Twenty-five of 650 patients
who survived the first ICH day (3.8%) had early seizures; the majority (52%) were
generalized seizures. Lobar location (OR 2.8, 95% CI 1.6-4.8, p = 0.0002), neuro-
logic complications (OR 2.2, 95% CI 1.5-3.3, p = 0.0002), and prophylactic
antiepileptic treatment (in this study phenobarbital, which reduces the risk of early
seizures €0R 0.58, 95% CI 0.39-0.87, p = 0.009) were the only independent pre-
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dictors for early seizures. Immediate, early seizures or SE were not independent
predictors of in-hospital mortality. The cumulative actuarial risk for seizures was
7.2% and 8.1% within 5 and 30 d of ICH onset, respectively. For those with sei-
zures and a mean follow-up of 59 mo, the risk was 27% for relapse within 5 yr and
was associated with clinical events such as infarct, hematoma enlargement, and
discontinuation of medications.

Prophylactic antiepileptic treatment was given in 65.1% of patients based on the
judgment of the responsible physician. Younger patients, with larger hematomas
and midline shift, were more likely to be treated. The risk for early seizures was
reduced with prophylactic treatment only in patients with lobar ICH (OR 0.62, 95%
CI10.4-0.96, p = 0.033). The authors reach the interesting conclusions that the like-
lihood of immediate seizures is influenced by predisposing factors that are inherent
to the ICH and that the likelihood of early seizures correlates with additional unpre-
dictable events, which may induce or favor seizures.

Another recent prospective ICU study examined the incidence of poststroke sei-
zures by means of CEEG monitoring (39). All patients with ICH were preventively
covered with antiepileptic treatment (PHT, with therapeutic levels of 14—18 mg/
dL). None of the patients with ischemic stroke received such prophylaxis unless
they had surgery, ventriculostomy, or seizures. Seizures occurred in 18 of 63 (28%)
of patients with ICH and 3 of 46 (6%) patients with ischemic stroke (OD 5.7, 95%
CI 1.4-26.5, p <0.004). Most seizures (89%) occurred within the first 72 h after the
insult, and most of them (76%) were nonconvulsive (unresponsive patients with
absence of overt convulsions). In the ICH subgroup, where there was a trend of
more AVM representation in the seizures subgroup (p = 0.07), seizures occurred
more frequently with intraventricular extension of blood (p = 0.04) and with lobar
rather than subcortical location of the hematoma (2, 0.59-7). However, more than
one-third of post-ICH seizures (38.9%) developed with subcortical ICH locations.
The NIHSS score increased more in the seizure group than in the group of ICH
without seizures (p < 0.05), and the same was true for the midline shift at the level
of the septum pellucidum (p = 0.03). There was a weak tendency toward larger ICH
volume during repeat CT in patients with seizures than in those without (p < 0.16).
By the same token a nonsignificant correlation with higher mortality was found in
the group of ICH patients with seizures (27.8%) vs those with ICH without seizures
(15%). In the multivariate analysis, seizures were independently predicted by age,
location of ICH, presence of IVH, initial volume tercile (<30, 30-60, or >60 cc),
but not by the initial NIHSS score. Outcome in patients with ICH was predicted by
the initial NIHSS score and age. Seizures had only a trend effect (p < 0.06) on
outcome as measured by Glasgow Outcome Score.

SE Following ICH

SE occurs in 0.8-1.9% of patients with ICH. In patients with ICH who develop
seizures, SE occurs in 14-21% (12,88,91).
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The incidence of SE after ICH was specifically addressed in the large prospec-
tive, population study from Besangon, France (48). ICH triggered SE in 9 patients
or SE occurred in 9 of 463 (1.9%) of patients with ICH. Among patients with first-
time poststroke seizures, 9 of 43 (21%) had ICH and SE. Although SE was follow-
ing ICH more than twice as frequently as ischemic stroke, etiology did not reach
significance for SE in this cohort. ICH was more common among patients with SE
as the first poststroke seizure symptom (6 of 17, 35.3%), than among those with SE
occurring after one or more seizures (3 of 14, 21.4%). In another study from Tai-
wan, SE was found in 11 of 1402 (0.8%) patients with ICH. Among the patients
who developed seizures, SE occurred in 11 of 64 (17%). SE was the first-ever sei-
zure type post-ICH in 9 patients and the first manifestation of ICH in 6 patients.
Mortality in this series reached 36% for patients with seizures and SE, whereas it
was 24% in those with seizures without SE (917). In a recent study from Italy, SE
occurred in 1.1% of patients with ICH and 14% of those who developed seizures
post-ICH (88). SE occurred exclusively in patients with lobar ICH, but in the mul-
tivariate analysis alcohol abuse was the only independent predictor for SE (OR 3.4,
95% CI 1.2-9.6).

Pathophysiology of Post-ICH Seizures

In the pathophysiology of ischemic stroke, iron contained in the hemoglobin
residing in the clot is a known trigger for cellular depolarization in animal models,
and the theory of seizure development after ICH is based on this fact (66). How-
ever, the mechanism does not adequately explain the early onset of seizures fre-
quently seen after ICH. Another factor thought to play a significant role in seizure
generation after ICH is thrombin. When thrombin was injected into a rat brain at
concentrations found in hematomas, it produced brain edema and immediate focal
motor and electrographic seizures in all animals. When the thrombin inhibitor
a-NAPAP was added to the thrombin injection, none of the animals had clinical or
EEG seizure activity and brain edema was reduced (67).

Treatment of Post-ICH Seizures

The appropriateness of treating seizures that follow ICH has not been addressed
specifically in the literature; the same is true of the usefulness of prophylactic treat-
ment, knowledge about which is only inferred from observational studies because
randomized trials are lacking. The guidelines published by the Stroke Council of
the American Heart Association emphasize this lack of evidence but suggest
antiepileptic treatment for 1 mo and then tapering and discontinuation of the treat-
ment if no seizures occur (98).

Immediate, early seizures or even SE do not appear to increase mortality after
ICH (88), but their effect on post-ICH morbidity is not known. In one retrospective
study, which also included ICH from underlying vascular or neoplastic lesions,
patients were followed for 1 yr (93). All patients with ICH from an underlying
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lesion that had earlier been causing seizures were noted to have seizure recurrences
despite antiepileptic treatment, but none after the first 4 mo.

The only study of ICU stroke patients evaluated with CEEG monitoring found a
higher incidence of post-ICH seizures than of seizures following ischemic stroke,
although all ICH patients were systematically covered with antiepileptic medica-
tions upon admission and none of the ischemic stroke patients was on prophylactic
treatment (39). The results of this study make us and others (88,94,99) believe that
antiepileptic treatment should be given prophylactically to all patients with lobar
supratentorial ICH or with cortical ICH involvement. Among lobar ICH patients,
the temporoparietal location appears to confer a higher seizure risk (26,90). Other
high-risk subgroups include the elderly and those with high initial ICH volume
(>60 cc) (39). If neurological complications (such as brain ischemia or rebleeding)
occur after the ICH, early seizures may occur more often, and prophylactic
antiepileptic treatment may indeed be effective (88). If the seizures occur after the
first 2 wk, most authorities recommend long-term antiepileptic treatment (95, 700)
because late seizures are strongly associated with epilepsy development (91).

The effect of surgery on occurrence of seizures is also unknown. The study by
Faught et al. did not find any increase in the incidence of seizures: in their series, 22
of 31 patients with post-ICH seizures were symptomatic before any surgery and 9
only after a surgical procedure (26). In one retrospective study, patients who had
surgical clot removal had a higher incidence of late than early seizures (43 vs 33%),
but only 1 out of 15 patients eventually developed epilepsy (95). Prophylactic treat-
ment aimed at preventing postoperative seizures does not seem to be effective: 5 of
27 (18.5%) patients in a chart review analysis had seizures while still on
antiepileptics after surgery, in comparison to 3 of 17 (17.6%) who were never
treated (26). A recent study agreed with these findings: the rate of surgery was not
different in patients with immediate or early seizures and those without seizures
(88). Thus, we do not recommend prophylactic treatment in the ICU just because
the patient underwent a surgical procedure, if there are no other high-risk factors
present.

Because alcoholic patients have more than threefold increased risk for SE after
ICH (88), we recommend antiepileptic treatment in this patient subgroup in the
ICU with agents that increase GABA-ergic inhibition (benzodiazepines or phe-
nobarbital [PB]).

Table 4 represents a suggested algorithm for the treatment of ICH-related sei-
zures.

SUBARACHNOID HEMORRHAGE
Clinical Studies

All patients with spontaneous SAH should be admitted to the NICU; most of
them will stay there longer than patients with other types of stroke. It is not unusual
to witness abnormal motor activity and loss of consciousness at the onset of SAH,
usually preceding the ICU admission. Many patients have opisthotonos or tonic
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Table 4
Treatment With Antiepileptic Medications After ICH

1. ICH and preexisting seizures: continue or restart antiepileptic regimen; keep thera-
peutic levels.

2. ICH and no seizures
Observe
Consider treatment for 1 mo if the patient is older or has lobar ICH (especially
temporal-parietal) or ICH with cortical involvement.
Treat if there is an underlying structural lesion (AVM or other lesion) or history
of alcohol abuse.

3. ICH and early seizure
Treat for at least 2 yr (seizure-free interval). Assess with EEG before discontinua-
tion?

4. ICH and SE
Treat according to SE protocol in the NICU. Continue long-term treatment.
Consider discontinuing treatment after at least 2 yr (seizure-free interval) if
there were concurrent etiologic factors such as alcohol abuse that are not present
at time of discontinuation. Assess with EEG before discontinuation.

5. ICH and late seizures
Treat indefinitely.

extension posturing of the arms and legs. Studies examining the incidence of sei-
zures published in the pre-CT era had several limitations. The clinical phenomena
that were witnessed were seldom described, and most of the articles were not
focused on this subject, but rather on other aspects of SAH. In addition, several
changes took place in the management of SAH in the 1990s. The most important
are early angiography and surgery, endovascular treatment, and modern manage-
ment in the NICU, leading to a decrease in mortality from 49% to between 20 and
30% (101). As a result of the improvements in diagnosis and treatment, the earlier
and more recent cohorts may have different characteristics. Early seizures after
SAH have been reported in 1.1-16% of patients (102—108) and late seizures in 5.1—
14% (103,105,107-111), depending on the definition used and inherent biases to
the sampling of patients. In studies with aneurysmal SAH, anterior cerebral or com-
municating artery aneurysms had the highest incidence of seizures, followed by
middle cerebral artery aneurysms (105,112).

Although several pathophysiologic mechanisms for seizure development have
been considered in early studies (e.g., ICP elevation, intracerebral hematoma,
infarction, vasospasm), most experts now agree that the majority of the seizures
described earlier were indeed nonepileptic phenomena, consistent with either
acutely released brainstem reflexes or preterminal events secondary to decreased
cerebral perfusion or brain herniation (106,113). The pathogenesis of post-SAH
seizures remains speculative and most likely is multifactorial. For early seizures,
direct irritation of the cerebral cortex by blood seems to be a more plausible mecha-
nism than the vasospasm that usually develops 4-7 d later. However, an association
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of onset seizures to brain ischemia from an “ultra-early arterial vasospasm”
described by Qureshi et al. (//4) remains a possibility (/07). For late seizures,
factors such as cerebral infarction or operative trauma may play a more important
role (103).

One of the first systematic approaches to evaluate the incidence of seizures after
SAH was the retrospective study by Hart et al. from the pre-CT era (106). These
authors evaluated 100 patients with SAH and based their results on clinical data
and, in the majority of cases, on unwitnessed seizures. There were 30 episodes of
seizure activity in 26 patients. Nineteen percent of patients experienced seizures at
the onset or within the first 12 h after SAH, most during the first few minutes.
There was no correlation between those seizures and the incidence of rebleeding or
the prognosis. Late seizures (after the first 12 h) occurred in 11 of 93 (12%) patients
who survived. In 73% of these survivors, seizures manifested during acute
rebleeding. Patients with acute rebleeding had a 20% incidence of seizures, almost
the same as those who experienced seizures at the onset of the initial bleeding
(19%). Overall, 90% of all post-SAH seizures were temporally related to acute
hemorrhage. The mortality of patients with late seizures was 64%, and the mortal-
ity of those who survived the first 12 h after the initial SAH without late seizures
was 38%, but the difference did not reach significance. Neither of the authors did
find any difference in the rebleeding rate or mortality between patients treated with
antiepileptic medications and those who never received any.

In a chart review study from Saskatoon, Canada, seizures were observed in 31 of
131 (24%) patients with spontaneous SAH not related to AVMs (103). Early sei-
zures (within 2 wk) were found in 20% and late seizures (with a mean follow-up of
23 mo) in 4%. Nineteen out of 26 (73%) early seizures occurred during the first 24
h post-SAH, and only 2 (7.7%) patients with early seizures developed late seizures
beyond 4 wk. There was no difference in mortality between patients with and with-
out early seizures, nor was a difference found in the incidence of intracerebral
hematoma or rebleeding. No specific predilection for seizures in relation to the
location of supratentorial aneurysms was reported, but no seizures occurred with
infratentorial ones. The authors question the need for routine prophylactic long-
term antiepileptic treatment for patients with early seizures.

Another study, from Detroit, that randomly selected 100 charts for review,
reported prehospital seizures in 17.9% of patients post-SAH, with an additional
7.4% having questionable seizures (/12). In-hospital seizures developed in 4.1% of
patients, a mean 14.5 d from ictus, and in 8% of discharged patients (all with
prehospital and none with in-hospital seizures). This study is interesting because it
reports ICU length of stay, which was longer for patients with seizures (median 15
d vs 10 d for those without seizures, p = 0.06). Seizures were more frequent in men
than in women. There were no other clinical or radiologic predictors of seizures,
although there was a trend for higher Fisher scores and Graeb IVH scores to be
associated with a seizure. Intracerebral hematomas induced by SAH were not asso-
ciated with seizures regardless of size. No difference between groups with or with-
out seizures regarding mortality or discharge disposition was found.



Stroke and Critical Care Seizures 51

A limitation of the Detroit study is the absence of multivariate analysis. How-
ever, other studies have found an association between post-SAH seizures and
increased mortality and disability. In a prospective hospital-based study from
Lisbon, Portugal, onset seizures (within the first 12 h) occurred in 16 of 253 (6.3%)
patients with SAH (104). Rebleeding (OR 8.4, 95% CI 2.8-25.1), severe disability
at discharge or death (OR 4.1, 95% CI 1.4-11.6) were significantly more frequent
in the univariate analysis in patients with seizures. Because, however, rebleeding
did not happen on the same day as the seizure, it was difficult to establish a cause-
and-effect relationship. Only one patient in that series developed epilepsy 1 yr later.

A retrospective series from Melbourne, Australia, reported on SAH patients with
seizures who were matched for age and sex with two control patients who did not
have seizures (/07). Thirty-two out of 412 (7.8%) patients had onset seizures
(defined as occurring within 24 h of the onset of headache), all generalized, and all
but one within 1 h of onset. Late-onset seizures were those that occurred between
24 h and 6 wk, and those patients were matched with five controls without late
seizures. Late seizures occurred in 17 of 412 (4.1%) patients and were generalized
in 11 (in 8 of them related to a rebleed), and simple or complex partial in 6 (of
whom 5 had multiple seizures recorded). All but one of the patients with late sei-
zures were on antiepileptic treatment. Onset seizures were independently predicted
by the total score of blood on the initial CT described by Hijdra et al. (/15) but not
by GCS, loss of consciousness >1 h, history of epilepsy or hypertension, or aneu-
rysmal etiology of SAH. Disability 6 wk after admission was predicted by onset
seizures (OR 7.8, 95% CI 1.1-13.9), initial GCS <6 (OR 13.7, 95% CI 2.2-228),
and cisternal blood score (OR 1.1, 95% CI 1.08-1.18). The proportion of patients
with onset seizures declined with increasing age (23% in those <31 yr and 4% in
those >50 yr). Remarkably, 71% of patients age 31 yr and younger with fatal out-
come had onset seizures, compared with only 4% in those older than age 50 yr. Late
seizures were independently predicted by onset seizures (OR 27.4, 95% CI 2.3—
330) and rebleeding (OR 94.4, 95% CI 4.1-186), but not by aneurysmal etiology,
initial GCS, amount of blood on CT, vasospasm, or hydrocephalus.

Several studies have reported on the incidence of seizures in a stroke population,
including but not specifically focusing on SAH. In a large prospective study from
Victoria, Australia, Kilpatrick et al. reported 6 of 71 (8.5%) patients with post-SAH
seizures (9). None of the patients with early seizures had late seizures after dis-
charge (36). The authors of the prospective study from Dijon, France, reported sei-
zures in 4 of 24 (16.4%) patients with SAH (5). In the prospective study, from
Birmingham, England, seizures at the onset of SAH (24 h before or after the devel-
opment of the neurologic deficit) occurred in 1 of 9 (11.1%) patients (/7). In the
large study from Barcelona, Spain, 1 of 28 (3.6%) patients with first-ever SAH
developed early seizures (38). Finally, two population-based studies reported on
the incidence of seizures after SAH: in the one from Oxfordshire, England, where 6
of 33 (18%) patients had either single or recurrent seizures, 2 (6%) patients with
seizure at the onset (8), and in the one from Manhattan (New York City), 4 of 50
(8%) patients had early seizures and 1 of 50 (2%) had SE (41).
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The issue of long-term development of epilepsy after SAH has been examined in
several studies. In the only population-based study on this topic, patients treated
between 1958 and 1968 for aneurysmal SAH were compared with the general popu-
lation of Iceland (116). Eleven out of 44 (25%) patients with SAH developed epi-
leptic seizures, 70% being the same patients who had a seizure within the first 2 wk
following SAH (OR 7, 95% CI 2.3-21.6). In this study, which predates modern
neuroimaging and neurosurgical and NICU care, the patients with the more severe
neurologic residuals had also a higher risk for developing epilepsy.

In a retrospective study of 177 patients with aneurysmal SAH from Kuopio,
Finland, early seizures occurred in only 2 (1.13%) patients, late seizures in 25
(14%), and recurrent seizures in 21 (12%) (108). Most seizures were partial or sec-
ondary generalized, with a mean latency of 8.4 mo after the operation. Preoperative
Hunt & Hess grade was a significant factor for epilepsy (33% of grade -1V
patients developed epilepsy), and middle cerebral artery aneurysm location, com-
plications of SAH (hematoma, vasospasm with infarction, shunt-dependent hydro-
cephalus), or persistent neurological deficits (hemiparesis, dysphasia, visual field
defects) were markers for late seizure occurrence.

In another retrospective hospital-based study from Rotterdam, the Netherlands,
35 of 381 (9%) patients were noted to have one or more epileptic seizures 12 h to
1761 d (median: 18 d) after the initial bleed (105). In this study, patients with SAH
were observed in the ICU for 28 d or until death or surgery (usually on day 12), and
seizures that occurred within the first 12 h following either the initial or subsequent
hemorrhage, surgery, or hyponatremia were excluded from the analysis. In the
multivariate analysis, a high cisternal blood score (graded semiquantitatively from
0 to 30 points) and rebleeding were independent predictors of epilepsy (OR 2.06,
95% CI 1.03—4; OR 3.02, 95% CI 1.23-7.43, respectively), even after exclusion of
patients who received perioperative antiepileptic treatment.

In a prospective study from Auckland, New Zealand, 24 of 123 (20%) patients
followed 4-7 yr after SAH had seizures: 2 at the onset, 9 in the first 2 postoperative
weeks, 10 after discharge during the first year, and 3 after the first year (/17).
Seizures were related to aneurysmal SAH. Age was an independent predictor of
seizures (the younger the patient, the more likely the seizure) and so was the GOS
score at 10 wk (the worse the score, the higher the likelihood to experience a sei-
zure).

The most recent published study, from Columbia Presbyterian Hospital, in New
York, was a prospective evaluation of the frequency and predictors of epilepsy 12
mo after SAH (118). All patients were initially managed in a NICU and had received
a loading dose of fosphenytoin. Antiepileptic treatment was discontinued after dis-
charge from the hospital, unless the patients had a seizure. Thirty-one out of 431
(7%) patients had in-hospital seizures and an additional 9 (2%) had NCSE evalu-
ated with CEEG monitoring. Seizures were more common in patients with prior
epilepsy (33%). In patients without a history of epilepsy, seizures were associated
with a higher mortality rate at 12 mo (65 vs 23% in patients without seizures, p <
0.001) and a higher incidence of epilepsy (17 vs 7% in patients without seizures, p
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Fig. 1. This 68-yr-old African-American man was admitted with SAH and found to host

a right MCA aneurysm, which was clipped on day 1. Six days later, the patient developed
two episodes of left upper extremity shaking. (A) CT of the head demonstrating the SAH

= 0.36). Most (8 of 9, 89%) patients with NCSE were dead by 12 mo. New-onset
epilepsy, defined as at lease 2 unprovoked seizures after discharge, occurred in 7%
of patients with SAH (an additional 4% had only one seizure after discharge) and
was independently predicted by the presence of subdural hematoma (SDH) or cere-
bral infarction at any time point. Most seizures were secondary generalized (76%).
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Fig. 1. continued
with a right frontotemporal large clot. (B) Cerebral angiogram revealing the right MCA
aneurysm. (C) EEG recording obtained 1 h after the seizures, demonstrating semiperiodic
sharp waves over the right frontal area and phase reversal over F8 on a -0 background.
This interictal activity was partially affected by the iv administration of 2 mg of lorazepam.
The patient was loaded with PHT and never experienced another seizure activity during the
in-hospital period.

Patients who developed epilepsy at 12 mo were more severely disabled, had a
reduced quality of life, and had increased anxiety, as measured by various scales.

Figure 1 presents an ICU patient who developed focal seizures, probably as a
result of a combination of contralateral hematoma and surgical treatment of the
aneurysm.

Treatment of Seizures After SAH

The main reason to use prophylactic antiepileptic treatment after SAH in the
ICU is to decrease the likelihood of aneurysm rerupture, which usually has cata-
strophic consequences. Another reason is to avoid changes in the intracranial pres-
sure (ICP) and cerebral blood flow (CBF), which could further compromise brain
tissue perfusion in case of cerebral edema or vasospasm. Drugs that potentially
reduce the seizure threshold, like e-aminocaproic acid (//9), may be another rea-
son of concern. Finally, the prevention of kindling effect of early seizures on the
development of epilepsy may be another reason for prophylaxis, although recent
data suggest that antiepileptics may only mask or suppress seizures, rather than
preventing epilepsy from developing. Since there are no prospective, randomized
trials, it is unclear whether antiepileptics can really do the job.

The chart review study from Detroit, revealed that 4 of 95 (4%) patients had an
in-hospital seizure (/12). Three out of four patients were on antiepileptic medica-
tions (2 on phenytoin and 1 on carbamazepine) with therapeutic levels at the time
of seizure. Seventy-three percent of the total cohort received a loading dose of
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antiepileptic medication, and 99% of those a maintenance dose with phenytoin.
Therapy was initiated within 24 h of hospitalization. The duration of therapy was
not related to the occurrence of seizures. Antiepileptic therapy was prescribed at
the time of discharge for 41% of patients with prehospital seizures and for all
patients with in-hospital seizures. None of the in-hospital seizing patients had
recurrent seizures after discharge, but 8 of 56 (14%) patients, all with prehospital
seizures, had seizures after discharge (50% of them on treatment, with higher than
therapeutic levels when the seizure occurred). The median time to discontinuation
of antiepileptic treatment was 40 d (range: 12-730 d). Thus, most seizures in this
study would be considered to be unpreventable because they occurred before
admission to the ICU, and in three-fourths of the patients, those that occurred after
admission to the ICU were not prevented with antiepileptics. The authors also sug-
gest that because the incidence of in-hospital seizures (4%) was lower than the
incidence of adverse effects from the antiepileptics (7%), long-term treatment may
not be beneficial.

In the prospective hospital-based study from Portugal, onset seizures were more
common in patients with hemiparesis (OR 5.2, 95% CI 1.6-16.6), Hunt & Hess
(H&H) grade 4 or 5 (OR 5.3, 95% CI 1.5-18.6), Fisher grade 3 or 4 (OR 4.8, 95%
CI 1.3-17.4) and when an aneurysm was found in angiography (OR 8.6, 95% CI
1.1-68.1) (104). All patients with onset seizures were prescribed phenytoin (300
mg/d) and 4 of 16 of those had recurrent seizures between 12 and 24 h after SAH
onset, but only one of the survivors had recurrent and difficult-to-control seizures
at 1 yr of follow-up. Based on an early seizure recurrence rate of 25%, the authors
find it reasonable to prescribe antiepileptic treatment during hospitalization to
patients with onset seizures. Long-term prophylactic treatment did not seem suc-
cessful to the authors, although the numbers in the study were too small to allow
confident statements.

In the recently quoted prospective study from Columbia Presbyterian Hospital,
9% of patients had in-hospital seizures or NCSE after SAH (//8). At 12 mo 4% had
one seizure, and another 7% had two or more seizures after discharge. Interest-
ingly, 18% of the patients who developed epilepsy were on antiepileptic treatment
at the time that their first posthospital seizure occurred, and 94% were treated at 12
mo. In the same study, in-hospital seizures after SAH were not identified as predic-
tors of epilepsy. The authors mention the unpublished results of an American Asso-
ciation of Neurological Surgeons survey, where 24% of participants routinely treat
patients with SAH with antiepileptic agents for 3 mo, regardless of whether
in-hospital seizures occur, and suggest that prophylactic treatment after discharge
is not warranted if there is neither cerebral infarction nor SDH, two independent
variables predictive of epilepsy in this study. This statement was partially triggered
by data supporting a negative influence of antiepileptic drugs like PHT on motor
and cognitive recovery after stroke (/20) or head trauma (/217). In another recent
study from Australia, post-SAH onset seizures correlated with a large amount of
blood on CT of the head and were independent predictors for both late seizures and
disability at 6 wk (/07). Based on these results, the authors recommend early



56 Varelas and Hacein-Bey

antiepileptic treatment in patients with a large amount of blood on CT and long-
term treatment for those with onset seizures.

In addition to the direct effect of SAH on seizure incidence, surgical or
endovascular treatment of an aneurysm may contribute to early postprocedure sei-
zures or epilepsy. Earlier studies reported a 10-25% incidence of epilepsy after
aneurysm surgery (/08). More recent studies report a lower rate of early seizures of
1.9-5% (108,111,122—124). The efficacy of antiepileptics in this patient popula-
tion is also unknown. Postoperative PHT administration in mixed craniotomy
patients at high risk for seizures was ineffective and was associated with toxicity
(125,126), and prophylactic administration of antiepileptic medications after
supratentorial craniotomy is not routinely recommended (/27).

In the retrospective study of 177 patients surgically treated for ruptured aneu-
rysms reported from Kuopio, Finland (7/08), all patients were started on PHT treat-
ment during surgery and maintained for 2-3 mo or longer (if they developed
seizures). The authors conclude that low preoperative grade patients have a very
low risk for epilepsy and treatment with PHT can be discontinued by 3 mo after the
operation if no high-risk factors are present, such as high preoperative H&H grade,
MCA aneurysm location, complications of SAH (hematoma, vasospasm with
infarction, shunt-dependent hydrocephalus), or persistent neurological deficits
(hemiparesis, dysphasia, visual field defects).

Sbeih et al. did not find any need for prophylactic phenytoin in a prospective
study of 100 consecutive patients who survived aneurysm surgery and were fol-
lowed for 4 yr (123). In this series, only 3% of patients developed postoperative
epilepsy, and there was no difference in seizure incidence between the groups with
and without antiepileptic prophylaxis.

Bidzinski et al. reported a 7% risk for two or more seizures (epilepsy) in a pro-
spective study of 121 patients operated on for cerebral aneurysms (only 3 with
unruptured aneurysms) and followed for 12 mo after discharge (/70). Another three
patients had a single seizure during the observation period. No prophylactic
perioperative antiepileptic treatment was administered in this series unless epilepsy
developed. Another eight patients had seizures during the perioperative period, but
only one developed epilepsy during the follow-up period. None of these patients
was treated with antiepileptic medications. Although a total of 18 of 121 (15%)
patients had seizures during the perioperative or follow-up period, the authors con-
cluded that prophylactic antiepileptic treatment is not justified after aneurysmal
surgery.

A large retrospective study of perioperative short-term antiepileptic prophylaxis
was conducted at Columbia Presbyterian Hospital in New York (/24). Patients at
high risk for seizures (history of epilepsy, perioperative hematomas or infarction,
concomitant AVMs) were excluded from the analysis. All patients with SAH were
admitted to the NICU and those with unruptured aneurysms to the neurosurgical
floor. All were loaded with antiepileptic medications and were maintained on a
daily dose. Medications were then stopped within 7 d of surgery, on average after



Stroke and Critical Care Seizures 57

3.1 d (or after 5.3 d of average total treatment duration). Postoperative seizures
occurred in 5.4% of patients (4.5% for those with ruptured aneurysms, 6.9% for
those with unruptured). Early postoperative seizures (within 14 d from surgery)
occurred in 1.9% of patients (1.5% of ruptured and 2.6% of unruptured aneurysms)
and late postoperative seizures in 3.5% (3% of ruptured and 4.4% of unruptured
aneurysms). Two-thirds of early postoperative seizures occurred in patients with
significant intracranial complications, such as hematomas or infarcts. Only 2 of 6
patients had therapeutic antiepileptic levels when the early seizures occurred, but
all were reloaded and maintained on treatment for 1 yr without any further seizures.
Late seizures developed in 8 of 11 patients within 3 mo of surgery and were easily
controlled with antiepileptic medications. In the multivariate analysis, there was no
association between total or postoperative duration of treatment and risk of early or
late seizures. The authors concluded that early postoperative seizures should always
be evaluated for ongoing intracranial pathology. They also recommend loading the
patients the day before surgery, but not using antiepileptic medications for more
than 7 d, if the patients are at low perioperative risk for seizures.

One would expect aneurysms treated with endovascular approaches to have a
lower risk for seizures because there is no risk of additional injury from a cran-
iotomy. The only published study at the time of this review examining the risk for
seizures after endovascular treatment of cerebral aneurysms was conducted in
Oxford, England (728). The authors prospectively followed 243 patients treated
with Gugliemi detachable coils for up to 7.7 yr (mean: 21.1 mo). Only 3 patients
were epileptics and were already on an antiepileptic regimen when they developed
SAH, and 33 other patients (12%) received prophylactic treatment after they bled.
Ictal seizures (within 24 h from ictus) occurred in 26 of 243 (11%) patients and
were independently predicted by loss of consciousness, MCA location of the aneu-
rysm, and antiepileptic treatment. However, no distinction was made between loss
of consciousness from SAH and seizure causing loss of consciousness. Moreover,
antiepileptic treatment might have been prescribed because an individual patient
experienced an ictal seizure. Seven out of 233 (3%) patients developed late sei-
zures, but 3 already had epilepsy and only 4 (1.7%) had de novo seizures. None of
the patients with late seizures presented during the periprocedural period (i.e.,
within 30 d), and none with ictal seizures experienced late seizures. Only half of
patients with de novo siezures (0.85%) had recurrent seizures and required long-
term antiepileptic treatment. Late seizures were independently predicted by a his-
tory of epilepsy before SAH, cerebrospinal fluid shunting, or drainage procedure
and antiepileptic medications. This latter finding could probably be explained by
noting that patients who experienced ictal seizures were covered with antiepileptic
medications before referral. The authors concluded that there is no need for
periprocedural seizure prophylaxis with antiepileptic medications and that the low
incidence of de novo late seizures is also a reason for not using these agents prophy-
lactically in long-term treatment.

In summary, a tentative algorithm for treating seizures after SAH is presented in
Table 5.
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Table 5
Treatment With Antiepileptic Medications After SAH

1. SAH and preexisting seizures: continue or restart antiepileptic regimen; keep thera-
peutic levels.
2. SAH and no seizures
Low-risk patients: Treat until aneurysm is secured.
High-risk patients (high Hunt & Hess [H&H] grade, high Fisher grade, aneu-
rysm found, hemiparesis):
Treat during hospitalization: long-term treatment if subdural hematoma
(SDH) (before or after surgery) or infarct.
Postcraniotomy-clipping: treat for 7 d. Treat for at least 1-2 yr (seizure-free
interval) if high H&H grade, MCA aneurysm, hematoma, infarct, shunt-
dependent hydrocephalus or persistent neurological deficits. Assess with
EEG before discontinuation?
Post GDC: No treatment. Consider treatment for at least 1-2 yr (seizure-free
interval) if patients were on antiepileptic medications before or have shunt-
dependent hydrocephalus. Assess with EEG before discontinuation?
3. SAH and onset or early seizures
Treat during hospitalization.
Consider long-term treatment after discharge, for at least 1-2 yr (seizure-free
interval) if large amount of blood on CT, infarct, hematoma, SDH, or hemipare-
sis. Assess with EEG before discontinuation?
Postcraniotomy-clipping: Treat during hospitalization. Treat for at least 1-2 yr
(seizure-free interval) if high H&H grade, MCA aneurysm, hematoma, infarct,
shunt-dependent hydrocephalus, or persistent neurological deficits. Assess with
EEG before discontinuation?
Post-GDC: Treat during hospitalization. Consider treatment for at least 1-2 yr
(seizure-free interval) if patients were on antiepileptic medications before or
have shunt-dependent hydrocephalus. Assess with EEG before discontinuation?

ARTERIOVENOUS MALFORMATIONS
Clinical Studies

AVMs are abnormal fistulas between arteries and veins in the brain without an
intervening capillary bed. They occur in 0.1% of the population and typically
present before age 40 yr, equally among men and women (/29). Although their
etiology is unknown, they are thought to arise from developmental derangements
of cerebral vessels and thus must be differentiated from arteriovenous fistulas
caused by trauma or occlusion of branch arteries or venous sinuses. The most com-
mon presentation is ICH (30-82%), which is also the most common reason for ICU
admission, other than AVM treatment (surgical, endovascular, or multidisciplinary)
or seizures (multiple or in succession). Seizures are the initial symptoms in 16—
53% of AVM cases. Most seizures are simple partial or partial complex. Although
focal seizure onset may be an indicator of the location of the lesion, in up to one-
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third of patients, seizures are GTC. Headache, learning disabilities, and focal neu-
rologic deficits unrelated to hemorrhage are less common (/30-136).

Seizures that occur in the ICU in a patient with an AVM may be related to the
AVM itself (with or without a hemorrhage); alternatively, they may develop as a
complication following surgical, endovascular, or radiosurgical treatment of the
AVM. Factors associated with the development of pretreatment seizures were
recently reported in a large series of AVMs from the Massachussets General Hospi-
tal. Seizures were statistically associated with male sex, age of less than 65 yr,
AVM size of more than 3 cm, and temporal lobe AVM location (p < 0.01, p <0.05,
p < 0.0001, and p < 0.01, respectively). Posterior fossas and deep locations were
statistically associated with the absence of seizures (p < 0.0001) (1/37). Mecha-
nisms thought to play a role in the pathogenesis of epilepsy in patients with AVMs
include secondary epileptogenesis in the ipsilateral temporal cortex, gliosis from
previous hemorrhage and hemosiderin deposition into the cortex, focal cerebral
ischemia from a steal syndrome, and neurochemical changes on or around the lesion
(138-140).

Because of a higher incidence of rehemorrhage after the initial one (18% vs 2%
for those without hemorrhage) (133), aggressive treatment of AVMs is advocated
to avoid hemorrhage rather than to control seizures (/41). This has also led to lim-
ited data regarding the natural history of seizures in these patients. In 138 conserva-
tively managed patients with AVMs, Crawford et al. found a 19% risk of seizures at
20 yr, compared with 57% in 96 patients treated surgically; the authors used a life
survival analysis in their study (/32). Similarly, other older studies showed poor
control of seizures after surgical AVM removal and development of new seizures
in patients who were seizure-free preoperatively (1/42,143). Such findings were not
reported in an older study, which noted no difference in seizures incidence between
patients treated surgically and those treated medically (/34). Moreover, more recent
studies indicate a lower risk of postoperative seizures that may depend on the his-
tory of seizures before the surgical intervention: <40% in patients with preopera-
tive seizures and <10% in those without such history (141,144,145). Factors that
increase the incidence of postoperative seizures in AVM patients include age <30
yr at seizure onset, preoperative seizure duration >12 mo, AVM size >3 cm, loca-
tion in the medial temporal or perirolandic cortex, and previous hemorrhage or
hemosiderin deposition (139-141,144). A recent prospective ICU study used CEEG
monitoring to examine the effect of intracerebral hematomas on the incidence of
poststroke seizures (39). Seizures occurred in 18 of 63 (28%) of patients with ICH
and 3 of 46 (6%) patients with ischemic stroke (OR 5.7, 95% CI 1.4-26.5, p <
0.004). In patients with ICH, there was a trend toward increased AVM representa-
tion in the seizures subgroup (p = 0.07).

Treatment of AVM-Related Seizures

Although there is a broad consensus to treat AVM-related epilepsy with
antiepileptic medications (usually with a good response), many would also argue
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for a prophylactic approach. More controversial is the need for and timing and
duration of antiepileptic treatment after surgery, embolization, or radiotherapy, and
there are no studies from which solid recommendations may be drawn (130). Over-
all, there are data supporting a better prognosis with early seizures (within 30 d
post-ICH or surgery) (134,141), but most studies do not report details about the
antiepileptic treatment used.

Piepgras et al. reported a series of 280 patients with surgically treated AVMs
and a mean follow-up of 7.5 yr. Sixteen of 163 patients (10%) without preoperative
seizures had perioperative seizures, and 6 of 117 patients (5%) with preoperative
seizures had worsening of their seizures during hospitalization. At the last follow-
up, 87.5 and 83%, respectively, of patients with early seizures were noted to be
seizure free (141).

In a large, recent, prospective study from Australia, 114 postoperative patients
with AVMs were followed for a mean of 48 mo (22 mo-8.5 yr) (146). Preoperative
seizures were present in 53 patients (46%). Only 15 (13%) had seizures associated
with an acute and newly diagnosed ICH. Postoperative seizures were defined as
seizures occurring after the first month following AVM excision. Neither AVM
size nor AVM localization to temporal cortex or other eloquent brain area was
related to pre- or postoperative seizures. A total of 24 patients (21%) had postop-
erative seizures, including 14 of 53 (26%) of those with preoperative seizures and
10 of 61 (16%) of those who did not have them. Preoperative seizures were not
associated with the development of postoperative seizures. All patients were put on
antiepileptic medications (those with preoperative seizures being maintained on
their current regimen) for at least 12 mo postresection. The majority of postopera-
tive seizures in those 24 patients occurred during the first 12 mo while on
antiepileptic treatment. In only 6 of 24 patients (25%) did the postoperative sei-
zures appear after the first 12 mo. In 4 of these patients, the seizures developed
after withdrawal of the antiepileptic regimen. Poor neurologic outcome at 12 mo
was an independent predictor of postoperative seizures (OR 1.5, 95% CI 1.01-2.3,
p =0.04).

Figure 2 describes a patient who continued to have complex partial seizures
even after resection of a frontal cavernous angioma.

The effect of radiosurgery on seizures has also been studied. Because of the
delayed effect of this treatment, patients can be encountered in the ICU in the
immediate posttreatment period or later, if admitted because of a seizure. A small
risk for seizures as a complication of radiosurgery was reported in a large interna-
tional study: 10 of 1255 (0.8%) patients with new-onset seizures and 12 of 1255
(1%) patients with seizures in addition to other symptoms (/47). It seems likely
that the time of AVM obliteration does not correlate well with seizure control. In
fact, seizures can be controlled quite rapidly—even before complete AVM oblit-
eration has been confirmed (/48—150). The predominant theory suggests an inde-
pendent effect of irradiation on epileptogenesis of cerebral tissue surrounding the
AVM (owing to an effect on AVM thrombosis and reduction of a steal phenom-
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Fig. 2. This 32-yr-old African American female had complex partial seizures since age
17. CTs of the head (A) before and (B) after resection of a left frontal cavernous angioma.
(C) EEG 3 mo after the resection showing an electrographic seizure over the left frontotem-
poral area. The patient had staring episodes and mouth automatisms during the event, while
on therapeutic carbamazepine. (D) The same seizure activity later stopped abruptly (right
side of the epoque).
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enon from the surrounding ischemic areas) (/47,149). In a study from Finland, 129
patients with inoperable cerebral AVMs were treated by stereotactic proton beam
irradiation from a linear accelerator (/49). Symptomatic epilepsy was present in 29
patients (22.5%) and was markedly relieved by radiosurgery, leading to cessation
of the seizures in 16 (55.2%) patients, with a mean follow-up period of 4.5 yr. In
another retrospective study, Kurita et al. reported the results of y knife radiosurgery
in 35 patients with unruptured epileptogenic AVMs (followed for a mean of 43 mo)
and in another 22 patients with nonepileptogenic AVMs (followed for a mean of 30
mo). These authors found an association between the number and duration of pre-
treatment seizures and posttreatment seizure outcome: 92% of patients with <5 sei-
zures before radiosurgery were seizure free after the treatment (vs 50% with >5
seizures: OR 2.8, 95% CI 0.09-0.7) and 94% of patients with seizures for =<6 mo
before radiosurgery were seizure-free after treatment (vs 64% with >6 mo of sei-
zures: OR 2.2, 95% CI 0.046-0.58) (150).

The largest series reporting seizure control after y knife radiosurgery also comes
from Japan (148). Epilepsy presented in 79 or 462 (17.1%) patients: 58 cases pre-
sented with seizures as the initial symptoms (group A) and the other 21 mostly had
seizures following ICH (group B). Before radiosurgery, seizures were predomi-
nantly generalized in both groups, followed by pure partial and complex partial
seizures. Seizures decreased in most of the cases (mean follow-up: 24 mo) in rela-
tion to nidus obliteration: good seizure control was achieved in 94.7% of com-
pletely obliterated and 77.1% of incompletely obliterated AVMs (p = 0.16). Initial
seizures (group A) were also more easily controlled than subsequent or secondary
ones (group B) in the univariate analysis (p = 0.0034). Seizures either decreased or
disappeared in 91.6% of group A and 62.5% of group B patients. The overall results
of this study indicated that seizures improved in 85.5%, were unchanged in 11.6%,
and deteriorated in 2.9% of patients. None of these studies mentions the details of
antiepileptic treatment, so it is difficult for the intensivist to draw safe conclusions
regarding when and how long to cover such patients.

There are not many data about embolization, usually considered to be an adjunc-
tive treatment for AVMs. In an older study reporting data from the 1980s, 33 of 49
patients received embolization only and the rest additional surgery or radiosurgery
(151). Hours after treatment, four patients developed early focal seizures, which
were easily controlled. None had CT-proven ICH. Long-term follow-up revealed
that 9 of 21 (43%) patients who had presented with seizures experienced either a
significant reduction in the frequency of their attacks or easier control of the sei-
zures with medications.

Although most earlier reports were about single-modality treatments, now there
are emerging data on multimodality approaches. The intensivist may encounter
patients at various stages of treatment and should be aware of factors that may alter
the risk for seizures or specific antiepileptic treatment needs. However, only scant
data are available. A study from Stanford, California, reported on 33 patients who
underwent radiosurgery followed by microsurgical resection 1-11 yr later. Embo-
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lization was also offered to 25 patients prior to surgery. Out of 9 patients who
already had seizures at the time the AVM was diagnosed, 3 improved, 4 became
seizure-free, and 3 developed new-onset seizures after the combination of treat-
ments (152).

Another recent retrospective study from the Massachusetts General Hospital pre-
sented results between 1991 and 1999 (137). The multidisciplinary neurovascular
team treated 424 patients with cerebral AVMs with surgical resection, radiosur-
gery, or embolization, either alone or in combination. Of these 141 patients (33%)
experienced seizures before treatment, and follow-up data were available on 110
(78%) of these patients for a mean period of 2.9 yr after treatment. On The Engel
Seizure Outcome Scale there were 73 (66%) class I (free of disabling seizures), 11
(10%) class II (rare disabling seizures), 1 (0.9%) class III (worthwhile improve-
ment), and 22 (20%) class IV (no worthwhile improvement) outcomes. Sixteen
(5.7%) patients experienced new-onset seizures after treatment. A limited seizure
history (<5 seizures before treatment), the association of seizures with ICH, GTC
seizure type, deep and posterior fossa AVM locations, surgical resection, and com-
plete AVM obliteration were statistically associated with class I outcomes. In the
whole cohort, surgery resulted in seizure elimination in 81%, radiosurgery in 43%,
and embolization in 50% of patients treated. When only completely obliterated
AVMs were considered, there were no statistically significant differences between
surgery, radiosurgery, and embolization.

Table 6 represents a suggested algorithm for the treatment of AVM-related sei-
zures.

REPERFUSION-HYPERPERFUSION SYNDROME

First described by Sundt et al. (153), the reperfusion syndrome is an uncommon
constellation of symptoms usually encountered following carotid endarterectomy
(CEA) (0.4-1.8% of cases) or other revascularization procedures, such as percuta-
neous transluminal angioplasty (PTA) (154,155) or innominate endarterectomy
(156). It comprises transient focal seizures (always emanating from the vascular
territory ipsilateral to the treated artery), ipsilateral headache with atypical migrain-
ous features, and ICH or brain edema, usually a few days to up to 3 wk after
revascularization (/57). Occasionally, SE ensues (54). Severe internal carotid artery
(ICA) stenosis with preoperative ICA-to-common carotid artery pressure ratio
under 0.7 leads to significant increase of CBF in both hemispheres after CEA more
pronounced ipsilaterally (158).

Seizures are thought to result from cerebral embolization from the operative
site, hemorrhage secondary to the lack of autoregulation or simply to the reperfusion
syndrome effect. If they occur during or early after surgery, they are more likely to
be caused by intraoperative or immediate postoperative embolization or inadequate
perfusion during clamping of the carotid. The predisposing role of preoperative
strokes toward seizures in symptomatic patients is unclear. If seizures occur late dur-
ing the postoperative course, especially when there is severe carotid stenosis and if
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Table 6
Treatment With Antiepileptic Medications After an AVM

1. AVM and preexisting seizures: no AVM treatment
Treat indefinitely or according to post-AVM regimen.

2. AVM and no seizures
Observe.
Consider treatment if patient is male, age <65 yr, has >3 cm AVM or an AVM
in the temporal lobe.

3. AVM and surgical treatment
Treat independently of presence of preoperative seizures for at least 2 yr (sei-
zure-free interval) or indefinitely if poor neurologic outcome at 12 mo.

4.  AVM and radiosurgery
Treat for 1-2 wk, if no history of seizures.
If AVM presented with seizures, treat up to 2 yr (seizure-free interval) if sei-
zures were the initial symptom or up to 4 yr (seizure-free interval), if seizures
were secondary symptoms (e.g., after ICH). Assess with EEG before discontinu-
ation?
Treat indefinitely if patient had preradiosurgery therapy >5 seizures, or the
duration of seizures exceeded 6 mo.

5. AVM and embolization
Treat for 1-2 wk, if no preexisting seizures.
Continue treatment, if preexisting seizures or postprocedural seizures, for at
least 1-2 yr (seizure-free interval). Assess with EEG before discontinuation?

6. AVM and multimodality treatment
Treat for 1-2 wk if no preexisting seizures.
If preexisting seizures, continue antiepileptic treatment for 1 yr (seizure-free
interval) if low-risk factors for seizures are present (patient had <5 seizures
before multimodality treatment, seizures were associated with ICH, seizures
were GTC type, AVM was in the posterior fossa, AVM was surgically resected,
or there was complete AVM obliteration). Assess with EEG before discontinua-
tion? Continue antiepileptic treatment for at least 2 yr (seizure-free interval) if
low risk for seizures factors are not present. Assess with EEG before discontinu-
ation?

preceded by headache, they are most likely caused by the hyperperfusion syndrome
(157). The syndrome is attributed to impaired cerebral autoregulation as a result of
chronic cerebral hypoperfusion distal to high-grade carotid stenosis (159). The in-
tracranial distal arterioles are maximally and chronically dilated and do not respond
to the flush of blood by vasoconstriction after correction of the stenosis. Carotid
baroreceptor insensitivity and the secondary hypertensive response after CEA are
additional factors (/54), in as much as most patients have uncontrolled hyperten-
sive blood pressure (BP) levels both before and after surgery (157). The role played
by various vasoactive peptides secreted from perivascular sensory nerves (160),
oxidants that develop before (/617) or inflammatory cytokines (and the no-reflow
phenomenon) after (161) revascularization is still unclear.
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Pathological findings in the hyperperfusion syndrome resemble the findings in
hypertensive encephalopathy and the reperfusion syndrome after cerebral AVM
resection (/57). Sundt et al. reported an incidence of seizures after CEA in 11 of
1145 subjects (0.9%) (153). A total of 20 (1.8%) patients in their series displayed
the characteristic constellation of symptoms, which was given the name of
hyperperfusion syndrome. Seizures presented between the fifth and seventh post-
operative day. Five patients had a history of preoperative strokes and two devel-
oped postoperative ICH. Reigel et al. reported the lowest incidence of seizures so
far in their large series from the Mayo Clinic (10 of 2439, 0.4%), which included
some patients from Sundt’s series (/62). Four patients had a history of preoperative
strokes, and seven had a xenon CBF study during surgery, which demonstrated an
increase in CBF ipsilaterally to the CEA. Nine of 10 patients had initial focal onset
of seizures, which then generalized. Although all patients had PLEDs on EEG, all
had complete resolution of their neurologic deficits. The authors suggested that
patients with preoperative hypertension and high-grade bilateral carotid stenoses
were at the greatest risk for developing seizures following CEA. They recom-
mended caution with anticoagulant or antiplatelet agents in these patients and
prompt treatment of blood pressure anomalies and seizures.

Kieburtz et al. described 8 patients with focal and generalized seizures follow-
ing 650 CEAs (1.2%) (163). Six patients had pre-CEA TIAs, and two were asymp-
tomatic. Seizures occurred with a mean of 7.6 d (range: 6-13) after CEA. All
patients initially had focal motor seizures contralateral to the side of the CEA, but
six patients had seizures that became generalized. All patients had postictal hemi-
paresis. Lorazepam given initially and PHT/PB sodium for maintenance resulted in
control of the seizures. CT showed old strokes in two patients (one ipsilateral to the
CEA and the other contralaterally), diffuse cerebral edema ipsilateral to the CEA in
another two, ICH in one, and no abnormalities in three patients. Five patients with-
out CT evidence of stroke were normal at follow-up and had no further seizures.
The other three patients had mild deficits. One developed a chronic seizure disor-
der.

Reversible cerebral edema was reported in 5 of 184 (2.7%) patients with severe
carotid stenosis or occlusion who underwent CEA or bypass (/57). Headache, focal
neurologic deficits, and white matter edema on CT developed after discharge from
the hospital. Focal seizures occurred in four and generalized seizures in three of
these patients, and EEGs showed PLEDs in two of the seven and ipsilateral slowing
in another two. The authors suggested that hyperperfusion syndrome has been
underreported and that many cases of cerebral edema, especially in older series,
were misinterpreted as cerebral infarction.

The practice of PTA and stenting is gaining acceptance as a safe alternative to
CEA in some patient subgroups. Seizures secondary to hyperperfusion syndrome
have also been reported after PTA and stenting of the ICA (154,155). Ho et al.
reported two patients with high-grade bilateral ICA stenoses and preexisting hyper-
tension who developed recurrent seizures with focal onset and secondary generali-
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zation 7 h and 14 d, respectively, after successful endovascular treatment (755).
Seizures were controlled by intravenous diazepam and PHT, and by lowering the
BP during the events. CT of the head did not reveal new infarcts, and follow-up
angiograms showed widely patent ICAs. Two other patients reported by Schoser et
al. developed seizures 16 h and 3 d, respectively, after the procedure, (154). The
first patient had diffuse basal SAH, swelling of the brainstem, and acute hydro-
cephalus. He eventually herniated and died. The second patient had a small
putaminal ICH and subcortical edema and recovered with hemiparesis. Although
the management of seizures is not discussed in ref. /54, marked increase of CBF
volumes (CBFVs) was demonstrated by transcranial Doppler sonography (TCD).

TCD can be used in the ICU to evaluate patients with a suspicion of
hyperperfusion syndrome. Thirty-six high-grade stenosis patients (>90% stenosis
of ICA) were evaluated with TCD before and after intravenous infusion of 1 g of
acetazolamide (/64). Thirty-three patients showed increased MCA CBFVs after
the challenge (preserved reserve capacity) and 3 showed a decrease (loss of reserve
capacity). After CEA, those 3 patients developed unilateral headache and an
increase of mean MCA CBFVs, but the other 33 patients showed little difference.
None of these patients developed seizures, suggesting a mild hyperperfusion syn-
drome.

In a landmark paper, Jorgensen and Schroeder used TCD to evaluate 95 patients
before and after symptomatic CEA (159). Hyperperfusion syndrome developed in
18 of the 95 (19%), and two separate groups were identified: in 9 patients, symp-
toms lasted for a mean of 3 h and in the other 9 for a mean of 12 d. The longer the
duration of the symptoms of hyperperfusion, the more likely the preoperative find-
ing of increased mean BP gradient across the stenosis, the lower the carbon dioxide
(CO,) reactivity index on both sides of the brain, and the more likely the absence of
decrease of the pulsatility index during CO, inhalation. Following surgery in
patients with symptoms of hyperperfusion, MCA CBFVs were shown to decrease
with labetalol from a mean high of 104 cm/s to 68 cm/s (p < 0.01) on the side of
CEA, a reaction not seen on the contralateral side. This asymmetric response
diminished over time as the episodes of hyperperfusion subsided. At discharge,
cerebral CO, reactivity improved bilaterally in these patients, a change not seen in
patients without hyperperfusion syndrome. Interestingly, 2 of 9 (22%) patients with
longer-lasting hyperperfusion symptoms developed seizures on the fifth to sixth
postoperative day. MCA CBFVs on the side of the CEA in these 2 patients during
seizures were 104 and 120 cm/s with mean arterial pressure (MAP) 130 and 120
mmHg, respectively. After labetalol was administered, MAP dropped to 100 and
67 mmHg and CBFVs to 38 and 60 cm/s, respectively, and the seizures stopped.
In both patients, MCA CBFVs contralateral to the CEA remained unchanged,
implying a defective cerebral autoregulation present only on the side ipsilateral to
the CEA. Both patients who developed seizures had contralateral ICA occlusions,
consistent with earlier observations (/62). None had postoperative infarcts on
CT of the head, although they demonstrated patchy edema. These results prompted
the authors to suggest that post-CEA patients should have their BP meticulously



Stroke and Critical Care Seizures 67

Table 7
Treatment With Antiepileptic Medications After Revascularization

1. Revascularization and preexisting seizures
Continue treatment.

2. Revascularization and immediate or early (less than day 5) seizure
Neuroimaging to rule out ICH or artery-to-artery embolization.
Treat seizures as after stroke.

3. Revascularization and late seizure (day 5—third week), with focal onset contralat-

eral to procedure side

Neuroimaging to rule out ICH.
If preexisting high-grade stenosis and history of severe hypertension plus head-
ache at present: treat hyperperfusion syndrome with lorazepam and PHT or PB
or iv valproic acid and hypertension with iv labetalol or enalaprilat or clonidine
to reduce systolic BP to a level where CBFVs by TCD are symmetrical. Con-
tinue treatment for at least 3 wk and discontinue if neuroimaging is negative.

controlled and that TCD may help identify patients at high risk for developing
the hyperperfusion syndrome and seizures. If this eventuality is anticipated, a
baseline study before or another immediately after surgery may be helpful
(157,159,165).

All this strongly suggests that high-risk patients (history of hypertension, bilat-
eral high-grade stenoses, low CBFVs or CO, reactivity by TCD ) should be moni-
tored in the ICU for symptoms of hyperperfusion syndrome after revascularization
of the cerebral vessels. The BP should be tightly controlled, and if symptoms
develop, the first step of treatment should include further lowering of BP (to a level
of equalization of ipsilateral and contralateral CBFVs) (159). The ICU staff should
be alerted to the possibility of seizures. Neuroimaging to exclude a new ICH or
infarct should be considered if there is any change in the neurological exam.

Table 7 represents a suggested algorithm for the treatment of seizures related to
the reperfusion—hyperperfusion syndrome.

CEREBRAL VENOUS AND DURAL SINUS THROMBOSIS
Clinical Studies

Several medical or surgical complications have been associated with the devel-
opment of cerebral venous thrombosis (CVT). Also CVT is not infrequently
encountered in ICU patients with the following conditions: various infectious pro-
cesses (local or systemic), hematologic disorders (leukemia, thrombocytemia, par-
oxysmal nocturnal hemoglobinuria), cancer, noninfectious inflammatory disease,
Behget disease, nephrotic syndrome, dehydration and congestive heart failure, com-
plications of pregnancy and the puerperium, and mechanical causes, such as lumbar
puncture (LP) alone or associated with the diagnosis of multiple sclerosis and high-
dose corticosteroids (166—168). Patients with CVT are frequently also admitted to
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the ICU for cerebral edema, signs of increased ISP (headache, papilledema), focal
neurologic deficits, or seizures.

Outcomes after CVT in recent years have improved, with mortality in the
5-10% range and independent life in almost 80—-86% of patients (169-171). The
outcome may be less favorable in hospitals without stroke units or early accessibil-
ity to MRI (169). Seizures occur frequently after CVT, and in several cases they are
the presenting sign. Indeed, seizures were present in the first clinical description of
CVT in 1825 by Ribes (172). In the angiographically proven cases reported by
Bousser et al., Jacksonian or grand mal seizures occurred in 11 of 38 (29%) patients
and were the fourth most common symptom, following headache (74%), papille-
dema (45%), and hemiplegia (34%) (173).

It is interesting to note that several of the causative factors for CVT can also
independently cause seizures (head trauma, intracranial surgery, CNS infection,
primary or secondary brain tumors, vasculitis), although no attempt has been made
to differentiate the relative roles of each (/73,174). Other common etiologies for
CVT include the aforementioned conditions, but in up to a quarter of cases the
etiology remains unknown. Because LPs are commonly performed in the ICUs, the
reported association between CVT and LP is of special interest to the intensivist.
All five patients reported by Wilder-Smith et al. developed a characteristic pattern
of headache (initially postural, then continuous) and seizures after LP or compli-
cated peridural anesthesia and were found to have CVT (168). Three out of 4 tested
had factor V Leiden deficiency. Other similar cases of CVT after LP complicated
by seizure onset have also been reported (175-177).

Several recent studies report on the incidence of early or late seizures, but all
except for one from Portugal focus on the prediction of short- or long-term out-
come after CVT. In a retrospective study of 78 patients with CVT, generalized
seizures occurred in 24 (31%) patients and were the presenting symptom in 13
(17%); there were 7 with partial motor seizures and six with generalized seizures
(178). Seizures were associated with a poor outcome in the univariate analysis and
were included in a prognostic scale (0—11 points) developed by the authors, with
0.98 positive prognostic value for good and 0.96 positive prognostic value for poor
prognosis.

In another retrospective study from the Bronx, seizures were observed in 35 of
112 (31%) patients with acute CVT. Only 5% of patients had epilepsy after a mean
follow-up period of 77.8 mo (1/71). Among those patients with early seizures and
follow-up records, 4 of 28 (14%) had epilepsy, all with focal signs in the acute
stage of CVT. Those seizures manifested in 3 of 4 patients during the first year and
in a single patient 2 yr after CVT. The authors concluded that because of the low
risk of recurrent seizures and of late recurrences, antiepileptic treatment seems
appropriate for no longer than a year post-CVT, after which it can be tapered off
gradually, unless seizures recur.

The prospective, randomized Dutch—European Cerebral Sinus Thrombosis Trial
compared nadroparin, the low molecular weight heparin, with placebo: for 3 wk,
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the drug recipients received 180 antifactor Xa units/kg/d, followed by oral antico-
agulation with a target international normalized ratio of 2.5-3.5 for 10 wk (179).
Seizures were reported in 28 of 59 (47%) patients, but the study did not comment
on their relationship with outcomes at 12 wk (170).

In a recent prospective French study, seizures occurred in 28 of 55 (50.9%)
patients with CVT and were the presenting symptom in 1 (1.8%) patient (169). The
patients had been admitted to a stroke or an intensive care department, and all but
one were treated with intravenous heparin. There is no mention of antiepileptic
treatment in this series. With a median follow-up of 36 mo, recurrent seizures
developed in 7 of 28 (25%) patients, with seizures in the acute stage (i.e., 14.5% of
all 3-yr survivors from CVT). Focal or generalized seizures were not associated
with outcome as measured with the modified Rankin disability score.

In a recent prospective study on CVT from Portugal (VENOPORT study), data
were collected retrospectively for 51 patients and prospectively in another 91
patients (who were followed for an average of 1 yr) (/74,180). Early seizures (in
the first 2 wk after the diagnosis) were observed in 31 of 91 (34%) patients. In 29
(31.9%) patients early seizures were the presenting feature of CVT (in 1 patient
seizures evolved to grand mal SE). Two patients had seizures 2 and 6 d, respec-
tively, after admission, and in 6 (6.6%) patients the early seizures recurred. The
frequency of seizures was the same whether the superior sagital sinus (33%) or the
lateral/sigmoid sinus (25%) was thrombosed, but no seizures were observed in the 7
patients with involvement of the deep venous system. Early seizures were indepen-
dently predicted by sensory deficits (OR 7.8, 95% CI 0.8-74.8) and by the presence
of a parenchymal lesion on admission, including focal edema, ischemic infarct, or
hemorrhage (OR 3.7, 95% CI 1.4-9.4). Late seizures were found in 6 of 43 (14%)
of survivors in the retrospective arm of the study (/80) and in 8 of 84 (9.5%) of
survivors in the prospective arm (/74), who were followed up to 10 mo from the
onset of the CVT. Epilepsy developed in 4 of 84 (4.8%) patients. Seven out of 8
(87.5%) patients with late seizures were on antiepileptic treatment when the sei-
zures occurred. Late seizures were generalized in almost two-thirds of patients and
were independently predicted by the presence of hemorrhage on the neuroimaging
study performed upon admission. Late seizures were more common in patients with
early seizures (19% vs 5% in patients without early seizures, p = 0.05) but only in
the univariate analysis. In the multivariate analysis early or late seizures were not
independent predictors of increased mortality or dependency, although early sei-
zures directly contributed to death in two patients (intractable SE and cardiorespi-
ratory arrest after grand mal seizure). The authors concluded that prophylactic
antiepileptic treatment during the first year after CVT is justified only in patients
with hemorrhage on CT/MRI or early symptomatic seizures and probably could be
avoided in patients without such high risk factors.

Another small prospective study from Lyon, France, recently reported a high
percentage of prothrombotic states in patients with CVT admitted in a stroke unit
(181). Seizures were observed in 8 of 16 (50%) patients, 5 of whom had a hemor-
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rhagic infarct. A prothrombotic state was detected in 6 of 8 (75%, a high factor VIII
level in 4 patients), the same percentage as in patients without seizures.

Treatment of Seizures Related to CVT

The treatment of seizures that follow CVT (see Table 8 for an algorithm for treat-
ment of CVT-related seizures) obeys to the same principles as the treatment of seizures
not related to this condition (see Chapter 14). How does treatment, which is aimed at
using various available options to recanalize the thrombosed venous channel, affect the
incidence or severity of seizures? Few data are available to help answer that question. In
the Dutch—European prospective study, seizures occurred in 16 of 30 (53%) patients on
the nadroparin arm and in 12 of 29 (41%) patients on the control arm (p > 0.05). There
were no new symptomatic hemorrhages in this study, including in the subgroup that
presented with cerebral hemorrhage, which could account for the nonsignificant differ-
ence in seizures between the two treatment arms.

Are seizures in patients with CVT treated with iv heparin more likely to lead to
fatal complications? One recent retrospective study from Freiburg, Germany ana-
lyzed 79 patients with CVT (182). All patients received a 5000-1U iv bolus of hep-
arin and a subsequent infusion with target activated partial thromboplastin time of
80-90 s. There was no difference in fatal vs nonfatal outcome in patients with sei-
zures (58% of all patients) or in those patients with series of seizures or SE (28% of
patients with seizures).

Other studies evaluating novel treatments for CVT usually do not report data
regarding seizures, either because the numbers are too small to permit one to draw
meaningful conclusions or because the investigations differ in their focus. Niwa et
al. reported treating a woman in her 10th month of pregnancy and superior sagittal
sinus thrombosis with direct t-PA instillation (/83). The patient presented with gen-
eralized seizure and tetraparesis but was discharged without neurologic deficit.
Another interesting and informative case was reported by Gerszten et al., who
treated an 18-yr-old man with deep cerebral venous system thrombosis secondary
to antithrombin III deficiency (/84). The patient, who presented with a focal motor
seizure, was started on antiepileptic medications and became comatose with fixed
pupils before receiving endovascular treatment. He was treated with Urokinase
delivered in the straight sinus and the vein of Galen 27 h after the onset and despite
the presence of edema in both basal ganglia and thalami bilaterally, and a hemor-
rhage in the left thalamus. The procedure resulted in deep system recanalization,
and subsequently continuous infusion of heparin was given. The patient remained
in the ICU in a pentobarbital coma for 20 d for ICP control, but eventually improved
to the point of independent living and was able to graduate from high school on
time. In a series of 12 patients with CVT treated with a combination of
intrathrombus recombinant t-PA and intravenous heparin, Frey et al. reported 5
(42%) patients who presented with seizures. Although patients with restored flow
seemed to have a better prognosis, there is no mention of seizure control or recur-
rence (/85). Finally, in a series of five patients treated with a combination
of intrathrombus Urokinase infusion and mechanical thrombolysis using the
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Table 8
Treatment With Antiepileptic Medications After CVT

1.

2.

CVT and no seizures
Observe.
Consider treatment if there are focal sensory deficits or parenchymal lesions
(focal edema, infarct, or hemorrhage) on the admission CT/MRI. Continue
treatment for at least 1 yr (seizure-free interval). Assess with EEG before dis-
continuation?

CVT and onset or early seizures
Treat with monotherapy first for 1 yr (seizure-free interval). Assess with EEG
before discontinuation?

AngioJet rheolytic catheter, one patient presented with a seizure (/86). Four of the
patients recovered without any residual deficits, but no details are given about sei-
zure recurrence of antiepileptic treatments.
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Traumatic Brain Injury
and Seizures in the ICU

Andrew Beaumont and Grant Sinson

SUMMARY

Seizures may occur in up to 22% of patients in the intensive care unit with severe
traumatic brain injury. There is a relatively high risk of nonconvulsive seizures in
this population. Seizures may exacerbate the injury process and disrupt both patient
care and family coping. Therefore, seizures should be recognized quickly and
treated promptly. The clinician should have a high index of suspicion for seizures,
especially in patients with clearly defined risk factors for seizure development.
Continuous electroencephalogram monitoring should be considered in patients who
are considered to be at high risk of clinical or subclinical seizures. Seizure prophy-
laxis with antiepileptics is supported by the literature for the prevention of early
seizures (defined as <7 d postinjury) but not for late seizures. Phenytoin and
carbamazepine have been used in this setting, and both were efficacious in prevent-
ing early seizures. Phenytoin has several features that make it a best first-line agent.
Anticonvulsants have not been found to reduce the incidence of developing late
posttraumatic seizures, and, therefore, prolonged prophylaxis with antiepileptics is
not currently supported.

Key Words: Traumatic brain injury; nonconvulsive seizures; seizures prophylaxis.

INTRODUCTION

Traumatic brain injury (TBI) is an important health problem. In the United States
an estimated 1.5-2 million people experience TBI each year (7). Nearly a quarter
million of the patients require hospitalization (2), and about 52,000 of the events
result in death (3). This incidence equates to one hospitalization per thousand people
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each year (2). Many of the patients are admitted to the intensive care unit (ICU) for
initial stabilization and monitoring. The lifetime medical care costs of head injuries
occurring in the United States in 1985 were estimated to total $4.5 billion, of which
$3.5 billion was for hospital costs. Seizures are a well-known complication of TBI
with reported incidences ranging from 2 to 12% (4—14). The incidence of seizures
is higher in severe TBI and also with penetrating injury (5,15). Posttraumatic sei-
zures are classified as immediate (<24 h), early, and late based on the relationship
between the time of injury and time of seizure onset. The mechanisms that generate
posttraumatic seizures are not known, and there may be differences in the patho-
physiology of early and late seizures. Posttraumatic epilepsy, defined as two or
more unprovoked seizures following injury, must be viewed in a different perspec-
tive as a single post-TBI seizure (16).

One of the main goals of ICU care in TBI should be the prevention of physi-
ological stresses that can worsen the injury. These secondary insults include
hypoxia, hypotension, hyper/hypoglycemia, hypo/hyperperfusion, and neurotoxic-
ity. Seizures cause intense metabolic stress and also release significant quantities
of neurotransmitters. Therefore, seizures represent a potential for secondary insult,
and some studies have demonstrated that seizures are associated with a worse out-
come in TBI (17,18). Therefore, it is important to recognize seizures in patients
with TBI and to treat them aggressively; care must also be given to diagnose
nonconvulsive seizures promptly. Their significance in affecting outcome post-TBI
is unknown, but they may be a potential risk factor. In addition, patients with rec-
ognized risk factors for posttraumatic seizures should receive anticonvulsant pro-
phylaxis.

This chapter reviews data regarding the incidence of posttraumatic seizures, par-
ticularly in the ICU population. Methods for diagnosing posttraumatic seizures are
reviewed, along with experimental data and current hypotheses regarding their
pathophysiology. Methods of treating seizures in TBI and current recommenda-
tions for seizure prophylaxis are discussed.

INCIDENCE OF SEIZURES IN TBI

Estimates of the incidence of posttraumatic seizures have varied widely, ranging
from 2 to 12% (6,10,14,19). Most of these studies are based on the civilian popula-
tion and may be quite different from studies that addressed the problem in military
populations. In the Vietnam Head Injury Study, 53% of veterans who had penetrat-
ing head injuries developed posttraumatic epilepsy, and half of those patients still
had seizures 15 yr after injury. However, the relative risk of developing epilepsy in
these patients dropped from 580 times higher than the general age-matched popula-
tion in the first year after TBI to 25 times higher after 10 yr (7). These studies used
clinical evidence of seizure activity for establishing the diagnosis. In a more recent
prospective, nonrandomized, nonblinded study, 22% of moderately to severely
injured TBI patients experienced seizures: Vespa et al. (20) used continuous electro-
encephalograph (EEG) monitoring in the ICU in their examination of 94 patients
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with moderate to severe TBI for up to 14 d postinjury. Of the 22% of patients with
seizures, 52% had nonconvulsive or clinically silent seizures, and one-third of the
group had status epilepticus (SE). Interestingly, except for one patient without any
clinical seizure activity, the patients in SE had minimal clinical signs, which could
easily have been missed (e.g., rhythmic facial twitching, eyelid fluttering, irregular
myoclonus). All patients with SE died, compared with a 24% mortality rate in the
nonseizure group. Other studies have indicated that seizures and nonconvulsive
status epilepticus (NCSE) may occur more commonly than thought in the ICU.
Young et al. (27) found that 43 of 127 (34%) critically ill non-TBI patients had
seizures in the ICU based on continuous EEG monitoring. Seventeen out of 43
(39.5%) were found to be in nonconvulsive status.

The incidence of late seizures is reported to vary according to injury severity.
Annegers et al. (4) followed 4541 patients who had experienced TBI in Olmsted
County, Minnesota, from 1935 to 1984. The relative risk of seizures was 1.5 (95%
confidence interval [CI] 1.0-2.2) after mild injuries, but with no increase after 5 yr;
2.9 (95% CI 1.9-4.1) after moderate injuries; and 17.2 (95% CI 12.3-23.6) after
severe injuries. Significant risk factors for the development of posttraumatic sei-
zures were brain contusion with subdural hematoma, skull fracture, loss of con-
sciousness or amnesia lasting longer than 24 h, and age over 65 yr. Englander et al.
found a 12% incidence of posttraumatic seizures in 647 TBI patients followed over
24 mo (15). The highest cumulative probability for late seizures included biparietal
contusions (66%), dural penetration (62.5%), multiple intracranial procedures
(36.5%), multiple subcortical contusions (33.4%), evacuated subdural hemorrhages
(27.8%), midline shift >5 mm (25.8%), and multiple cortical contusions (25%). In
addition, Glasgow Coma Scale (GCS) values were correlated with seizure inci-
dence: GCS 3-8 had a cumulative seizure probability of 16.8%, whereas GCS 9-12
had 24.3% and GCS 13-15 had 8.0%. In the large prospective, randomized, double-
blind seizure prophylaxis studies from Seattle, Tempkin reported independent risk
factors from Cox regression multivariate models: five factors emerged as increas-
ing seizure risk in this population: early seizures (within 7 d), coma for over 1 wk,
dural penetration, depressed skull fracture not surgically treated, and one or more
nonreactive pupils (22). These findings are in agreement with earlier results of
Jennett, who described intracranial hemorrhage, linear and depressed skull frac-
tures, focal/penetrating injuries, presence of focal neurological deficit, and pro-
longed amnesia (>24 h) as injury patterns associated with a higher incidence of
seizures (10). Figure 1 shows examples of injuries associated with significant sei-
zures.

Other factors that can predispose to the development of posttraumatic seizures
include age (incidence being higher in the pediatric population [23]), history of
alcohol abuse, previous seizures, and a family history of seizures (4,24). Genetic
predisposition to post-TBI seizures is an interesting issue that has not been well
addressed. Similar injuries lead to a wide variety of seizure incidence and frequency.
Not all studies agree on the genetic predisposition. Jennett and Lewin found that
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—Fig. 1. Clinical examples of patients with TBI who developed seizures after being admit-
ted to the neurological ICU.

Case 1: A 26-yr-old female involved in a rollover motor vehicle collision with prolonged
extraction. The patient had a generalized tonic—clonic seizure on arrival in the trauma bay.
She underwent an emergent craniotomy for large subdural hematoma and postoperatively
remained in coma. At some point the next day, she was noted to have some involuntary left
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Fig. 1. continued

and right leg movements. A single routine EEG at that time showed generalized slowing.
(A) Computed tomographic (CT) image of the head after the surgery demonstrates diffuse
cerebral edema and midline shift. (B) A continuous EEG, started to exclude nonconvulsive
seizures, shows sustained left-sided epileptiform activity (runs of spike—slow waves), which,
interestingly, did not correlate with any clinical movements. The patient was treated with
benzodiazepines and phenytoin and slowly regained function, to the level of walking with
assistance.



-

LT |||||||||||| i e e e L L ) I L oy R o L UL S
F# \Mw\w-—_.“-.ﬂr»-wu- O (B (LMM**LMMWMMPP ot e
3\,.« e W"‘_“‘”‘“"W"“" etk et it l._.\pn”\‘;v-m_.,wwﬁm“wnﬂwwk -\‘.An-'.lﬁ".hf el

i s e e e ——— a-\-—-«mww et

E;L‘.UJ W\'v" ks WMVWM-P“"_,.,J" \ 4.&’& .. ,.—-..._.-\-.‘, A g et ;J.l'uv»-«\,h.__.ﬁ P

P%ﬂf ¥ -2 S -
I

u@wmm‘w“-‘
mm
32{.
-}
’—.v-:-
s

] et = . B’y ‘ :
% ‘ﬁrFW«bﬂwm,wwﬁquv‘d'MMﬁfHM' Mawm-ﬂ‘“ﬂ"wwﬂ"“ L)
Pt ol e, gy T A s v o  J Nl ettty g A B S g i o N

O it manie I /\._”Mt,

15 R o A s LA e PPV i AL
: \ e e it
zD}JE“ e RS0

Fig. 1. continued

Case 2: A 20-yr-old male brought to the trauma center with a gunshot wound to the head.
He had GCS of 15 both at the scene and in the trauma bay. (C) This CT image of the head
shows that the bullet had barely penetrated the calvarium, but there is an area of contusion
in the left parietal cortex (arrow). At one point after admission for observation, the patient
was unresponsive. He quickly regained his level of consciousness but was found to have
continued right-sided facial twitching. (D) A representative EEG strip from this patient
shows left-sided epileptiform activity (runs of polyspikes—slow waves), correlating with
right face and arm twitches. He was successfully treated with a load of phenytoin.

Case 3: A 59-yr-old female with a history of atrial fibrillation, hypertension, and
Coumadin therapy was found on the ground, unresponsive, after an unwitnessed fall. On
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family history of epilepsy was more common in young patients (<16 yr) with late
post-TBI seizures (25). In the Vietnam Head Injury Study, this factor was not pre-
dictive of either early or late seizures (7). In another study examining genetic sus-
ceptibility to epilepsy, seizure incidence among relatives of patients with post-TBI
seizures was not higher than among the general population (26). In a recent pro-
spective study of late posttraumatic seizures after moderate and severe TBI, 106
patients were examined for the ApoE locus by restriction fragment length polymor-
phism (27). Twenty-one patients had at least one late post-TBI seizure. The relative
risk of late post-TBI seizures for patients with the €4 allele was 2.41 (95% CI 1.15-
5.07, p = 0.03). The presence of this allele was not associated with an unfavorable
outcome.

In studies examining posttraumatic seizures, arbitrary definitions of early and
late are commonly used. Early seizures are defined as occurring in the first 7 d after
injury, and late seizures occur after this point. Early seizure incidence ranges from
2.1t0 16.9% (5,25,28). The incidence of late seizures ranges from 1.9 to 30% (16).
However, this classification is potentially too restrictive. Many TBI patients remain
in critical condition in the ICU for longer than 7 d; it would be unreasonable to
classify a seizure on the 10th hospital day as a “late” seizure. Some studies have
extended the acute period to include the first month postinjury. However, this
approach is not ideal, because the underlying cause of seizures in the first week
after injury is most likely different from the cause of seizures occurring in the first
month or indeed in the first year after injury. Seizures in the first week are more
likely to be related to neurochemical and metabolic derangements, whereas later
seizures may be related to the formation of glial scar leading to cortical irritation.
Also, there is a significant occurrence of seizures at the scene of both mild and
severe TBIs (29,30). These immediate seizures are more likely to be related to the
direct disruption of cortical and subcortical connections as a result of percussive
forces on the brain, and less likely to be the result of neurochemical or metabolic
derangements. However, classifying the timing of onset of posttraumatic seizures
is important for trying both to understand their pathophysiology and to define fac-
tors that can predict their occurrence.

A second important goal of dividing seizures by time of occurrence is to evalu-
ate whether early seizures can predict the occurrence of late seizures or the devel-
opment of a long-term seizure problem. Early seizures are linked with late seizure

Fig. 1. continued

arrival in the trauma bay, she was hypotensive, unresponsive, and flaccid to noxious stimuli,
but with preserved brainstem reflexes. (E) This CT image of the head demonstrates a large
right subdural hematoma (arrow). Following admission to the ICU, left-sided intermittent
twitching was noted clinically. (F) This EEG demonstrates runs of right hemispheric
polyspikes or spikes and slow waves, separated by periods of relatively depressed back-
ground activity. The patient developed extensive cerebral edema and brain death despite
medical treatment.
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development. The increased risk for late seizures after early seizures is independent
of the actual number of seizures occurring during the first week after TBI (76).
However, not all studies report an increased incidence of late seizures after early
post-TBI seizures. In the large retrospective study from Olmsted County, Minne-
sota, Annegers et al., who applied multivariate analysis to data from 1935 to 1984,
found that early seizures are not an independent risk factor for late posttraumatic
epilepsy, and most likely early seizures are a marker of injury severity sufficient to
cause late epilepsy (5). Another interesting observation is that the incidence of late
seizures after early post-TBI seizures was dependent on the age of the patient.
Children younger than 16 yr may not be at increased risk for late seizures regard-
less of the early seizure type (4,16). Studies have also indicated that seizures at the
scene of the trauma are not linked with any increased risk of developing late sei-
zures (10,29).

The incidence of posttraumatic seizures differs in the pediatric population. The
overall incidence is higher than in adults (5,23,24,28). Early posttraumatic seizures
occur slightly more commonly (/3), with reported incidence rates of 9-15%
(13,23,31-33). As with adults, there is a close correlation between injury severity
and the incidence of seizures of any type. Hahn et al. demonstrated that the inci-
dence of posttraumatic seizures was seven times greater in children with severe
TBI and GCS <8 than among children with milder injury and higher GCS (31).
Youth is also an important risk factor for seizures, with younger age having higher
risk (32-34). The occurrence of early seizures in severe TBI is also higher than in
the adult population, with reported incidences as high as 38.7% in one study (32).
Furthermore, early seizures tend to occur even earlier in children: 50-80% of early
seizures in the pediatric population occur in the first 24 h after injury (24,35). Table
1 summarizes the risk factors for early and late seizures.

EXPERIMENTAL APPROACHES
TO POSTTRAUMATIC SEIZURES

Immediate posttraumatic seizures have been described in several experimental
models of traumatic brain injury including the impact acceleration model of diffuse
TBI and models of cortical contusion (36,37). One study monitored EEG for 2 h
postinjury in rodents exposed to a cortical contusion, and generalized seizure activ-
ity was recorded in 14 out of 17 cases at a mean time of 67 s after trauma. Concur-
rent microdialysis measured a consistent increase in aspartate, taurine, glutamate,
and glycine; however, it is not clear whether this represented a cause or a conse-
quence of the seizures. Longer-term behavioral studies in experimental TBI have
not demonstrated any significant evidence of clinical seizure activity (38,39). This
finding is at odds with the clinical behavior of TBI, and it may relate to differences
in seizure thresholds between rodents and humans.

The origin of posttraumatic seizures is not known, and improved understanding
requires a good experimental model. Studies have evaluated in vivo seizure activ-
ity, in vitro seizure activity in brain tissue from injured animals, and in vitro seizure
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Table 1
Risk Factors for Developing Early and Late Posttraumatic
Seizures

Increased risk for seizures”
Risk factor Early Late
Acute intracerebral hematoma + +
Acute subdural hematoma + +
LOC? or post-TBI amnesia >30 min +
LOC*? or post-TBI amnesia >24 h +
Younger age (children) +
Older age (>65 yr) +
Diffuse cerebral edema (children) +
Depressed/linear skull fracture + +
Metal fragment retention + +
Focal neurological deficits + +
Persistent EEG changes (>1 mo) +
Early post-TBI seizures +
Chronic alcoholism +

4LOC, loss of consciousness.

b4+ risk factor has been shown to increase the risk of seizures at the speci-
fied time-point.
(Adapted from ref. 16.)

activity in brain tissue injured in vitro. In vivo models have focused on either direct
observation of seizures or stimulation of seizures by cortical injection of ferrous
chloride (40); the latter technique, which is thought to mimic cortical accumulation
of blood breakdown products, causes recurrent focal epileptiform discharges. One
of the in vitro approaches isolated hippocampal slices from the brains of injured
animals, followed by in vitro electrophysiological recording (47). In vitro models
of TBI have difficulty in reproducing a meaningful level of trauma. Models have
included scraping hippocampal slices or stretching neurons grown in culture (42,
43). Combining all these techniques, Golarai et al. examined changes in the rodent
brain after weight drop injury to the somatosensory cortex (44). They found an
early selective cell loss in the dentate gyrus and area CA3 of the hippocampus, a
persistently enhanced susceptibility to pentylenetetrazole-induced seizures for up
to 15 wk after injury, and an abnormal hyperexcitability in the granule cell and
molecular layers of the dentate gyrus.

PATHOPHYSIOLOGY OF POSTTRAUMATIC SEIZURES

The pathophysiological mechanisms causing posttraumatic seizures are not well
understood, and there is likely some variation depending on the time of onset after
injury. Posttraumatic seizures should be thought of as primary and secondary. Pri-
mary posttraumatic seizures are those caused by direct effects of the brain injury
itself. Secondary seizures are caused by other epileptogenic factors not directly
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related to the injury, such as fever, metabolic and electrolyte abnormalities, or drug
reactions. Primary and secondary seizures are related in that the injury itself may
contribute to a reduction in seizure threshold, therefore increasing the epilepto-
genicity of the factors that can cause secondary seizures.

Traumatic brain injury is characterized by a cascade of metabolic and neuro-
chemical events that start at the time of injury and continue throughout the acute
and subacute phases of injury, of which many are potentially epileptogenic.
Examples include hyperglycolysis (45), pH changes, extracellular elevation of
glutamate (and other amino acids) (46,47), transient flux of ions including sodium
and potassium (48), altered cerebral blood flow (49), and loss of the inhibitory
neuronal pool.

Elevations in extracellular excitatory amino acids can cause widespread depo-
larization that may reach seizure threshold. Loss of inhibitory neurons may pro-
mote generation of a seizure focus. lonic transients may shift the cell membrane
equilibrium potential, causing either action potential generation or a reduction in
the stimulus threshold required to generate an action potential. Changes in extracel-
lular pH also can shift the membrane potential; alkalosis tends to cause depolariza-
tion. Seizures arising in the more chronic phases of injury are less likely to be
caused by acute changes in cellular physiology. These late seizures are more likely
to be related to the influence of glial scars, breakdown products of hemoglobin,
death of inhibitory interneurons, or disruption of neuronal connections with forma-
tion of abnormal neosynapses with greater excitatory potential (50).

Epileptogenesis may not be entirely a neuronal phenomenon. It is known that
glial membrane channels participate in ionic homeostasis (57), especially at times
of neuronal activity. In particular, glial cells buffer levels of extracellular potas-
sium, and failure of this mechanism can result in increased neuronal excitability
and seizures (52). Electrophysiological recordings in hippocampal slices from
experimentally injured brains have demonstrated reductions in inward and outward
potassium currents and abnormal accumulation of extracellular potassium. Abnor-
mal glial buffering of potassium may represent one mechanism of posttraumatic
seizure development (41).

Seizures themselves also place a stress on both the brain and the organism, and
these stresses may contribute to injury, forming a vicious cycle of repeated injury
and further seizure generation. In particular, seizures have been shown to cause
hyperglycolysis; elevated extracellular amino acids including glutamate (53);
elevated extracellular glycerol levels, which are suggestive of cell membrane break-
down (54); hyperperfusion (55); changes in extracellular levels of bioactive lipids
(56); alterations in neurotransmitter receptor expression (57); alterations in neu-
rotransmitter uptake mechanisms (58); and changes in synaptic morphology (59).

The impact of seizures on macroscopic physiological parameters in TBI has not
been well studied. In a study published in 1999 in which ICU patients with severe
TBI received continuous EEG monitoring (20), the incidence of raised intracranial
pressure (ICP) was similar in seizure and nonseizure patients. The mean ICP was
higher in the seizure group (15.6 vs 11.8 mmHg, p < 0.001); however, this finding
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may simply reflect seizures occurring in the most severely injured patients. A sepa-
rate analysis comparing ICP values in individual patients on seizure and nonseizure
days demonstrated no significant difference. Furthermore, serial trends of ICP in
the hours before and after seizure events did not demonstrate a clear seizure-related
effect. Seizures can cause profound hypotension and hypoxia (in the nonventilated
patient), and prolonged myoclonic and tonic—clonic activity can lead to excess tis-
sue and serum lactate levels and acidosis. These factors may constitute secondary
insults, known to worsen outcome after TBI (60).

DIAGNOSIS OF SEIZURES

The occurrence of seizures can be suspected by clinical activity, but EEG confir-
mation is required. The clinical appearance of early seizures in the ICU includes
generalized tonic—clonic and focal seizures. Complex—partial seizures may also
occur, but documentation of these in an intubated, sedated patient is difficult. Focal
seizures can appear as rhythmic myoclonic activity or as a more subtle finding,
such as a facial twitch (20). Seizures may also manifest as a decrease in mental
status, and any workup for this problem after TBI should include an evaluation for
seizures. Seizures may be masked in the ICU population by the use of neuromuscu-
lar blocking agents, and therefore, caution should be taken when these agents are
used in patients who are at higher risk of posttraumatic seizures. If prolonged
paralysis is needed, one should consider continuous EEG monitoring in high-risk
patients.

The EEG can be used in different ways for diagnosing posttraumatic seizures.
The simplest method is to obtain an EEG in a patient clinically suspected of having
seizures. However, this EEG is a snapshot of the injured brain’s electrical activity.
If it does not capture a single seizure event or NCSE, then seizure diagnosis relies
on being able to identify abnormal interictal activity. If there is a significant delay
in obtaining the EEG, seizure activity may not be seen and the diagnostic yield of
the study is compromised. Few studies have examined the benefit of frequent
screening EEGs or continuous EEG monitoring. Dawson et al. obtained serial short-
duration EEGs in 45 brain-injured patients every few days during the first 14 d after
injury and found a 25% incidence of seizures by EEG criteria (6/). When Vespa et
al. examined the role of continuous EEG monitoring in moderate to severe TBI,
they found a 22% incidence of seizures among 94 patients admitted to the ICU
(20). More importantly, 52% of Vespa’s patients with seizures had no clinical evi-
dence of seizure activity. Additionally in this study’s subgroup with no clinical or
electro-graphic seizures, 10% of patients had epileptiform and nonepileptiform
activity. Epileptiform activity included isolated spikes or sharp waves and/or
repetitive sharp waves. Pseudoperiodic lateralized epileptiform discharges (PLEDs)
were also seen in patients without other evidence of seizures. Nonepileptiform EEG
abnormalities observed in these patients included symmetric disorganized slowing,
asymmetrical disorganized delta waves with a focus, intermittent rhythmic delta
activity, absence of sleep potentials, and progressive loss of EEG amplitude with
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burst suppression. The latter was associated with impending brain death. Other EEG
abnormalities were observed, including increased B activity, amplitude suppres-
sion, and burst suppression. These patterns were seen in both the seizure and
nonseizure groups and are related to the use of sedative hypnotics such as
midazolam or propofol. Other studies have described a loss of EEG reactivity to
external stimuli and loss of spontaneous variability (62—-65). “o Coma” is a term
used to refer to coma in the presence of widespread o (8—12 Hz) activity in ante-
rior—central cortical areas. This finding is associated with a poor prognosis in
patients with TBI (66-69).

Vespa’s findings on continuous EEG monitoring in TBI support the use of con-
tinuous EEG monitoring in severely brain injured patients for early diagnosis and
treatment of seizures (20). Analysis of the EEG is also important in making deter-
minations regarding seizures. Many studies have focused on compressed spectral
array and other quantitative methods, whereas the highest yield of information
comes from both trend analysis and examination of the raw EEG data. Vespa et al.
used frequency analysis by fast Fourier transformation in the ICU, followed by
examination of 2-min epochs that were evaluated for any increases in total power
(20). When increased spectral power was observed in an epoch, the raw EEG data
were analyzed for evidence of seizures. Therefore, the trend analysis was used to
flag periods in which seizures might have occurred, and this approach allowed a
more focused examination of the raw EEG. Power spectral analysis has also been
used to examine prognosis in TBI. Poor prognosis is frequently associated with
unvarying activity, and a predominance of delta band activity (1-3 Hz) (62). Vari-
able spectral patterns are associated with better prognosis (62,70), as are persis-
tence or return of a peak in the o or 0 frequency (71,72).

Finally, one must consider the urgency of ordering the EEG when seizures are
suspected after TBI. In one recent study, 23 emergent EEGs (EmEEGs), defined as
a study performed less than an hour from request, were ordered mainly in post-TBI
ICU patients (73). The tests were ordered to rule out certain conditions: convulsive
SE in 12 patients, NCSE in 6, and seizures in another 6 patients. Suspicious clinical
activity was observed in 12 patients, and seizures before the test was performed
were noted in a further 3 patients. The EmEEG showed convulsive status epilepticus
in 3 patients, NCSE in 2 patients, and epileptiform activity or electrographic sei-
zures in 4 patients. Half the patients were already on antiepileptic therapy when the
test was performed.

TREATMENT OF POSTTRAUMATIC SEIZURES

There are two principal goals of treating posttraumatic seizures in the ICU. First,
in the acute posttraumatic period the goal should be rapid cessation of seizure
activity to prevent secondary physiological and biochemical insults and worsening
injury. Second, further episodes of seizure activity should be prevented. There has
been some debate about whether prevention of early seizures can result in lower
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incidence of late posttraumatic seizures. Studies have also addressed whether long-
term prophylaxis with antiepileptic agents is indicated (11,74).

The initial management of seizures in the critically ill, brain-injured patient
should include close observation of vital signs to ensure adequate oxygenation and
end-organ perfusion, as well as adherence to advanced cardiac life support guide-
lines for assessment of airway, breathing, and circulation. In the nonintubated TBI
patient, intubation should be considered, depending on the severity of the injury
and on the duration of mental status change. An assessment of the seizure’s origin
should also be made. It should not always be assumed that seizures are primarily
related to the brain injury. Critically ill patients are exposed to a wide variety of
metabolic and pharmacological stressors that may trigger seizures independently of
any brain injury. Such stressors include hypoglycemia, hyponatremia, hypocalce-
mia, hypophosphatemia, hypoxemia, hypocarbia, alcohol/recreational drug with-
drawal, fever, meningoencephalitis, and hepatorenal failure. If seizures are newly
diagnosed in a brain-injured patient, he or she should be evaluated for any of these
complicating factors and appropriate measures introduced. Furthermore, a combi-
nation of these factors may interact in an additive fashion with the injury to trigger
seizures, even if each factor by itself would not be sufficient.

A patient not currently on antiepileptics should be started on either phenytoin
(15-18 mg/kg loading dose and 300-400 mg/d with frequent assessment of serum
levels and a goal of 10-20 mg/dL), valproic acid (15-20 mg/kg loading dose, 600—
3000 mg/d), or carbamazepine (600—-1200 mg/d). Dilantin has benefits over other
agents including the ability to load rapidly, the ability to titrate dose to effect, the
widespread ability to follow serum levels, and long clinical experience with the
agent. Patients already receiving seizure prophylaxis should have serum levels
checked to ensure that they are in the therapeutic range; any who are subtherapeutic
should be redosed, and their maintenance dose should be adjusted. Prolonged
seizures should be stopped rapidly by using one of the sedative hypnotic agents
at higher dose such as lorazepam (1-2 mg iv), diazepam (10-20 mg), midazolam
(2-5 mg), sodium thiopentone (100-300 mg), or propofol (50-200 mg). These sei-
zures and those that are recurrent or ongoing despite the foregoing measures should
be treated as SE. Higher doses of benzodiazepines should be given (5-10 mg
lorazepam, 20-40 mg diazepam, or 5-20 mg midazolam), and if the seizures remain
refractory to this, then an infusion of propofol (150 pg/kg/min), thiopental (0.3-0.4
mg/kg/min), or pentobarbital (0.2-0.4 mg/kg/min) should be started with continu-
ous EEG monitoring and a goal of achieving EEG burst suppression (see Chapter 2).

Several studies have examined the efficacy of antiepileptic agents in preventing
early seizures. The largest prospective randomized, double-blind, placebo-
controlled trial to date examined 404 brain-injured patients given phenytoin pro-
phylaxis or placebo (11). Follow-up was continued for 2 yr, and phenytoin levels
were maintained in the high therapeutic range. A significant reduction in early sei-
zures (<7 d) was observed.

Patients receiving phenytoin had a 3.6% incidence of seizures compared with
14.2% in the placebo group (p < 0.001, risk ratio [RR] 0.27,95% CI1 0.12-0.62). No
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significant reduction in the development of late seizures was reported. By the end
of the first year, 21.5% of phenytoin-treated patients and 15.7% of the placebo
patients had seizures. By the end of the second year, these numbers had increased
to 27.5 and 21.1%, respectively (p > 0.2). In addition, the incidence of adverse drug
effects in the first 2 wk of treatment was low (75). Hypersensitivity reactions
occurred in 2.5% of the phenytoin-treated patients compared with 0% of the pla-
cebo patients (p = 0.12) during the first 2 wk of treatment. Based on these findings,
the Seattle group advocates prophylactic phenytoin administration for the first 1-2
wk after injury. Other studies have also confirmed the ability of phenytoin to reduce
the incidence of early seizures (76).

Other antiepileptic agents have been evaluated. Glotzner et al. found in a group
of 139 patients with TBI that carbamazepine can significantly reduce early seizure
incidence (77). Temkin et al. conducted another randomized, double-blind study
comparing phenytoin with valproic acid for the prevention of post-TBI seizures. In
this study, 132 patients were randomized to receive either phenytoin for 1 wk or
valproic acid for 1 wk or 6 mo (78). Incidence of early and late seizures did not
differ between the phenytoin and valproic acid groups.

Several studies have examined the role of seizure prophylaxis in preventing late-
onset posttraumatic seizures, and only one study has found a beneficial effect of
long-term seizure prophylaxis (76). However, this French study, conducted in a
neurotraumatology ICU, was not blinded or placebo controlled. Thirty-four patients
with severe TBI were randomized to receive phenytoin for 3 mo and were com-
pared with 52 untreated severe TBI patients. After 2 yr, 6% of patients treated with
phenytoin developed posttraumatic epilepsy compared with 42% of the untreated
group. McQueen et al., who evaluated 164 patients in a prospective, randomized
double-blind study comparing phenytoin and placebo, found no beneficial effect in
the reduction of late seizures (74). Temkin et al., in their large, well-controlled
study of 404 patients, did not find any reduction in late posttraumatic seizures (/7).
Studies of other agents, including carbamazepine (77) and phenobarbital (79), have
also failed to demonstrate any clear benefit on the incidence of late seizures.
Glotzner et al. evaluated carbamazepine in a prospective, randomized, double-blind
study of 139 patients and found no significant reduction in late posttraumatic sei-
zures (77). Manaka conducted a prospective, randomized, double-blind study of
126 patients receiving placebo or phenobarbital and found no reduction in late sei-
zures in the treatment group (79). A multiple regression analysis generated the fol-
lowing formula for prediction of epilepsy: Y = 0.24433(x1) + 0.41753(x2) +
0.2185(x3) — 0.04639, where x1 is presence of generalized neurological sign, x2 is
early epilepsy, and x3 is computed tomography findings one month after the injury.

Clearly seizures occurring in brain-injured patients need to be rapidly treated.
The clinical evidence at present supports the use of seizure prophylaxis for the
prevention of early seizures (<7 d from injury) but does not support long-term
administration of antiepileptic agents for the prevention of late-onset seizures
(80,81) (Table 2). Specific risk factors for developing posttraumatic seizures have
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Table 2

Summary of Randomized Studies in the Literature That Examine Prophylaxis
Against the Risk of Early and Late Seizures Following Traumatic Brain Injury,
and the Antiepileptic Drug Used: Values Represent Relative Risk With the 95%
Confidence Interval in Parentheses

Study Ref.  Drug used Early seizures Late seizures
Young et al. (1983) 85 DPH 0.99 (0.27-3.61)

Young et al. (1983) 82 DPH 1.29 (0.56-3.0)
McQueen et al. (1983) 74 DPH 1.09 (0.41-2.86)
Glotzner et al. (1983) 77 CBZ 0.37 (0.18-0.78)* 0.71 (0.39-1.3)
Temkin et al. (1990) 11 DPH 0.25 (0.11-0.57)* 1.3 (0.82-2.08)
Pechadre et al. (1991) 76 DPH 0.14 (0.03-0.55)
Manaka (1992) 79 PB 1.38 (0.54-3.5)
Temkin et al. (1999) 78 VPA 2.9 (0.7-13.3) 1.4 (0.8-2.4)¢

¢ Significant with p < 0.05.
DPH, phenytoin; CBZ, carbamazepine; PB, phenobarbital; VPA, valproic acid.

been identified including GCS <10, depressed skull fracture, cortical contusion,
subdural/epidural hematomas, intracerebral hematoma, penetrating injury, focal
deficit, and prolonged amnesia (>24 h) (10,11,24). It is recommended that particu-
lar attention be given to seizure prophylaxis in the subgroup of brain-injured
patients with these pathologies.

OUTCOME OF SEIZURES COMPLICATING TBI

It is pertinent to ask whether the benefits of seizure prophylaxis on early sei-
zures reported in the literature translates into improved mortality or morbidity. Few
studies have specifically addressed outcomes in relation to seizure prophylaxis
(11,74,76,77,82). No study to date has demonstrated any improvement in mortality
as a result of administering anticonvulsants. A meta-analysis of several studies
described a pooled relative risk of 1.15 (95% CI 0.89—1.51) for mortality in treated
vs untreated patients, implying that treatment has no effect on mortality (83). Two
studies have examined outcome in surviving patients in relation to seizure prophy-
laxis. Glotzner et al. found a worse outcome in the treated group (RR 1.49, 95% CI
1.06-2.08, p = 0.183) (77) and Temkin et al. found no overall effect of seizure
prophylaxis on patient outcome (RR 0.96, 95% CI 0.72-1.39, p = 0.75) (11). One
study comparing the efficacy of phenytoin and valproic acid actually found a trend
to a higher mortality in the latter group (RR 2.0, 95% CI1 0.9—-4.1, p =0.07), but it is
unclear whether this is clinically significant (78). A recent study using continuous
EEG monitoring in critically ill ICU patients did not find any differences in either
mortality or outcome at the time of discharge between the groups of patients with
and without seizures (20). However, six SE patients were identified, of whom three
were found to be in NCSE. All six of the patients ultimately died, two as a result of
sepsis after control of SE, three from progressive neurological deterioration and
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brain death, and one from late respiratory arrest. Clearly the occurrence of SE is a
grave prognostic sign in the traumatically brain-injured patient, and the high risk of
NCSE suggests that EEG recording should be more frequently used in this patient
population. Finally, the potential benefit for using antiepileptic drug prophylaxis
after TBI must be weighed against the potential risk for impeding recovery of brain
function from these compounds in addition to the aspects of safety and cost (84).
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Brain Tumors and ICU Seizures

Efstathios Papavassiliou and Panayiotis N. Varelas

SUMMARY

Seizures are a common presentation of brain neoplasms. Both primary brain
tumors and metastases can present with seizures, which are more commonly focal
depending on the location and the pathology of the lesion. In general, more benign
tumors have higher incidence of seizures than more malignant ones. These patients
are admitted to an intensive care unit either for preoperative monitoring or in the
postoperative period. They should be treated with antiepileptics if seizures are wit-
nessed. Whether they should be prophylactically treated with antiepileptic medica-
tions if seizures have not occurred yet in the pre- and postoperative period, and for
how long, are questions that remain to be answered. More recent data do not seem
to support such prophylactic administration.

Key Words: Brain tumors; seizures; intensive care unit; malignant; benign.

INTRODUCTION

Primary and metastatic brain tumors are frequently associated with epilepsy.
Three categories of patients with brain tumors related to seizures may be brought to
the intensivist’s attention. In up to one-third of patients with brain tumors, seizures
may be the initial presenting symptom, and some of these patients will be admitted
to the intensive care unit (ICU) for monitoring for one day to few days, especially if
the seizures recur or are associated with significant cerebral edema, hemorrhage, or
signs of increased intracranial pressure or pending herniation. In all these cases, the
members of the ICU team will be the first ones to address at least the acute, short-term
management of the seizures. The second large category consists of postoperative
patients after brain tumor resection, who spend at least 1 d in the ICU for observa-
tion. These patients may have one or more seizures in the ICU, and appropriate
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treatment should be prescribed. An important issue to be addressed in the postop-
erative period, if patients are seizure-free, is whether they need prophylactic
antiepileptic drug (AED) treatment during their ICU or hospital stay. The third
category consists of patients with known and already treated brain tumors who are
admitted because of refractory seizures or SE or have an unexplained change in
mental status and are found to be in nonconvulsive status.

There are not many data regarding the ICU stay and management of these
patients. A recent study by Ziai et al. addressed only postoperative issues. In this
retrospective study, only 23 of 158 (15%) postoperative tumor patients stayed
longer than 24 h in the Neurological Intensive Care Unit (NICU) at the Johns
Hopkins Hospital (7). Predictors of a stay longer than 1 d in the NICU in a logistic
regression model were a tumor severity index, comprising preoperative radiologic
characteristics of tumor location, mass effect, and midline shift (odds ratio [OR]
12.5, 95% confidence interval [CI] 3.1-50.5), an intraoperative fluid score, com-
prising estimated blood loss, total volume of crystalloid, and other colloid/hyper-
tonic solutions administered (OR 1.8, 95% CI 1.2-2.6) and postoperative intubation
(OR 67.5, 95% CI 6.5-702.0). Seizures were preoperatively present in 15 of 158
(9.5%) patients. There was no difference in the incidence between group 1 (<24 h
NICU stay) or group 2 (>24 h NICU stay) (11 of 135 vs 4 of 23, p = 0.6). Five
patients (3.2%) had postoperative seizures. More patients who stayed longer had
seizures postoperatively (2 of 135 patients in group 1 vs 3 of 23 patients in group 2,
OR 10, 95% CI 1.6-62.5, p = 0.02). NICU resource use was reviewed in detail for
134 of 135 patients who stayed in the unit for a day or less. A total of 226 NICU
interventions were performed in 69 (51%) patients. Fifteen (6.6%) were related to
intravenous antiepileptic administration, but this was never done after the first 16
postoperative hours. This study provides valuable information regarding incidence
of ICU seizures in brain tumor patients and use of ICU resources to treat them, but
the results cannot necessarily be generalized to other ICUs.

INCIDENCE

Seizure occurrence remains a major morbidity problem in patients with intracra-
nial tumors. Approximately 30-70% of patients with primary brain tumors will
have seizures at some point throughout their disease (2—5). About 40% of all the
patients with metastatic brain tumors will have a seizure during their disease (6,7).
Half of these seizures will be simple or partial complex seizures and the other half
secondary generalized seizures (§8,9). Brain tumors are rarely associated with pri-
mary generalized seizures.

Among the primary brain tumors, the higher incidence of seizures is found in
patients with oligodendroglioma (92%). Astrocytomas and meningiomas have an
incidence of about 70% and glioblastomas have an incidence of about 35% (2).
Other studies by Whittle and Beaumont (/0), Rasmussen and Blundell (/7), and
Hoefer et al. (12) have reported oligodendrogliomas with seizure frequency of
89-90%, astrocytomas of 60-66%, glioblastomas of 31-40%, meningiomas of
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29—-41%, and metastatic tumors of 35%. Melanoma, choriocarcinoma, lung cancer,
and breast cancer are tumors frequently metastasizing to the brain and associated
with hemorrhage and seizures. Among metastatic tumors, melanoma seems to have
the highest incidence of seizures. Conversely, based on a study from the Cleveland
Clinic, the most common tumor types discovered among patients with intractable
chronic epilepsy are ganglioglioma in 49 of 127 (39%) of cases and low-grade
astrocytoma in 48 of 127 (38%) of cases (13). Pleomorphic xanthoastrocytoma,
dysembryoplastic neuroectodermal tumors (DNETSs), and oligodendroglioma are
also tumors frequently associated with chronic epilepsy. Overall, it seems likely
that low-grade, well-differentiated gliomas have higher incidence of seizures than
more aggressive glioblastomas or anaplastic astrocytomas (/4).

Different brain areas are also characterized by varying susceptibility to seizures.
For example, among patients with gliomas, seizures occur in 59% of frontal tumors,
42% of parietal tumors, 35% of temporal tumors, and 33% of occipital tumors (15).
Similar observations suggest that the limbic and temporal lobe, primary and supple-
mentary motor (M-I, M-II) areas, and primary and secondary somatosensory (S-1,
S-II opercula and insula) areas have the lowest thresholds for seizures (/4). In con-
trast, the occipital lobe has a much higher threshold (/6). Tumors in the subcortical
areas, such as thalamus and posterior fossa, are much less epileptogenic as well.

CLINICAL PRESENTATION

Besides focal neurological deficits, altered mental status, headache, and signs of
increased intracranial pressure (ICP) (nausea, vomiting, papilledema), seizures are
one of the most common presentations in patients with brain tumors. A first, unpro-
voked seizure in an adult is always suggestive of an intracranial tumor, until proven
otherwise (/7). The timing of presentation is important to know. Seizure onset is
usually within the first 24 h postoperatively (18,19) and, therefore, may be witnes-
sed during the ICU patient stay. However, in a double-blind trial by North et al. of
phenytoin vs placebo following craniotomy, 45% of the seizures occurred within
the first week and 64% within the first month (20). Patients who had seizures pre-
operatively are at a higher risk of developing postoperative seizures (217). The type
of seizure does not seem to be different pre- and postoperatively (19,21).

Not all seizures have the same presentation: several seizure types have been
reported and mainly reflect the location of the lesion. Most characteristic are the
hypothalamic hamartomas, which are associated with gelastic seizures and preco-
cious puberty. Parasagittal meningiomas may present with generalized seizures
when located in the anterior one-third of the sagittal sinus, whereas meningiomas
of the middle third usually present with focal seizures, at times following a Jackso-
nian marching pattern. Choroid plexus tumors in children may have seizures as the
presenting symptom in 18% of the cases (2/a). Simple or partial seizures character-
ized by olfactory, gustatory, and epigastric auras, depersonalization, or feelings of
fear or pleasure are usually an indication of temporal lobe pathology. Complex
partial seizures with repetitive psychomotor movements (e.g., masticatory),
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impairment of consciousness, or déja-vu phenomena are also associated with the
temporal lobe. Delusions and psychotic behavior have been reported with frontal
lobe tumors (22). Lesions involving the frontal eye fields are associated with turn-
ing of the eyes and head to one side (contraversive or ipsiversive, depending on the
side of turning in relation to the lesion). Parietal lobe tumors are associated with
sensory seizures, and occipital lobe tumors can cause seizures that are triggered by
lights, colors, and geometric patterns (17).

PATHOPHYSIOLOGY

The pathogenic mechanism of epileptogenesis in patients with brain tumors is
not fully understood (7/4) and is beyond the scope of this chapter. Both the location
and the histopathology, which correlates with the infiltrative potential, are impor-
tant factors determining the clinical presentation of the tumors (23). Tumors that
tend to cause hemorrhage, necrosis, inflammation, and ischemia have a higher inci-
dence of seizures. Focal hypoxia, mass effect and edema, and altered levels of exci-
tatory amino acids all have been postulated to play a role in epileptogenesis. Tumors
of different types may cause seizures through different mechanisms. Some tumors,
like DNETSs and gangliogliomas, with significantly higher seizure frequencies, have
been associated with intrinsic epileptogenic properties.

Brain tumors are thought to alter the dendritic, axonal, and synaptic plasticity of
the neurons and in this way to contribute to epileptogenesis (24,25). Echlin pro-
posed that brain tumors are causing partial isolation and deafferentation of the cere-
bral cortex, resulting in denervation hypersensitivity (26), but there is no definite
proof of that theory. Sodium channels in tumor cells may play a role in epilepto-
genesis, because these channels are responsible for generating action potentials
more frequently than others (27,28). Deregulation of inhibitory (y-aminobutyric
acid [GABA], taurine), as well as excitatory amino acid (glutamate, aspartate) may
also contribute to the process (29-31). Changes in extracellular Mg>* ions and their
effect on the ionotropic receptors for N-methyl-k-aspartate also have been impli-
cated (32). Increased levels of Fe?* in peritumoral brain tissue also convey a poten-
tial for paroxysmal epileptogenic activity. Alterations in the glial gap junctions
have been observed in the cortex surrounding glial tumors (/4). Alkaline pH with
increased lactate levels has also been observed in brain tumors (33). Enzymatic
changes and immune differences among individuals have also been implicated.
Positron emission tomographic imaging has shown increased glucose metabolism
and cerebral blood flow in epileptogenic cortex (34).

All the foregoing mechanisms may be present and may work in parallel in the
process of epileptogenesis. However, the individual’s susceptibility to different
homeostatic changes (systemic or regional) and their contribution in reducing the
seizure threshold probably make up for the great variability noted in patients with
similar findings, but different clinical presentations. An extensive review by Beau-
mont and Whittle of the implicated mechanisms has been published (/4).
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Iatrogenic contribution is another entity that ICU specialists should be aware of.
The route of ICU drug administration is important, beside their epileptogenic
potential (see Chapter 12). For example, patients with primary brain lymphoma
receiving intrathecal chemotherapy have a 47% incidence of seizures (35). Even
intravenous contrast has been implicated in the generation of seizures in a patient
with primary brain tumor (36).

Systemic cancer can metastasize to the brain and produce seizures as its first
manifestation. The intracranial metastases usually originate from embolization
of neoplastic cells to the brain, commonly in terminal arterial supply territories,
such as the gray—white matter junction. However, systemic cancer may induce sei-
zures through additional noninvasive mechanisms; coagulopathy and stroke (sinus
thrombosis), nonbacterial thrombotic endocarditis with cerebral emboli, systemic
metabolic derangements such as hypomagnesemia (37) or hyponatremia (38), oppor-
tunistic infections after chemotherapy, and direct toxicity of chemotherapeutic
agents to the brain (39,40) are a few of the potential pathogenetic mechanisms for
which treatment is available. Paraneoplastic syndromes, such as limbic encephal-
opathy with anti-Hu antibodies can be associated with seizures preceding the diag-
nosis of cancer (41). Some patients with cancer and altered mental status may be in
nonconvulsive status epilepticus (NCSE) (Fig. 1). Drislane reported six patients
with systemic cancer, whose electroencephalograms (EEGs) showed NCSE. Three
patients were confused, and the others were stuporous or comatose. The possibility
of paraneoplastic encephalopathy was raised in three patients. Antiepileptic treat-
ment led to an improved mental status in four of these patients (42). Five patients
out of 84 (6%) with cancer and altered mental status (coma or delirium) were found
to be on NCSE by EEG in an Italian study. None of these patients had brain metas-
tases: 1 had aphasic, 2 patients treated with ifosfamide absence, and 2 patients
treated with cisplatin complex partial status epilepticus. All experienced rapid
recovery after antiepileptic treatment (43).

EVALUATION OF PATIENTS WITH ICU SEIZURES

Most of the seizures associated with primary or metastatic tumors of the central
nervous system (CNS) are of focal onset (Figs. 2 and 3) with or without secondary
generalization. These patients may progress to convulsive (SE) and permanent neu-
rologic damage. Brain tumors are not intrinsic and can lead to seizures associated
with increased blood volume, intracranial pressure, and tissue displacement, result-
ing in cerebral herniation. Posturing in this case must be differentiated from a sei-
zure. Seizures caused by brain tumors must also be differentiated from intermittent
episodes of increased intracranial pressure with plateau waves, which cause head-
aches, diplopia and other visual disturbances, fluctuation of mental status, motor
deficits, or dystonic or opisthotonic postures.

A patient who has a sudden postoperative change of mental status after brain
tumor resection will need to be evaluated for hemorrhage, edema, and infarction, as
well as seizures, clinical or subclinical. In parallel with head imaging studies—
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Fig. 1. This patient, a 63-yr-old man with metastatic squamous cell carcinoma of the
tonsils to the brain, had two large metastases, one in the right parieto-occipital area (resected,
with recurrence) and one in the left frontal area; SE was noted after whole-brain irradiation
and chemotherapy. The patient was admitted to the NICU for observation prompted by
change in mental status: drowsy, able to say only “Eeeh” with minimal stimulation, moving
all four extremities, but not following commands. He was receiving phenytoin at therapeu-
tic levels, but no evidence of toxic or metabolic reasons for his condition appeared in the
work-up. The patient was placed on lorazepam (1 mg po three times a day). Two days later
his mental status had improved and he was able to carry on some conversation. He was then
transferred to palliative care, where he expired 9 d later. EEGs showed (A) nearly continu-
ous triphasic waves over both frontal regions on a 6/8 background and (B) after administra-
tion of 2 mg of midazolam intravenously.

such as head computed tomography (CT)—magnetic resonance imaging (MRI), or
MR spectroscopy, and the appropriate workup for other common critical care causes
of encephalopathy as just noted, an EEG will confirm whether the patient is having
nonconvulsive seizure activity and may also help in assessing the appropriate
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Fig. 2. This 59-yr-old man was readmitted to the NICU 7 d after a left frontal oligoden-
droglioma resection because of significant edema. He presented with intermittent episodes
of right upper extremity clonic activity lasting for 15-60 s. The patient responded to 1 mg of
lorazepam and extra phenytoin to correct the low levels. EEGs show (A) left frontocentral
epileptiform discharges at a frequency of 2-3 Hz progressing to involve the right occipital
head region (right side of the epoque) and (B) abrupt cessation 30 s later of spike and slow—
wave activity with subsequent attenuation of the record.

PRSIV S - T S T 1\’*

response to treatment. The role of continuous EEG monitoring (CEEGM) in this
ICU population has not been well-established, but there is growing evidence of its
use in diagnosing NCSE in tumor patients. Jordan monitored 124 NICU patients
with CEEGM and reported that 34% of them had nonconvulsive seizures and
27% were in NCSE. Among the 11 patients with brain tumors, 6 (54%) had
nonconvulsive seizures. Overall, CEEGM played a decisive or contributing role in
the ICU management in 13 of 16 (81%) of patients with brain tumor in a later report
with additional patients by the same author (44,45). NCSE was reported in 2 patients
with non-Hodgkin lymphoma presenting with mutism and confusional state after
infusion with ifosfamide (an alkylating agent, structurally an isomer of cyclophos-
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Fig. 3. This 48-yr-old woman, admitted for frequent paroxysmal episodes of staring, was
examined by CT and found to host a lesion in the head. (A) EEG showing rhythmic sharp
waves maximally over the right frontocentral region. The patient was unresponsive with
head and eyes turned to the left during this event. (B) Gadolinium-enhanced T1-weighted
MR image of the head showing a ring-enhancing lesion on the right frontal lobe. The lesion
was resected and found to be a metastasis.

phamide) (46). Another patient with glioblastoma multiforme was treated with
intravenous tirapazamine and brain irradiation. After CT scan was performed with
intravenous contrast medium, the patient became aphasic and the EEG showed
NCSE. Intravenously administered lorazepam and a loading dose of phenytoin
returned the patient to normal state the next morning (36).
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These results emphasize the need for emergent EEG evaluation of tumor patients
who manifest unexplained change upon neurological examination in the ICU.

TREATMENT
Prophylactic Administration of Antiepileptics

The issue of prophylactic treatment of patients with brain tumors is very com-
plex. If a seizure has already occurred, there is little doubt about the value of
antiepileptic agents (47); however, when the patient has never exhibited epileptic
phenomena, such a treatment becomes more controversial. Efficacy of the treat-
ment must be balanced with adverse events associated with the chosen drugs.
Despite the best efforts, a significant percentage of patients still have breakthrough
seizures, and their response to the treatment is very unpredictable. Several reasons
must be considered: examples include lack of antiepileptics having an effect on a
vast range of physiologic derangements induced by brain tumors and difficulty of
maintaining appropriate antiepileptic levels and tumor progression or recurrence
(14,48). On the other hand, antiepileptic treatment is not without adverse effects,
some of them potentially serious. The case report by Cockey et al. is revealing of
our inability to predict complications in those medically complex patients: severe
Stevens—Johnson syndrome, documented by biopsy, occurred in a patient with
metastatic squamous cell carcinoma who had been receiving phenytoin, whole-brain
radiation therapy, and a tapering steroid dose (49). Moreover, there is growing evi-
dence supporting increased frequency and severity of side effects from antiepileptic
medications in this population: in a meta-analysis of studies examining prophylac-
tic treatment in patients with newly diagnosed brain tumors, 23.8% (range: 5—-38%)
of treated patients experienced side effects that were severe enough to lead to
change or discontinuation of the medications. This incidence is higher than that in
the general population and should make physicians skeptical about the real need for
using these drugs for all patients with brain tumor (47). The bottom line remains
that personal preference and training or experience of physicians may be more
important in making the decision than clinical evidence of benefits and drawbacks.
According to a study conducted in Rhode Island, 55% of participating physicians
gave antiepileptic prophylaxis, but the percentage differed according to the subspe-
cialty: 33% of radiation oncologists, 50% of oncologists, 53% of neurologists, and
81% of neurosurgeons (47,50).

Additional morbidity by the treatment directed at the tumor may be of some help
in making the appropriate decision. Tumor resection is still the cornerstone of brain
tumor management. Seizures after tumor resection may pose a serious problem.
Extensive intraoperative retraction and cortical injury associated with tumor inva-
sion and aggressive resection are probably associated with increased seizure fre-
quency postoperatively. Residual anesthetic agents may prevent early diagnosis of
seizures, as well as neurologic complications. Seizures may compromise the airway
and cause limb injuries or structural brain injury, possibly predisposing the patient
to more seizures or even SE (51). Seizures can also cause cerebral acidosis, cere-
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bral edema, and increased ICP (which may already be elevated), all conditions that
challenge the compensatory mechanisms of the brain (52). Metabolic disturbances,
such as hyponatremia or hypernatremia, hypoxia, pain-induced hyperventilation,
and hyperglycemia are frequently noted postoperatively and may also contribute to
increased seizure frequency; hence, they should be treated aggressively. Lee et al.
found that metabolic acidosis and hyponatremia had been present in 80 and 20%,
respectively, of patients who then had seizures (/9). The altered rate of metabolism
during surgery, especially by the liver, also affects the levels of anticonvulsants.
More than one study has shown that inadequate levels of phenytoin were the leading
cause of postcraniotomy seizures (6,20).

The effect of surgery on seizures has been studied in numerous trials. Overall,
surgical excision of a brain tumor results in improved control of seizures, and the
more extensive the resection of gliomas, the lower the postoperative seizure fre-
quency, although this last notion is not supported by all studies (/4). The effect on
seizure occurrence of craniotomy per se, with the meningeal or parenchymal injury
that ensues, cannot be easily separated from the very effect the tumor induces. Most
of the available studies were performed in mixed tumor and nontumor patients;
therefore, the conclusions may not be applicable to the former. In the next sections,
we will mention some of the most important studies regarding craniotomy, all
including tumor patients, because these data are pertinent to the decisions an
intensivist faces. Subsequently we will present the data regarding prophylactic
antiepileptic use specifically in patients with brain tumors.

Kvam et al. showed that out of 538 postcraniotomy patients, 23 had postopera-
tive seizures. Among these 23 patients, only 5 had seizures preoperatively. The
authors suggested a preoperative loading dose of 10 mg/kg of phenytoin (PHT),
followed by a postoperative dose of 5 mg/kg/d (18). In a more pertinent follow-up
to the ICU study conducted in Taiwan (52), 374 craniotomy patients were random-
ized to receive 15 mg/kg of PHT intravenously during surgery, followed by 3-6
mg/kg/d for 3 d, or placebo. The group receiving phenytoin had two early postop-
erative seizures and the placebo nine, but the difference was not statistically sig-
nificant. Eighty percent of the seizures occurred within 20 min after surgery. Thus,
the authors recommended that prophylactic anticonvulsant medication be given at
least 20 min before completion of wound closure. This view was not shared by the
authors of a subsequent large prospective study, who did not recommend prophy-
lactic treatment with antiepileptics after supratentorial craniotomy. In this study,
276 postcraniotomy patients were randomized to receive carbamazepine or pheny-
toin for 6 or 24 mo or received no treatment (53). The three treatment groups did
not overall differ in the risk of seizures, but there was a nonsignificant 10% reduc-
tion of seizures in the two groups that received antiepileptic medications. Menin-
giomas had the highest risk for seizures (75% by 4 yr) and pituitary tumors the
lowest (21% by 4 yr). Longer operations, those associated with dissection of the
lesion away from the surface of the brain and left-sided or bilateral lesions, also



Brain Tumors and ICU Seizures 111

carried a higher risk. Early seizures (within 1 wk) after craniotomy did not increase
the likelihood of late epilepsy.

Adding to the debate are the results of a more recent prospective, stratified, ran-
domized, double-blind Dutch study that compared outcomes for 300 mg phenytoin/
d to 1500 mg valproate/d given for 1 yr to 100 postcraniotomy patients. Fourteen
patients had postoperative seizures, but there was no difference in seizure inci-
dence between the two groups (54). Finally, a meta-analysis of six controlled stud-
ies addressing the issue showed a tendency of prophylactic antiepileptics to prevent
postoperative convulsions in patients without pre-existing seizures, but this effect
did not reach statistical significance (p = 0.1, one tailed) (55).

Several studies have examined the need for antiepileptic use, either prophylacti-
cally or after surgery, usually in mixed primary or metastatic brain tumor popula-
tions. In a double-blind, randomized study of PHT (100 mg three times a day) vs
placebo in 281 postcraniotomy patients, the PHT group had significantly fewer
seizures (12.9 vs 18.4%), and highest protection was present between days 7 and
72. Routine prophylaxis with PHT (in a dosage of 5—-6 mg/kg/d) was recommended
by the authors in high-risk patients postcraniotomy. Preferably treatment should be
started 1 wk preoperatively, and therapeutic levels of phenytoin should be main-
tained (20). However, the subgroup analysis of 81 patients with brain tumors and
craniotomy showed that 21% of patients treated with PHT had seizures vs only
13% of the nontreated patients (OR 1.8, 95% CI 0.6-6.1). Only the meningioma
subgroup in this study had slightly lower risk for seizures in treated vs placebo
patients. Therefore, based on these results, the recommendations for PHT prophy-
laxis should not apply to brain tumors.

In a subsequent Italian study, 65 of 128 (51%) patients with supratentorial brain
tumors had preoperative seizures and were treated with AEDs. Those without pre-
operative seizures were randomized to receive phenobarbital (PB) or PHT as pro-
phylactic treatment, or received no treatment. No significant difference in seizure
incidence was found between patients treated (7%) and those not treated (18%).
The authors suggested short-term preventive antiepileptic treatment after surgery
in patients without preoperative seizures and continuation of postoperative treat-
ment in patients with preoperative epilepsy (56).

More recently, Glantz et al. conducted a well-designed randomized, double-
blind, placebo-controlled study comparing the incidence of first seizures in 74
valproate (VPA)- and placebo-treated patients with newly diagnosed supratentorial
brain tumors. The drug and placebo groups did not differ significantly in the inci-
dence of seizures: 35% in the VPA and, surprisingly, 24% in the placebo-treated
group (OR 1.7, 95% CI 0.6-4.6, p = 0.3). Based on these results, no prophylactic
treatment with VPA could be recommended (50).

Finally, a prospective, randomized, unblinded study from Canada examined the
effect of prophylactic PHT administration in newly diagnosed patients with pri-
mary and metastatic brain tumors without prior seizures. Seizures occurred in 26
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(26%) of all patients, 11 (24%) in the treated, and 15 (28%) in the nontreated group
(OR 0.82, 95% C10.3-2) (57).

Similarly, reports on patients exclusively with metastatic brain tumors do not
support the use of prophylactic anticonvulsants (6,58). In a large retrospective
analysis of 195 patients with metastatic brain tumors, Cohen et al. reported that
18% of patients presented with seizures. Of the remaining seizure-free patients,
40% were treated prophylactically with antiepileptics (PHT in >90%). In a follow-
up period of up to 59 wk, 10% of patients developed late seizures. The incidence of
seizures did not differ between the treated (13.1%) and untreated (11.1%) groups.
This study is flawed, however, because two-thirds of the patients with seizures had
subtherapeutic antiepileptic levels. The authors did not advocate the use of
antiepileptic medications, unless the patient has the first seizure (6).

Summarizing the foregoing information, the Quality Standards Subcommittee
of the American Academy of Neurology published a meta-analysis of 12 studies,
which had addressed the issue of prophylactic antiepileptic treatment for newly
diagnosed brain tumor patients. Four were randomized and eight were cohorts. Only
one study showed significant difference between treated and untreated groups and
actually favored the untreated. The overall OR from the randomized trials was 1.09;
the 95% CI was 0.63—1.89 (p = 0.8) for seizure incidence and 0.74—1.44 (OR 1.03,
p = 0.9) for seizure-free survival. Therefore, the subcommittee recommended no
prophylactic use of antiepileptics on patients with newly diagnosed brain tumors.
Tapering and discontinuing the antiepileptics was appropriate after the first postop-
erative week in patients without a seizure (who were nevertheless treated). Although
not excluding the possibility that some subgroups of brain tumor patients (i.e., those
with melanoma, hemorrhagic or multiple metastatic lesions, tumors located near
the rolandic fissure, slow-growing primary CNS tumors) may be at a higher risk for
seizures, the subcommittee did not find any reason for prophylaxis in patients (47).

Treatment of Seizures in the ICU

Treatment of seizures or SE in patients with brain tumors follows the general
guidelines that are presented in Chapter 14. However, there are several important
details regarding these complex patients that the intensivist should master.

Interactions between the various medications pose the most important problem
and can lead to unforeseen complications. Antiepileptics, especially those affecting
the cytochrome P450 system, may affect the metabolism of chemotherapeutic
agents used for the treatment of metastatic or primary CNS tumors. These agents
have a narrow therapeutic window and real potential for toxicity or lethal side
effects if their activity is increased by an additional agent; if their activity is
decreased they may lose their anticancer efficacy. Usually, the addition of PHT,
carbamazepine (CBZ), PB, and other inducers of the cytochrome P450 system,
reduces the levels or efficacy of cyclophosphamide, methotrexate, Adriamycin,
nitrosoureas, paclitaxel, etoposide, topotecan, irinotecan, thiotepa, and corticoster-
oids (47,59). In addition, competition for binding to plasma proteins may be impor-
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tant with several of those medications, especially in states of hypoalbuminemia,
not uncommon in the ICU or during chemotherapy. Measuring the free levels of
drugs and adjusting the dose can be useful to avoid toxicity or subtherapeutic levels.

Regarding the steroids, either their dose should be increased or the patient should
be switched to one of the newer, noninducing antiepileptic agents (lamotrigine,
tiagabine, leviracetam, zonisamide, vigabatrin, and gabapentin). The same may be
true for several other antitumor agents, but the intensivist should be cautious
because no data from large studies are available reporting their interaction with the
newer antiepileptics (59). On the other hand, chemotherapeutic agents or corticos-
teroids can affect the metabolism of several antiepileptics, increasing or decreasing
their levels (60-62). This may explain the subtherapeutic levels of these drugs in
the studies that evaluated their prophylactic use (6,50,56,57). In addition, several
chemotherapeutic agents may have proconvulsant activity on their own (43,46) (see
Chapter 12), and the intensivist should be aware that the aforementioned studies of
prophylactic antiepileptic treatment did not control for the presence of specific che-
motherapeutic agents.

An interesting aspect of the use of AEDs in patients with cancer is the potential
of these agents for antineoplastic or immunosuppressive effect (63-66). VPA is
probably exhibiting in vitro favorable proapoptotic action and PBT immunosup-
pression, but clinical studies are not available. Neutropenia secondary to myelo-
suppressive chemotherapy may worsen with CBZ, an adverse effect that should be
monitored very carefully (67). Gabapentin may also ameliorate the nausea induced
by chemotherapy, and this may be of additional benefit in patients with seizures
and breast cancer (68).

Interaction between antiepileptics and irradiation treatment offered to the brain
or spine may lead to dermatologic complications. Skin rash in patients treated with
PHT and brain irradiation may herald Stevens—Johnson syndrome (49,69), and VPA
has been implicated in Rowell’s syndrome (lupus erythematosus associated with
erythema multiforme-like lesions) (70). However, one retrospective study of 289
patients with brain tumors treated with antiepileptics and radiation found only one
(0.3%) patient developed erythema multiforme. Phenytoin was associated with
milder rashes in 22% of patients, a higher incidence than the usual 5-10%. These
rashes did not appear to be related to radiation because they usually occurred before
its initiation (71).

Individualizing the treatment in the ICU and afterward is probably best. Factors
that should be considered before one decides if and when to treat the patient and
which medications to use include the histopathology of the tumor, the location of
the mass, the presence of pre-existing epilepsy, the extent of additional injury
incurred by craniotomy, the involvement of other important organs metabolizing
the drugs, the nutritional state of the patient, the pharmacological interactions
between the agents, and the ability of the patient to tolerate side effects of the treatment.
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OUTCOME

Although not pertinent to the ICU management, certain data in fact support a
better outcome in patients with brain tumors and seizures (/4). In a retrospective
analysis of 560 patients with primary supratentorial tumors, the median survival of
the 164 (29%) patients presenting with epilepsy was 37 mo compared with 6 mo of
those presenting with other symptoms (p < 0.0001) (72). In the study by Whittle
and Beaumont of 34 supratentorial oligodendrogliomas, 17% of patients who pre-
sented with seizures and 67% of those who presented with other symptoms had
died in the follow-up. However, in a multivariate model, young age and not epi-
lepsy was a favorable independent predictor (/0). This information can be of some
help in the discussions the intensivist may have with the patients or relatives in the
ICU.
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Global Hypoxia-Ischemia
and Critical Care Seizures

Matthew A. Koenig and Romergryko Geocadin

SUMMARY

Seizures after cardiopulmonary arrest are a common problem in the intensive
care unit, occurring in as many as one-third of these patients during their hospital-
ization. The etiology, treatment, and prognostic importance of seizures in this set-
ting have not been well-delineated in the literature. Whether seizures exacerbate
global hypoxic—ischemic brain injury in humans remains unclear, which raises
uncertainty about how aggressively they should be treated. Some pathological data
suggest that anoxic brain injury is worsened by generalized tonic—clonic (GTC)
status epilepticus (SE). Especially when the prognosis remains uncertain, GTC
SE should be treated in the conventional manner. Partial seizures and simple myo-
clonus are unlikely to exacerbate neuronal damage, and treatment probably should
be reserved for seizures that are traumatic to family members or interfere with
mechanical ventilation. Status myoclonus (SM) in hypoxic—ischemic coma is par-
ticularly troublesome because it can be highly refractory to conventional
anticonvulsants and appears to portend an extremely poor prognosis, regardless of
its management. Case series that report 100% mortality or vegetative state from
this condition have involved only highly selected patient populations. Several cases
have been reported of patients with good neurological outcomes despite SM in post-
anoxic coma. The most prudent course of action is to continue intensive manage-
ment of patients with SM—including anticonvulsant therapy—and to rely on more
precise means of prognostication (clinical exam, electroencephalography, and
somatosensory evoked potential) to inform the decision to withdraw supportive
care. The decision to use anesthetic agents and paralytics in this setting must be
individualized.

Key Words: Hypoxic-ischemic encephalopathy; seizures; status epilepticus;
postanoxic myoclonus.
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INTRODUCTION

The increasing success of cardiopulmonary resuscitation (CPR) in reviving
individuals from cardiac and respiratory arrest has generated a dramatic upsurge in
hospital admissions for patients in postresuscitative coma. This paradox is largely a
result of the absence of primary brain-directed therapies for global hypoxia—
ischemia. As many as one-third of comatose CPR survivors will experience seizure
activity at some time during their hospital course, most commonly within the first
24 h (1-3). The immediate postresuscitation period is also marked by the highest
risk of hemodynamic instability, recurrent arrest, and prognostic uncertainty.
Cardiac intensive care units (ICUs) in the United States have become accustomed
to facing the challenge of managing seizures and myoclonus in the setting of
hypoxic—ischemic coma. Despite the common occurrence of this problem, clinical
and basic science research in the area has been sparse, and several important ques-
tions remain unanswered. Do seizures exacerbate brain damage in hypoxic—
ischemic coma? How aggressively should they be treated, and with which agents?
Can some seizure types offer prognostic information that affects the decision to
withdraw care? This chapter provides a comprehensive presentation of existing lit-
erature related to this problem.

EPIDEMIOLOGY

Community-based population data on critical care seizures are not currently
available. The epidemiologic information related to this problem is primarily based
on reports from highly selected patient populations. Several small studies describe
the epidemiology of various seizure types in the setting of hypoxic—ischemic insults.
In a referral population of 114 patients who survived CPR for over 24 h, Krumholz
et al. (/) described seizures in 44%. Thirty-five percent of patients had myoclonus
alone or in association with other seizure types. Status epilepticus (SE) was found
in 32%, the majority of which was either status myoclonus (SM) alone or a combi-
nation of SM and generalized tonic—clonic (GTC) SE, which the authors termed
myoclonic status epilepticus. In prospective (2) and retrospective (3) studies of all
comatose patients admitted after CPR, Snyder et al. found that one-third of patients
experienced seizures, the majority of which had more than one seizure type. Myo-
clonic seizures were described in 19%, partial seizures in 19%, and GTC seizures
in 6% of the total population. The incidence of myoclonic seizures was bimodal,
with the majority beginning within 12 h after CPR and the remainder delayed by
several days (2). In the classic outcome study by Levy et al. (4), 15% of patients in
hypoxic—ischemic coma experienced generalized convulsions, whereas 10% had
isolated myoclonus. The posthypoxic syndrome of action myoclonus described by
Lance and Adams (5) can occur within a few days of cardiac arrest, but the inci-
dence rate among survivors has never been studied.
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PATHOPHYSIOLOGY

Pathological and Chemical Changes in Hypoxic—Ischemic
Injury and Seizures

Experimental animal studies have provided insights into the mechanism of
epileptogenesis in hypoxic—ischemic coma. Adenosine triphosphate (ATP)-sensi-
tive potassium channels (K ,1p) are activated by hypoxic stress, resulting in protec-
tive cellular hyperpolarization by inward rectifying potassium currents (6). Ktp
knockout mice subjected to brief episodes of hypoxia are more susceptible to gen-
eralized seizures (6). The highest concentration of K, 1p channels is located within
the substantia nigra—pars reticulata (SNpg), which acts as a central gating system
for the propagation of generalized seizures (6). In prolonged hypoxia—ischemia,
SNpr may be damaged and the gating function of the K,1p receptors may be lost.
Alternatively, hypoxic depletion of ATP could result in loss of the inward rectify-
ing potassium current and failure to block seizure propagation at the SNpg (6).

Prolonged generalized seizures induce permanent neuronal injury that shares
some characteristics with global hypoxia. Excess glutamate release activates the
receptors of N-methyl-p-aspartate (NMDA), resulting in intracellular accumulation
of calcium and early apoptosis (7). When mitochondrial energy stores are depleted
during hypoxic and ischemic states, the cytotoxicity of NMDA receptor activation
is markedly potentiated (8). Experimental blockade of the NMDA receptor inhibits
neuronal toxicity even though it does not shorten the duration of the seizure (9).

Pathological studies of uncomplicated seizures in humans report either no neu-
ronal injury or ischemic cell changes limited to the hippocampus, particularly the
Sommer sector (H1) (10). After prolonged SE, the cortex may show laminar
ischemic changes similar to hypoxic—ischemic encephalopathy with or without
involvement of the cerebellar Purkinje cells (/0). Experimental data from well-
oxygenated baboons with chemically induced SE showed cortical damage but lim-
ited cerebellar pathology (/7). In mechanically ventilated rats, prolonged seizures
produced cellular changes limited to the SNpg, hypothalamus, and globus pallidus
(12,13). Damage to the white matter and deep gray matter structures other than the
hippocampus is not typically demonstrated in adult humans in the absence of con-
comitant hypoxia or ischemia (/0). On the other hand, pathological changes dem-
onstrated in global hypoxia—ischemia involve all neuronal layers of the cortex,
subcortical gray matter structures, cerebellum, and spinal cord, as determined from
human autopsy series (14).

Animal data have been important in studying whether seizures exacerbate
hypoxic—ischemic neuronal injury. Young et al. studied extracellular inhibitory and
excitatory amino acid concentrations in juvenile rabbits with hypoxia alone, sei-
zures alone, and seizures after hypoxia (/5). They found no increase in glutamate
or y-aminobutyric acid (GABA) with hypoxia or seizures. When seizures were pre-
ceded by a period of hypoxia, however, there was a dramatic increase in both
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glutamate and GABA (15). Concomitant hypoxia and seizures potentiate neuronal
excitotoxicity, and excess glutamate release may lower the seizure threshold. In
neonatal rats subjected to 3 h of unilateral stagnant hypoxia, concentrations of
glutamate and GABA in the cerebrospinal fluid (CSF) were elevated (/6). When
these rats were subjected to prolonged SE, the concentration of GABA increased
further but glutamate did not (/6). These findings suggest that glutamate neurotox-
icity in the setting of hypoxia—ischemia was not enhanced by seizures. Several
pathological studies of global hypoxic—ischemic insults in neonatal rats found no
further increase in lesion size after SE (/6—18). In newborn rats with limited
hypoxic—ischemic lesions from unilateral carotid ligation, however, SE resulted in
heightened neuronal injury (19). It is believed that prolonged global hypoxia—
ischemia results in such devastating neurological injury that the additional damage
caused by seizures, if present, may be pathologically undetectable (19).

Myoclonus in Hypoxic-Ischemic Coma

Many clinicians ascribe SM in the hypoxic—ischemic coma setting to agonal
neuronal firing that is a fragment of GTC SE (20-22). Celesia et al. (22) speculated
that hypoxic—ischemic destruction of the neocortex, cerebellum, and subcortical
gray matter disrupts the normal propagation and regulation of tonic—clonic seizure
activity, resulting in SM. They note that hypoxic damage to the neocortical laminar
and intralaminar nuclei disrupts Jacksonian seizure progression, and destruction of
the thalamic relay system prevents generalization to GTC convulsions (22).

Pathological data were provided in several case series of patients with SM in
postanoxic coma (20-22). In the series of Young et al. (20), damage was seen in all
layers of the cerebral cortex, hippocampus, basal ganglia, cerebellar Purkinje cells,
and spinal cord gray matter. These findings are more reflective of severe hypoxic—
ischemic injury than neuronal damage from SE (20). In the series of Celesia et al.
(22), the only two patients with Ammon’s horn sclerosis—reflective of neuronal
damage from SE—had GTC SE prior to the development of SM. In the study by
Wijdicks et al. (21), postanoxic patients with SM showed involvement of all corti-
cal laminae significantly greater than those who died without SM. The damage in
the hippocampus and cerebellum was not significantly different between the two
groups. These data were interpreted to reflect the greater anoxic brain injury expe-
rienced by patients with SM (217), but the study was not designed to discern whether
myoclonic seizures contributed to this injury.

Lance-Adams Syndrome

Although in their classic paper describing the posthypoxic syndrome of action
myoclonus, Lance and Adams (5) implicated damage to the ventrolateral thalamic
nuclei as the causative lesion, subsequent reports have focused on impaired seroto-
nin neurotransmission and lesions in the caudal medulla and cortex. Many patients
with Lance—Adams syndrome have low CSF concentrations of serotonin metabo-



Global Hypoxia—Ischemia 123

lites (23,24). Rat models of posthypoxic myoclonus demonstrate impaired neuro-
transmission at receptors for two 5-hydroxytryptamines: 5-HT ;5 and 5-HT,, o
(25,26). Myoclonus is often attenuated by treatment with 5-hydroxytryptophan
(5-HTP), valproic acid, and clonazepam—substances known to enhance serotoner-
gic neurotransmission—in both rat (27) and human (28). Excess CSF serotonin
metabolites, exacerbation of myoclonus with serotonin agonists, and amelioration
with the serotonin antagonist methysergide was reported in a single patient with
severe hypercarbic respiratory arrest (29). The exact role of serotonin in Lance—
Adams syndrome remains unclear.

CLINICAL PRESENTATION
GTC Seizures

GTC seizures following CPR were reported in 16 of 114 cardiac arrest survivors
in the Krumholz prospective series (/). GTC SE occurred in conjunction with myo-
clonus in 17% of patients, a constellation Krumholz et al. termed “myoclonic status
epilepticus.” The majority of these seizure episodes began within 5 h (range: 1-12
h) of cardiac arrest and lasted an average of 17.5 h (range: 2-48 h). All patients
were profoundly comatose at seizure onset. In the same series, respiratory arrests
were more frequently implicated in myoclonic SE than cardiac arrests (/). Snyder
et al. (3) reported GTC seizures in 4 of their 63 patients in coma after CPR in
another prospective series. The majority of these seizure episodes occurred in close
proximity to the administration of lidocaine. One of the patients had GTC convul-
sions and myoclonus simultaneously.

Focal and Complex Partial Seizures

Focal and complex partial seizures following CPR have not been extensively
reported in the literature. Krumholz et al. (/) mention that 3 of the 114 cardiac
arrest survivors studied developed focal motor seizures. Snyder et al. (3) reported
complex and simple partial seizures in 12 of their 63 patients in hypoxic—ischemic
coma. Most patients were profoundly comatose at the onset of seizures. Partial
seizures typically began within the first 12 h after arrest but could be delayed 2-4 d
(3). The majority of seizure episodes lasted less than 48 h, but a few patients had
recurrence of partial seizures after 4-6 d. The majority of patients with partial sei-
zures had seizures of other types as well, including GTC seizures and myoclonus.

Myoclonus

Cortical, reticular, segmental, generalized, reflex, and action myoclonus have
all been described as sequelae to hypoxic—ischemic encephalopathy (7,3,5,20-
22,30-37). Cortical myoclonus is believed to be a fragment of focal seizures, with
myoclonic jerks involving only a small number of adjacent muscle groups (38). It
preferentially involves distal appendicular structures, typically affecting agonist
and antagonist muscle groups simultaneously, and it may be multifocal (38). Corti-
cal myoclonus occurs spontaneously but may be accentuated by volitional move-
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ment (action myoclonus) or somatosensory stimulation (reflex myoclonus) (38).
The movements are typically preceded by time-locked electroencephalographic
(EEG) discharges at the sensorimotor cortex. Reticular myoclonus is felt to be a
fragment of generalized epilepsy, with myoclonic jerks involving the entire body
(38). Axial structures and proximal muscle groups are preferentially involved, and
the jerks may also be triggered by movement or somatosensory stimuli (38).
Reticular myoclonus is believed to result from lesions of the nucleus reticularis
gigantocellularis in the caudal medulla (38). EEG spikes are generalized and fol-
low the movement, suggestive of a subcortical discharge referred to the cortex (38).
Primary generalized myoclonus involves synchronous jerks of the distal appen-
dicular muscles time-locked to generalized cortical discharges on EEG (38). SM is
any form of epileptic myoclonus that persists for more than 30 min. Segmental
myoclonus is felt to be a nonepileptic brainstem or spinal cord reflex resulting in
isolated, nonrhythmic jerks of axial structures with no EEG correlate.

Snyder et al. (3) reported myoclonic seizures in 12 of their 63 CPR survivors.
Most patients had synchronous, symmetric jerks involving the face, adductors of
the thighs, and flexors of the arms. Others had asynchronous, asymmetric jerks
involving the extremities alone. Myoclonus occurred in 30% of CPR survivors in
the series of Krumholz et al. (/), the majority of whom (78%) had generalized or
multifocal cortical myoclonus with co-occurrence of other seizure types. Segmen-
tal myoclonus involving the eyes, palate, and pharynx was noted in several patients.
In the series of Young et al. (20), myoclonic jerks were always bilaterally synchro-
nous and involved the face, particularly the eyelids. The extraocular muscles could
be involved as well (20,21). Limb jerks occurred variably and simultaneously with
facial movements. Myoclonic jerks occasionally involve the diaphragm and inter-
fere with mechanical ventilation (20). Myoclonus typically begins within 12 h of
cardiopulmonary arrest, with a mean duration around 24 h (1,3,21,22). A subgroup
of patients develop myoclonus only 3-5 d after arrest, and it persists for days to
weeks (3). Spontaneous myoclonus typically occurs at a frequency of a jerk every
1-5 s (22). Stimulus sensitivity has been reported in many patients (3,20-
22,31,32,34), with increased jerks on tracheal suctioning, touch, painful stimuli, or
loud noise. Stereotyped myoclonic jerks have also been reported with episodic
hypotension (21). One group reported reticular myoclonus in synchrony to the
carotid pulse that was ablated by carotid sinus massage (37).

Lance-Adams Syndrome

Some mention must be made of Lance—Adams syndrome because it may evolve
while the patient remains in the ICU (5,39,40). In the original case series of Lance
and Adams (5), three of the four patients began experiencing myoclonus during the
first few days after resuscitation while they remained in postanoxic coma. “Gener-
alized myoclonus,” the authors reported, “was a feature of the early stages of the
illness soon after the episode of hypoxia; but after a few days, when consciousness
was regained and the patients’ condition stabilized, the movements became
restricted in site and all tendency to rhythmicity was lost” (5). In one series, 9 of 14
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patients first experienced myoclonus within days of the hypoxic event, and—in all
but one—myoclonic jerks were first noted during coma (40). After arousal from
coma, the patients had normal or near-normal intellect, subtle cerebellar signs, and
lability of mood (5). The myoclonic jerks were brief, variable in amplitude, and
typically comprised a series of contractions of agonist and antagonist groups. Myo-
clonus was usually limited to the activated limb, but occasionally spread
contralaterally or ipsilaterally. It could be enhanced by emotional states or sensory
stimuli such as pinprick, touch, tendon tap, or loud noise. Postanoxic myoclonus
can share characteristics of both cortical and reticular myoclonus (40-45). The
majority of patients in one series (40) had cortical discharges on EEG preceding
and time-locked to myoclonic jerks. These jerks were predominantly distal and
limited to the part of the body involved in the volitional movement. Myoclonic
jerks involved the facial muscles in several patients, interfering with swallowing
and speaking. Other patients had stimulus-sensitive myoclonic jerks that were
bilateral, synchronous, and predominantly involving axial structures, suggestive of
reticular reflex myoclonus (40). One case report (42) described a patient who
developed both cortical action myoclonus and reticular reflex myoclonus after CPR.

LABORATORY INVESTIGATION
Electroencephalography

EEG has been the mainstay of clinical investigation in postanoxic seizures. In a
recent study (46) from a single university center, cardiorespiratory arrest was the
indication for ordering an EEG in 11% (29 out of 261) of emergent studies. EEG
was ordered to rule out SE in 23 patients and seizures in 3 patients. Suspicious
clinical activity was reported in 65% and previously witnessed seizures in 10%.
Twenty-one patients were already receiving antiepileptic medications when the
study was ordered. Generalized slowing was the most common EEG finding (11
cases), followed by convulsive SE (8 cases), epileptiform discharges (4 cases), and
nonconvulsive status epilepticus (NCSE) as seen in Fig. 1 (3 cases). In the multi-
variate analysis, history of cardiopulmonary arrest was the only independent pre-
dictor of convulsive or NCSE (46).

Krumholz et al. (/) found epileptiform discharges in 58% of survivors with clini-
cal seizures or myoclonus and 88% of those with myoclonic status epilepticus. Epi-
leptiform discharges were rare in CPR survivors without clinical seizures or
myoclonus (9%, p < 0.001). Burst suppression (Fig. 2) was also seen more fre-
quently (76%, p < 0.001) in patients with myoclonic SE (7). EEG characteristics of
the various types of seizure after head injury have also been described. Snyder et al.
(3) commented that the most common finding in patients with partial seizures was
diffuse slowing, with spike activity and rhythmic slowing occurring in the minority of
patients.

The EEG findings in comatose patients with myoclonus are highly variable. The
most frequently reported patterns include burst suppression, diffuse slowing, iso-
electric tracing, periodic spikes and polyspike—slow wave complexes, and alpha
coma (1,3,20-22,30-32).
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Fig. 1. Nonconvulsive SE. This 75-yr-old woman, involved in a car accident, had an
admission Glasgow Coma Scale score of 15. She had a cardiac arrest in the ICU, after which
she never regained consciousness; during her protracted stay on the ICU, she developed
multiorgan failure. EEG was performed to rule out nonconvulsive SE with the following
results: (A) continuous bursts of triphasic wave activity at a rate of 1-2 Hz, occasionally
intermixed with bursts of spike activity and (B) significant decrease of the epileptiform
activity after iv administration of 2 mg of lorazepam; the patient did not have any clinical
improvement and remained in coma.
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Fig. 2. Burst suppression EEG pattern in a 62-yr-old man with generalized myoclonus,
arising from coma after resuscitation from cardiac arrest.

The most common tracing in most series is diffuse slowing with or without peri-
odic spikes or polyspike complexes (30). The interval between complexes is stable
for a given patient but ranges from 0.5 to 5 s (30). The complexes may or may not
be time-locked to the myoclonic jerks (20,22). In stimulus-sensitive myoclonus,
tactile and auditory stimulation elicit bursts of generalized spike—polyspike com-
plexes that precede and are time-locked to clinical myoclonus (22,32).

Burst suppression is the second most frequently reported pattern (30). The bursts
typically last 1-10 s and are separated by prolonged periods of suppression ranging
from 5 to 25 s (30). One series reported periods of interburst suppression lasting as
long as 2—4 min (32). Burst suppression patterns in hypoxic—ischemic coma with-



128 Koenig and Geocadin

out myoclonus have typical intervals around 15 s (47), and prolonged suppression
in this scenario may reflect more profound brain injury (32).

As described earlier, patients with Lance—Adams syndrome follow three EEG
patterns: focal time-locked spikes that precede the myoclonus (cortical myoclo-
nus), generalized non-time-locked spike—slow wave complexes that follow the
myoclonus (reticular myoclonus), and no abnormal EEG activity (segmental myo-
clonus) (40-45). EEG has also been used for prognostic purposes after cardiopul-
monary arrest (48—-50). In a systematic review of EEG data (57), five out of six
studies demonstrated 100% specificity for poor outcome in CPR survivors with
burst—suppression or isoelectric patterns within the first week. The odds ratio for
poor outcome with these EEG patterns was 9.0, with a 95% confidence interval
(CD) of 2.5-33.3 (51).

Electromyography

Electromyography (EMG) may be useful in delineating reticular myoclonus from
cortical myoclonus in patients with Lance-Adams syndrome, especially in con-
junction with EEG. Patients with cortical myoclonus demonstrate EMG discharges
that occur in a rostrocadual distribution, are time-locked to cortical spikes on EEG,
and have conduction delays similar to direct cortical stimulation of the motor tract
(5,38). Patients with reticular myoclonus involving the cranial nerves demonstrate
a caudorostral distribution of EMG discharges originating in the caudal medulla
that are not time-locked to cortical EEG spikes and normally precede them
(38,41,43).

Somatosensory Evoked Potentials

Somatosensory evoked potentials (SSEP) have prognostic utility in postanoxic
coma and have contributed to clinical research in Lance—Adams syndrome. The
phenomenon has not been studied in acute postanoxic myoclonus per se. Bilateral
absence of early cortical SSEP responses portends poor outcome in hypoxic—
ischemic coma (47,52-58). In a systematic review of SSEP data (51), bilateral
absence of N20 cortical responses measured in the first week of hypoxic—ischemic
coma was 100% specific for poor outcome with a pooled 95% CI for a false-positive
test of 0-2.0%. It is the most precise means of predicting poor outcomes in these
patients, likely related to the minimal influence of medications and metabolic
derangement (57). SSEP has also been useful in studying Lance—Adams syndrome.
Patients with cortical action myoclonus often demonstrate abnormally large evoked
potentials in the sensorimotor cortex, whereas patients with reticular myoclonus do
not (38,40,42,43). These data have been used to support the hypothesis that cortical
reflex myoclonus results from hyperexcitability of the sensory input to a cortical
reflex arc (38).



Global Hypoxia—Ischemia 129

Brain Imaging

Brain imaging has been extensively studied in patients after cardiopulmonary
arrest, but not in the subpopulation with hypoxic—ischemic seizures and myoclo-
nus. Torbey et al. (59) demonstrated loss of distinction between the gray and white
matter on computed tomography (CT) scan immediately after cardiac arrest. A gray
matter/white matter Hounsfield unit ratio below 1.18 at the level of the basal gan-
glia predicted death in this small retrospective study (59). In one series, brain CT
scans done at various times after cardiopulmonary arrest were grossly normal in
77% of all comatose patients with or without subsequent seizures (217). Cerebral
edema and hypodensities in the deep cortical white matter, cerebellum, thalamus,
and cortical watershed areas occurred more frequently in patients with myoclonus
than in those without myoclonus.

Magnetic resonance imaging (MRI) has been used to study the brains of survi-
vors of cardiac arrest and in SE, but not in the subpopulation with both seizures and
cardiorespiratory arrest. One small study of CPR survivors (60) showed restricted
diffusion in the basal ganglia, cerebellum, and cortex on the day of arrest. Diffusion
was restricted mostly in the cortical and subcortical gray matter between 24 h and
13 d and in the white matter between 14 and 20 d. After 21 d, diffusion-weighted
imaging was normal (60). In the absence of hypoxic or ischemic insults, SE is
known to induce T2- and diffusion-weighted hyperintensities and T1-weighted
hypointensities, as well as contrast enhancement in the involved cortex, adjacent
subcortical white matter, and hippocampus (61). These changes represent cortical
cytotoxic edema and subcortical vasogenic edema that typically reverse when sei-
zures are controlled (61). For an illustrative case, see Fig. 3.

Brain imaging is poorly studied in CPR survivors with seizures. In one series,
brain MRIs and CT images in patients with Lance—Adams syndrome were normal
in one-third of patients, showed cortical or cerebellar infarcts in one-third, and
showed mild cortical and cerebellar atrophy in the remaining one-third (40).

CSF

CSF has not been studied in the setting of acute hypoxic—ischemic seizures in
humans. In Lance—Adams syndrome, conflicting data have been reported regarding
concentrations of serotonin metabolites, as described earlier. The majority of
patients have depressed serotonin metabolites and often respond clinically and bio-
chemically to serotonin precursors and agonists like 5-HTP, clonazepam, and
valproic acid (24,28). Patients with elevated CSF serotonin metabolites tend to
respond to serotonin antagonists like methysergide (29).

DIFFERENTIAL DIAGNOSIS

Many conditions that cause cardiopulmonary arrest may also lower the seizure
threshold. This understanding is especially important if prolonged seizures are taken
as an indication of severe irreversible brain injury that may influence the decision
to limit medical care. Patients with a previous diagnosis of epilepsy may present in
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Fig. 3. Nonconvulsive SE in a patient with postanoxic myoclonus: This 43-yr-old white
man was admitted after being found in the bottom of a lake, where he had stayed for approx
15 min. He was initially pulseless and without breathing. In the ICU he developed continu-
ous bilateral and synchronous myoclonic jerks in the upper and lower extremities. In addi-
tion, the patient had several GTC convulsions, which were suppressed by PHT and VPA.



Global Hypoxia—Ischemia 131

T
.'fx\':""\?'-@!l%} i \1 =T \J/ ,““I ““Lv\f\'
;' i:‘{:i“ir “Mf S H A

J M
! 4

i~ b“\;{.m.' A\
f\,.. \,1 ,ﬂ%v- .|

N A
%w

Fig. 3. continued

The patient regained only brainstem reflex function and eventually expired in palliative care
12 d after extubation. (A) and (B) Diffusion-weighted MR images of the brain 29 h later
demonstrating diffuse abnormalities, especially in the basal ganglia, thalamus, and insular
and occipital cortex. (C) Continuous EEG monitoring demonstrating bihemispheric con-
tinuous runs of sharp and slow waves, which did not correlate with myoclonic jerking or
clinical convulsions

SE after a relatively brief episode of hypoxia. Preexisting epilepsy may not be
known at the initial point of care, and baseline antiepileptic drug levels may be
helpful in this regard. Drugs given to patients during the resuscitation may trigger
or lower seizure threshold. Lidocaine, used as part of the standard Advanced Car-
diac Life Support protocol, is well-known to induce seizures at serum levels
exceeding 9 pug/mL (62-64).

Propafenone, although rarely used in cardiac arrest, has also been reported to
lower the seizure threshold (65). Streptokinase, prourokinase, and tissue-type plas-
minogen activator given during acute myocardial infarction may also induce sei-
zures (66). Although rarely used in the modern management of asthma, theophylline
administered for respiratory arrest secondary to status asthmaticus is epileptogenic
(67). Stimulants, tricyclic antidepressants, and cocaine can potentially cause
arrhythmic cardiac arrest and seizures (59,63,68,69). Seizures resulting from with-
drawal from alcohol, barbiturate, and benzodiazepine (BZD) must be considered in
the first few days of admission in alcoholics and sedative users who present with
respiratory or cardiac arrest. Penicillins, fluoroquinolones, and other antibiotics may
trigger seizures. Rapid withdrawal of anesthetic agents, such as propofol and barbi-
turates, may also precipitate prolonged seizures. For more details on drug-induced
seizures, review Chapter 12.
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Metabolic derangements, such as hyponatremia and hypomagnesemia, are com-
mon in patients with congestive heart failure, intrinsic renal disease, the syndrome
of inappropriate antidiuretic hormone release and diuretic users. If severe,
hyponatremia may produce obtundation—with or without focal neurological deficits
—and seizures. This topic is discussed in greater detail in Chapter 10. Profound
hypoglycemia in insulin users may also precipitate coma and seizures in the setting
of cardiopulmonary arrest. Seizures in encephalopathic patients may be difficult to
clinically distinguish from shivering, rigors, hyper-ekplexia, and reflex startle
responses (38,42). EEG, with or without paralytic medications, may be helpful in
this regard. Specific discussion on the role of metabolic and systemic derangement
in seizure disorder is provided elsewhere in this book.

TREATMENT
General Considerations

Seizures are most likely to occur during the first day after cardiopulmonary
arrest. This is a period of hemodynamic instability, prognostic uncertainty, and
high risk of recurrent arrest. Cardiac arrest and profound hypotension often cause
hepatic and renal damage, which may alter the metabolism and excretion of resus-
citative and anticonvulsant medications. Drugs used to control these often highly
refractory seizures may have untoward effects on cardiac rhythm, blood pressure,
and level of consciousness.

Intravenous phenytoin (PHT) is well-known to induce hypotension and may trig-
ger arrhythmias such as ventricular fibrillation, complete heart block, bradycardia,
and asystole. Divalproex sodium, PHT, and barbiturates can precipitate hepatic
injury that may be especially problematic in the setting of shock liver. Divalproex
sodium and PHT also have significant interactions with many antiarrhythmic
agents, including lidocaine and amiodarone. Intravenous BDZs and barbiturates
may also induce hypotension and may interfere with neurological examination such
that a falsely poor prognosis is given.

Simple and Complex Partial Seizures

Simple and complex partial seizures have not been demonstrated to cause neu-
ronal injury in most case series and may not require aggressive management in
postanoxic coma. In the case series of Snyder et al. (3), few patients had partial
seizures in isolation, and most patients had good seizure control with PHT alone,
phenobarbital (PB) alone, or both. The decision to treat partial seizures in comatose
patients must be individualized, weighing the ease of treatment versus the low risk
of exacerbated neuronal injury in this setting.

GTC Seizures

GTC seizures are known to cause progressive neuronal injury after 30 min
(6,9,10). They typically begin during the first day after cardiopulmonary arrest, a
period in which the ultimate prognosis remains unclear. The pathological data in
postanoxic patients with GTC SE are limited, but one series (22) did demonstrate
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Ammon’s horn sclerosis—typical of epileptic neuronal injury—in two such
patients. GTC SE should be managed aggressively in these patients, particularly
when it occurs early in the hospital course, as detailed in Chapter 14.

Myoclonus

Isolated epileptic myoclonus and segmental myoclonus are not harmful and do
not require treatment unless they interfere with mechanical ventilation or have psy-
chologically harmful effects on family members. Whether SM exacerbates the brain
damage caused by hypoxic—ischemic encephalopathy remains unclear. Most clini-
cians argue that SM represents agonal neuronal activity that reflects neurological
devastation. A review of the literature for this publication found five patients
(5,22,36,70) who developed SM in postanoxic coma and had good neurological
outcomes. Although several case series (1,3,20,21,30,35) report uniform mortality
or vegetative state in postanoxic SM, these results may reflect a self-fulfilling
prophesy because SM itself may have been used as an argument to withdraw sup-
portive care (21,35). The natural history of this disease with continued intensive
management is not clear. Although pathological studies from patients with SM after
cardiopulmonary arrest show greater cortical involvement than similar patients
without SM (21), it is unclear whether SM is reflective or causative of this injury.
SM is often refractory to treatment short of pharmacological coma. Medications
employed with varying degrees of success include PHT, PB, levetiracetam, valproic
acid, and BDZs (1,3,20-22,30,32,33,35).

Prophylactic Anticonvulsant Use

Prophylactic use of anticonvulsants in postanoxic coma has not been rigorously
studied outside of thiopental in the Brain Resuscitation Clinical Trial I Study Group
(71). In this study, comatose survivors of cardiac arrest were randomized to stan-
dard care with or without a loading dose of thiopental. There was no statistically
significant difference in outcome between the groups (71). A subgroup analysis of
seizure activity demonstrated a trend toward fewer seizures, lower mortality, and
better neurological outcomes in the treatment arm, but the difference failed to reach
statistical significance. No description of the seizure activity is given in this study
(71).

Lance-Adams Syndrome

Lance—Adams syndrome may develop while the patient remains in the ICU and
may interfere with physical rehabilitation, swallowing, and weaning from the ven-
tilator. Various treatment strategies have been employed for the amelioration of
action myoclonus in Lance—Adams syndrome (5,23,24,26,28,29,40,42-45,72-77).
Clinical improvement has been reported with 5-HTP (23,24,28,76), valproic acid
(73), carbamazepine (74), gabapentin (72), clonazepam (24), levodopa (75),
monoamine oxidase inhibitors (24), piracetam (40), and methysergide (29). In a
recent study of levetiracetam (77), two patients with Lance—Adams syndrome
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responded to doses of 750—-1500 mg/d. As discussed earlier, many patients with
Lance—Adams syndrome have depleted serotonin metabolites in the CSF and
respond to serotonin precursors and agonists (24,28). Others have elevated CSF
serotonin precursors and improve with methysergide, a serotonin antagonist (29).
If clinical response to medications involving serotonergic neurotransmission is
unclear, it may be reasonable to use CSF serotonin metabolite concentrations as a
guide to therapy—although this approach has not been rigorously studied. Lance—
Adams syndrome has been shown to improve several years after the anoxic event
(40). In one series (40), 14 patients were followed for 3.7 yr. Three patients were
eventually able to discontinue antimyoclonic medications, and five patients were
able to ambulate independently. Subtle improvement was the rule in the remaining
patients.

Supportive Management

A relatively benign intervention in any seizure type is the optimization of factors
that affect systemic function, such as electrolytes, medications, and infections. Cor-
rection of hypoglycemia, hyponatremia, hypocalcemia, and hypomagnesemia may
reduce the risk of recurrent cardiac events and seizures. As with any severe neuro-
logical injury, serum glucose levels should be normalized, using insulin as needed.
Acid-base disturbances should be optimized with appropriate adjustments to the
mechanical ventilator. Discontinuation of proconvulsant medications should be
undertaken if possible.

PROGNOSIS AND OUTCOMES

The prognostic significance of seizures in hypoxic—ischemic coma has been a
source of controversy in the literature. Levy’s classic study of a general population
of patients in hypoxic—ischemic coma failed to demonstrate poorer outcomes in the
subpopulation with seizures of any type (4). Although Snyder et al. (2) showed
17% survival in hypoxic—ischemic coma patients with myoclonus and 32% sur-
vival with seizures vs 43% survival without any seizure activity, the difference
failed to reach statistical significance. Likewise, there was only a trend toward
higher incidence of excellent outcome in survivors without seizure than in patients
who had any form of seizure activity (2). The large study by Krumholz et al. (/)
showed that seizures or myoclonus per se are not significantly related to outcome,
but convulsive status epilepticus and myoclonic SE confer poor outcome as judged
by survival and recovery of consciousness (see Table 1).

The decision to withdraw supportive care in patients with postanoxic SM should
be based on more precise predictors of outcome, such as SSEP, EEG, and serial
neurological examination (2,4,48-58,78-83). A systematic review (51) of all out-
come predictors—including seizures and myoclonus—after cardiopulmonary arrest
found that only bilaterally absent N20 peak on SSEP within the first week and
absent pupillary light reflex or motor response to pain at day 3 had 100% specific-
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Table 1
Survival and Consciousness at Discharge of Comatose Patients After
Cardiopulmonary Resuscitation

N Alive at discharge Conscious at discharge

All patients 114 30 (26%) 21 (18%)

No seizure or myoclonus 64 21 (33%) 15 (23%)

Any seizure or myoclonus 50 9 (18%) 6 (12%)

All status epilepticus (SE) 36 4 (11%)° 1 3%)*

SE without myoclonus 10 1 (10%) 1 (10%)

SE with myoclonus 19 3 (16%) 04

Status myoclonus alone 7 0 0

¢ Significantly different from patients without this condition (p < 0.01).
(Modified from ref. 1.)

ity for poor outcome. If continued supportive management is desired because of
family choice or prognostic uncertainty and standard anticonvulsant medications
have failed to ameliorate SM, the decision to pursue pharmacological coma or neu-
romuscular blockade must be individualized. Because most SM abates within 48 h,
it may be practical to use anesthetic agents and paralytics for this period of time
without prolonged loss of the ability to examine the patient (/).
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Seizures in Renal and Hepatic Failure
and Endocrine Disease

Andrew Beaumont

SUMMARY

Hepatorenal failure and endocrine disease are associated with seizures. Seizures
arise either as a direct result of the organ failure or as a result of a secondary meta-
bolic disturbance, including toxins arising from the disease process or changes in
serum electrolytes. Correction of electrolyte abnormalities or medical management
of the underlying disease process will often prevent further seizures. Organ failure
and endocrine abnormalities are commonly seen in the critically ill population, and
these patients are more prone to seizures. Organ failure can influence the treatment
of both new-onset and pre-existing seizure disorders by altering the pharmacoki-
netics of major anticonvulsants. Alternatively, anticonvulsants can precipitate organ
failure. Therefore pharmacotherapy of seizures in these settings should be under-
taken cautiously.

Key Words: Hepatic failure; renal failure; endocrinopathy; diabetes; dialysis;
encephalopathy.

INTRODUCTION

Seizures are a common complication of organ failure and endocrine disease,
either as a result of general biochemical and metabolic abnormalities or as a spe-
cific syndrome related to the primary disease process. Critically ill patients may be
hospitalized as a result of the organ failure or endocrine disease, or these conditions
may arise as complications of another disease process. The acuity of onset of these
problems may determine the overall response of the organism to the factors that
alter seizure threshold. Even acute organ failure typically occurs in progressive
stages, each of which may be associated with differing susceptibility to seizures.
Endocrine disease is typically more indolent in onset, but the effects are dependent
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on the hormone cascade involved and the organism’s natural storage of the relevant
hormone: hypothyroidism is rarely acute unless there is sudden loss of large
amounts of thyroid tissue, whereas Addisonian crisis may develop quickly because
of daily requirements for steroid hormone production.

The principles of seizure management in this group of patients follow an algo-
rithm common to seizures complicating other medical conditions. Acute seizures
should be controlled, seizure prophylaxis with antiepileptic agents should be insti-
tuted, and any causative factors should be corrected, including acute control of
biochemical/metabolic abnormalities and treatment of the primary disease process.

This chapter reviews the features of seizures in hepatorenal failure and endo-
crine disease including their incidence, treatment, and clinical implications for criti-
cal care. Seizure medications are metabolized and excreted by the hepatorenal
system and, therefore, management of seizures in the setting of renal or hepatic
failure must be undertaken cautiously.

ORGAN FAILURE
Hepatic Failure

Hepatic failure is a common indication for admission to an intensive care unit
(ICU), and in addition hepatic failure frequently complicates other serious illnesses.
More than 2000 cases of acute hepatic failure occur in the United States every year,
with an estimated mortality of 80% (7). Acute hepatic failure is most commonly
caused by infection, inflammation, acute hypotension, toxin exposure, or fulminant
primary liver disease. The biochemical effects of hepatic failure include significant
alterations in glucose metabolism, buildup of tissue and serum ammonia, failure to
remove metabolites and toxins from the circulation, and changes in the
bioavailability of drugs normally cleared by the liver. This combination of events
can cause progressive encephalopathy, a spectrum of neurological dysfunction clas-
sically divided into four stages. Stage I is euphoria or depression, with mild confu-
sion, slurred speech, and disordered sleep; stage II is lethargy and moderate
confusion; stage III is marked confusion, incoherent speech, and somnolence; stage
IV is coma with cerebral edema formation and elevated intracranial pressure (ICP).

Seizures can arise in any of the stages of hepatic failure either as a result of the
encephalopathic process or secondary to other changes in serum levels of electro-
lytes, glucose, or other metabolites. The incidence of seizures in hepatic encephal-
opathy has been reported as varying from 2 to 33% (2). Ellis et al. enrolled 42
patients with stage III and IV hepatic encephalopathy in a controlled trial to evalu-
ate the benefit of prophylactic phenytoin administration (3). Subclinical seizure
activity as documented by continuous electroencephalography (EEG) was seen in 3
of 20 patients in the treated group, compared with 10 of 22 in the untreated group.
One study has reported the incidence in hepatic encephalopathy of status epilepticus
(SE) that was refractory to anticonvulsants but responded to lactulose therapy with
a reduction in the serum ammonia levels (4). The pathophysiology of hepatic
encephalopathy is unclear, but it has been postulated to arise from a combination of
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hyperammonemia, abnormal glutamine metabolism, elevated glutamate levels,
enhanced stimulation of y-aminobutyric acid (GABAergic effects) and the contri-
bution of false neurotransmitters.

Bickford and Butt (5) have described three classical phases of EEG changes in
hepatic encephalopathy, the incidence of which is directly related to arterial ammonia
levels. The first stage involves a diffuse 0 pattern, the second stage involves tripha-
sic waveforms with often sharp or spike morphology, and the third stage consists of
arrhythmic A activity with poor bilateral synchrony. The majority of seizures are
reported to occur with the second-stage EEG pattern. Ficker et al. reviewed EEG
data from 120 Mayo Clinic patients with hepatic encephalopathy (6). Epileptiform
abnormalities were identified in 18 patients (15%). Interictal discharges were
observed in 13 patients consisting of focal spike and sharp wave discharges. Ten
patients had electrographic seizures, either focal (6 patients) or generalized (5
patients), and 12 patients had clinical seizures (focal in 4 and generalized in 8
patients). Most patients with epileptiform activity died or deteriorated; the authors
suggested that the presence of seizures is associated with a poor prognosis. Special
care must be taken in patients with asterixis, which can cause a rhythmic artifact on
the EEG that could be mistaken for ictal activity.

Special cases of liver failure with associated neurological dysfunction include
Wilson’s disease, Reye’s syndrome, and the hepatic porphyrias. Wilson’s disease
(hepatolenticular degeneration) is a rare autosomal recessive disease, occurring
between the first and third decades and characterized by failure of copper metabo-
lism leading to copper deposits in the liver and brain. The disease has been local-
ized to an abnormal gene (ATP7B) on chromosome 13q14.3 that codes for a copper
transporting adenosine triphosphatase. The condition usually presents as liver dis-
ease and/or neuropsychiatric disease. Seizures occur infrequently, and more com-
monly movement disorders predominate. Dening et al. reviewed the incidence of
seizures in Wilson’s disease both in a series of 200 of their own patients and in the
literature (7). They found a seizure prevalence of 6.2%, which is 10 times higher
than in the general population. Seizures were recorded at any stage of the disease
but most commonly after beginning treatment. The authors found that seizures
responded well to therapy, with 60% of cases remaining seizure-free at 7 yr. They
also concluded that penicillamine-induced pyridoxine deficiency was responsible
for seizures in only a few cases and that the most likely etiology of the seizures was
copper deposition in the brain.

Reye’s syndrome, a disorder almost exclusively of children, is associated with
aspirin use in the context of a viral illness (typically influenza A/B or varicella).
The disorder is characterized by rapid hepatic failure, encephalopathy presenting
as seizures or coma, and fatty infiltration of the viscera. The majority of reported
cases occurred in the pediatric population, but adult cases have been also described
(8,9). The incidence of Reye’s syndrome has declined dramatically since 1986,
when the US Food and Drug Administration required that all aspirin products have
labels warning about the possible association. The pathophysiology of the condi-
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tion is poorly understood, but it is probably related to hepatic mitochondrial dys-
function. There are few data about the absolute prevalence of seizures in Reye’s
syndrome; however, seizures may relate to progressive cerebral edema, raised ICP,
and cerebral hypoperfusion. Some studies have recorded the EEG in Reye’s syn-
drome and reported increased A activity with overall EEG suppression and 14-Hz
positive burst discharges (10,11). The prognostic significance of seizures in Reye’s
syndrome is unclear, because some patients with seizures completely recover. How-
ever, some patients are left with epilepsy, including West and Lennox—Gastaut syn-
dromes.

The hepatic porphyrias include acute intermittent porphyria, variegate porphy-
ria, and hereditary coproporphyria, resulting from different enzymatic deficiencies
in heme synthesis with similar neurologic manifestations. Neurological manifesta-
tions include abnormal behavior, confusion, agitation, anxiety, hallucinations, and
seizures. It has been estimated that 3.7% of patients with acute intermittent porphy-
ria have seizures, including generalized and focal with secondary generalization
(12). In some cases seizures can be related to hyponatremia (/2). Porphyria may
complicate the treatment of seizures. Acute exacerbations of porphyria can be trig-
gered by a large number of anticonvulsant drugs including phenytoin (PHT), barbi-
turates, ethosuximide, diazepam (DZ), valproate (VPA), carbamazepine (CBZ), and
lamotrigine (LTG). Management of seizures in porphyric patients requires man-
agement of the porphyria with hematin infusions, removal of any precipitants
including antiepileptic agents, and the use of antiepileptics that will not exacerbate
the porphyric state. The effect of newer antiepileptics on cells cultured in chicken
embryos and treated with deferoxamine (blocking heme synthesis) was reported by
Hahn et al. (13). Antiepileptic drug (AED) concentrations representative of doses
used in humans were achieved. Felbamate, LTG, and tiagabine, but not gabapentin
or vigabatrin (VGB), increased mRNA levels of aminolevulinic acid synthase, the
rate-controlling enzyme for porphyrin synthesis and levels of porphyrins. There-
fore, anticonvulsants clinically recommended in this situation include gabapentin
and VGB (13,14). Alternatively, isoflurane anesthesia can be used.

Treatment of Seizures in Hepatic Failure

Several other aspects of hepatic failure can influence seizure activity (/5). In
patients with a pre-existing seizure disorder, hepatic failure may alter serum levels
of anticonvulsants normally cleared by the liver. Table 1 lists the common
antiepileptics, outlines the role of hepatic and renal function in their metabolism
and clearance, and lists the known effects of the agents on hepatic and renal func-
tion. The degree of hepatic failure can also play a role in the metabolism of drugs.
In early hepatitis, there may be increased blood flow to the liver with relatively
normal hepatocytes, a situation that may increase hepatic clearance of drugs. In
more advanced hepatic failure with liver necrosis, hepatocellular tissue decreases,
and, therefore, serum levels of drugs cleared by the liver may rise (16). In addition,
hepatic failure is associated with hypoalbuminemia; this state can lead to increased
serum-free levels of drugs of the antiepileptics that are highly bound to serum pro-
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tein. Therefore, hypoalbuminemia, a common finding in the ICU even outside the
context of hepatic failure, can increase the risk of antiepileptic toxicity (17).

Certain anticonvulsants, such as PHT, barbiturates, topiramate, felbamate, VPA,
and LTG, can also have a direct toxic effect on the liver (/8). The interested reader
should refer to Chapter 14 for more details.

Renal Failure

Introduction

Renal failure represents a decline in the glomerular filtration rate that can occur
acutely or chronically. Acute and chronic renal failure influences outcome from
critical illness. In the critically ill population such failures usually arise acutely as a
result of sepsis, drug toxicity, or hypotension, or as part of multiple organ failure.
Chronic renal failure is a gradual and progressive loss of renal function that can
ultimately result in end-stage renal disease. ICU admission as a result of chronic
renal failure is usually related to secondary complications such as respiratory dis-
tress, hyperkalemia, uremic encephalopathy, and postcardiopulmonary resuscita-
tion. Estimates of the incidence of acute renal failure (ARF) in the ICU population
are approx 3—4% (19,20). Schwilk et al. examined 3591 ICU admissions and found
a 4.3% incidence of ARF, compared with 0.6% of the remaining hospital popula-
tion (20). The incidence of ARF is proportional to the American Society of Anes-
thesiologists (ASA) score; ASA 5 patients had an incidence of 20.7% compared
with 0.2% in ASA 2 patients. Electrolyte abnormalities, which are common in acute
and chronic renal failure, include hyperkalemia, hyponatremia, acidosis secondary
to loss of bicarbonate, and secondary hyperparathyroidism.

In one study, seizures were reported in 5 of 13 patients with ARF, typically
occurring in the second week of illness (27). Seizures in chronic renal failure are often
a late manifestation and occur in approx 10% of patients (22), for example, see Fig.
1. Even in patients on chronic hemodialysis with no known evidence of seizures,
bilateral spike—wave patterns have been reported on EEG in 8§-9% of cases (23).
Pediatric renal failure patients are also seizure prone; analysis of 108 children with
renal failure revealed a 15% incidence of seizures; all the patients with seizures had
received dialysis at some point (24).

Uremic Encephalopathy

Uremic encephalopathy is characterized by a waxing and waning neurological
decline that can occur in both acute and chronic renal failure. A more rapid deterio-
ration in renal function leads to a more severe and rapidly progressive encephal-
opathy. Early symptoms include apathy, fatigue, and decreased attention span.
Frontal lobe symptoms follow, with impaired abstract thinking, behavioral changes,
and such frontal lobe release signs as paratonia and the palmomental reflex. Sei-
zures occur late after delirium, hallucinations, agitation, and torpor. They are usu-
ally a preterminal finding and are typically of the generalized tonic—clonic GTC
type (15). The degree of azotemia correlates poorly with neurological dysfunction
(25). The pathophysiology of uremic encephalopathy is poorly understood, but some
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Fig. 1. This 64-yr-old woman with end-stage renal disease and history of strokes, on
regular hemodialysis, was found down shaking and unresponsive by her daughter. The
patient was admitted to the ICU and was intubated for aspiration pneumonia. (A,B) MRIs of
the brain with FLAIR sequence showing diffuse periventricular white matter changes. (C)
EEG, requested to rule out nonconvulsive SE, showing runs of sharp triphasic waves. (D)
EEG 2 min after the iv administration of 2 mg of lorazepam, demonstrating significant
attenuation but no resolution of the triphasic waves. With an additional 2 mg of the drug, the
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Fig. 1. continued
triphasic waves were further suppressed. However, there was no clinical improvement on
the patient’s mental status, despite these measures and loading with PHT. She was extubated
few days later and discharged to palliative care according to her wishes without regaining a
full consciousness.

have suggested that disruption in synaptic function, possibly related to a parathormone
(PTH)-dependent enhancement of calcium transport, may lead to increased levels
of calcium in the cortex (26). In both clinical and experimental studies, EEG abnor-
malities have been improved by parathyroid resection (27,28). Various organic
byproducts of renal failure have been implicated as uremic neurotoxins. In experi-
mental studies, it has been shown that neurotoxic organic acids share a common
transport mechanism between the proximal renal tubule and the cerebral vascula-
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ture in the form of the transmembrane proteins organic anion transporter (OAT)1
and OAT3 (29). There is evidence of decreased synaptic function and neurotrans-
mission, leading to an overall decrease in the cerebral oxygen consumption and
metabolic rate of cerebral tissue. Accumulation of guanidine compounds, like
guanidine succinate, that inhibit release of GABA and glycine in animal models of
uremia has been implicated (/5). The EEG in uremic encephalopathy typically
shows nonspecific changes of encephalopathy, with large amounts of predominantly
0 and A activity. It is important to distinguish this activity from seizures, especially
when these waveforms become rhythmic. Tanimu et al. reported a patient with end-
stage renal disease undergoing hemodialysis who became confused and was thought
to have uremic encephalopathy. The EEG revealed generalized spike-wave dis-
charges at 2—-3 Hz that responded to intravenous diazepam with immediate resolu-
tion of the confusion (30). Thus, nonconvulsive absence SE must also be considered
in acutely encephalopathic hemodialysis patients. EEG abnormalities are seen most
often in the acute encephalopathic state within 48 h of the onset of renal failure.
Later in the course, when the encephalopathy becomes more chronic, the EEG
changes are less prominent. There is a correlation between slow frequencies (<7
Hz) and increases in serum creatinine. In addition, bilateral spike—wave complexes
without clinical seizures have been reported in up to 14% of patients with chronic
uremic encephalopathy (75).

Dialysis Dysequilibrium Syndrome

Seizures can also occur during hemodialysis as part of the dialysis
dysequilibrium syndrome (DDS). First described in the 1960s, the syndrome in its
mildest form presents as restlessness, nausea, muscle cramps, and headache. In
more severe forms, DDS is characterized by delirium, myoclonus and subsequently
generalized seizures, papilledema, and raised ICP. Symptoms typically arise toward
the end of hemodialysis and usually resolve within hours to days (37). DDS is seen
less commonly at present because of slower dialysis rates and more frequent ses-
sions. It has become a diagnosis of exclusion, and other disorders including intra-
cranial bleeding or infection must be excluded first. The origin of DDS is tentatively
attributed to rapid shifts of water into the brain as a result of the presence of
idiogenic osmoles in the tissue (32) and intracellular acidosis (33). Before dialysis
the tissue is protected from osmotic stress by idiogenic osmoles. With dialysis,
serum osmoles are removed. Therefore, the tissue becomes hyperosmotic compared
with serum, and water entering the tissue causes edema.

Subdural Hematoma

Subdural hematoma (SDH), another possible cause of seizures in uremic
patients, should also be considered, especially in the ICU population (34,35). It
occurs in 1-3.3% of patients undergoing dialysis and rarely is associated with head
trauma. In an autopsy series of chronic dialysis patients who had sudden death,
acute SDH was the third most common cause of death, occurring in 8.6% of patients
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(36). It can be bilateral in 20% of cases and may clinically present as obtundation,
ataxia, and hemiparesis. The absolute incidence of seizures with SDH in the chronic
renal failure population is unknown.

Dialysis Dementia

Dialysis dementia was first described by Alfrey et al. in 1972 (37). This disorder
is characterized by a progressive decline in cerebral function that can ultimately
result in death. Dialysis dementia occurs in 0.6—1.0% of all dialysis patients and
occurs at a mean age of 50 yr, with a mean time of onset at 35 mo after the start of
dialysis and a mean survival of 6-9 mo after symptom onset (38). Early symptoms
are dysarthria, dysphasia, lethargy, and depression. Seizures occur in 60% of
patients in the advanced stages, along with psychosis and hallucinations, and these
events should be distinguished from myoclonus, which can occur in up to 80% of
cases (39). EEG abnormalities may precede symptoms by months, and they include
intermittent high-voltage slowing and spike—wave activity, particularly in frontal
leads (40). Elevated aluminum levels are reported in the cerebral cortex in dialysis
dementia, and therapy with chelating agents such as desferrioxamine can reverse
the dementia in up to 70% of cases.

Treatment of Seizures Related to Renal Failure

Treatment of seizures in renal failure focuses on three approaches. First, seizure
prophylaxis should be initiated with an anticonvulsant, ideally one that has no renal
clearance. Second, reversible epileptogenic electrolyte abnormalities, including
hyponatremia and hypercalcemia, should be corrected. Third, the underlying renal
condition should be aggressively corrected and renal replacement therapy initiated
where appropriate. In the case of uremic encephalopathy, correction of the uremia
usually resolves neurological dysfunction including seizures.

Renal failure has important implications for anticonvulsant pharmacokinetics.
Changes in the clearance of renally excreted anticonvulsants can affect the dosing
requirements both for seizure prophylaxis in patients with pre-existing seizure dis-
orders and for seizure prophylaxis in new-onset seizures associated with renal fail-
ure (see Table 1 for renal clearance of common antiepileptics). Anticonvulsants
with significant renal clearance (e.g., gabapentin, topiramate, and oxcarbazepine
[OXC]) must be avoided in renal failure or used in markedly reduced doses. Jones
et al. reported that gabapentin dosing in a patient who missed hemodialysis led to
ICU admission for desaturation and respiratory failure. Gabapentin normally has a
half-life of 5-7 h. In patients with renal failure not undergoing hemodialysis, the
half-life can increase to 132 h, but with hemodialysis it may decrease to 3.8 h (41).

Other factors connected to renal failure can influence the pharmacokinetics of
anticonvulsants. Edema from renal failure increases the volume of distribution of
the bound drug, therefore reducing the effective concentration. Also, drugs that are
significantly bound to protein in plasma have higher effective serum concentra-
tions if protein-losing nephropathy causes a reduction in plasma protein concentra-
tion. For example, the accepted therapeutic range of phenytoin in patients with
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normal renal function is 10-20 mg/L, and this is reduced to 5—10 mg/L in patients
with end-stage renal disease (42). Cross-reactivity with fosphenytoin metabolites
in critically ill patients with renal insufficiency allows the detection of falsely
elevated phenytoin levels by certain immunoassays after fosphenytoin administra-
tion (43).

In addition to these issues, dialysis itself can remove quantities of anti-
convulsants from the blood, and anticonvulsant dosing may need to be adjusted
relatively to the dialysis session. The intensivist should remember that the amount
of drug removed during dialysis is typically inversely related to its protein-bound
fraction and that the renally excreted drugs are the ones that are more dialyzed. Up
to 35% of phenobarbital (PB) is removed during a session of continuous ambula-
tory peritoneal dialysis (44). Although PHT is not dialyzable and no supplemental
dose is required after dialysis, high-flux dialysis can result in up to 48.5% reduction
in total body PHT. The intensivist must be aware of this possibility in patients
receiving dialysis, especially if a seizure disorder is exacerbated (45). Gabapentin
is cleared by renal excretion only, and 35% of the drug is removed during a dialysis
session (46). For patients undergoing dialysis on gabapentin, an initial loading dose
of 300400 mg has been recommended. After each dialysis session, an additional
dose of 200-300 mg of the drug may be enough to maintain steady-state plasma
concentration (46). Table 1 outlines the extent to which common antiepileptics are
dialyzable. For more details, see Chapter 14.

ENDOCRINE DISEASE
Thyroid Disease

Thyroid disease usually causes reversible neurological change. Marked derange-
ment of thyroid dysfunction, both hyper- and hypothryroidism, can cause seizures
(47,48); however, it is more usual for thyroid disease to worsen seizures in a patient
with a pre-existing seizure disorder. Several derangements in thyroid hormone can
occur in the context of critical illness. Most commonly seen is the sick euthyroid
syndrome, characterized by reduced T3 levels, normal or low T4 levels, and
decreased levels of thyroid-stimulating hormone (TSH) (49). Critical illness is asso-
ciated with reduced TSH secretion and pulsatility. In addition, low levels of TSH
may be found in patients who received glucocorticoids and dopamine (50). Gener-
alized and focal seizures rarely can be seen in thyrotoxicosis and thyroid storm
(51-53) and approx 66% of hyperthyroid patients exhibit an abnormal EEG. These
abnormalities include generalized slow wave activity, focal spike, or focal slow
waves and triphasic waves. These abnormal EEG patterns reverse after treatment of
the hyperthyroidism (54,55).

Lin et al. reviewed the literature in 1992 and found only 13 cases of thyrotoxico-
sis associated with seizures since 1956 (56). Recurrent encephalopathy and gener-
alized seizures associated with relapses of thyrotoxicosis have also been reported
(57). The mechanism of hyperthyroidism causing these changes is unknown, but
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possibilities include a direct effect of thyroxine on cerebral metabolism, changes in
ion channels, and upregulation of catecholamine receptors. In experimental hyper-
thyroidism, seizure thresholds to epileptogenic drugs have been shown to be
reduced (58). Correction of the thyrotoxicosis prevents seizure onset and returns
observed EEG abnormalities to normal (55). Another possible etiology is cerebral
sinus thrombosis, a state highly associated with seizures. Siegert et al. reported two
cases of Graves disease in which patients who presented with seizures and hemiple-
gia were found to have sagittal sinus thrombosis (59). The conditions were con-
trolled with PHT, oral anticoagulants, and prednisone. The authors attributed the
sinus thrombosis to either a thyrotoxicosis-induced hypercoagulable state (with
increased factor VIII activity) or venous stasis in the neck resulting from compres-
sion of a large goiter.

Seizures are unusual in myxedema (60), although in some cases they may be the
presenting sign (61). Psychiatric symptoms, encephalopathy, and coma are more
common manifestations. However, it has been reported that up to 20-25% of
patients with myxedema coma may experience generalized convulsions or complex
partial seizures. The EEG in myxedema typically has nonspecific generalized slow-
ing and impaired photic driving (62). Nonconvulsive seizures or status occasion-
ally must be distinguished from the unusually prolonged postictal state, and an EEG
is mandatory in the latter case. Seizures resulting from severe myxedema respond
to replacement therapy. The low-voltage slow patterns on the EEG may normalize
before the clinical state of the patient improves and can be used as a prognostic
index during treatment.

Chronic administration of AEDs is not indicated. Recurrence of seizures is sug-
gestive of inadequate treatment or cessation of treatment, but in such cases the
intensivist must rule out other intracranial pathology. Because CBZ increases the
metabolism of thyroid hormones, its use in hypothyroid patients has to be carefully
followed by additional thyroid replacement therapy to avoid precipitation of a
hypothyroid crisis (63). The same is true with other AEDs such as PHT and PB.

Hashimoto’s encephalopathy is a complication of Hashimoto’s thyroiditis, a ste-
roid-responsive, relapsing thyroid disorder characterized by high titers of thyroid
autoantibodies (64). A common feature of Hashimoto’s encephalopathy is seizures
represented by diffuse EEG abnormalities. The seizures may be generalized (64,65)
or partial (65,66), and the EEG abnormalities include generalized slowing, rhyth-
mic bifrontal or temporal triphasic waves, and periodic sharp waves (67). Clinically
myoclonus may also be seen, and this usually responds to thyroxine replacement
therapy. The incidence of seizures is independent of the degree of thyroid dysfunc-
tion and may occur in the presence of elevated antibodies alone. When a lumbar
puncture is done for diagnostic purposes, the intensivist can expect abnormal results
up to 60% of the time when leukocytosis, elevated protein and IgG index, or
oligoclonal bands are present (68). The pathophysiology of the disease is autoim-
mune, but the mechanism underlying the seizures is not clear; autoimmune cerebral
vasculitis or direct antineural antibodies have been implicated. Immunosuppres-
sive therapy with steroids improves the clinical picture.



152 Beaumont

Diabetes Mellitus and Glycemic Homeostasis

Disturbances in glycemic control are commonly seen in critically ill patients,
irrespective of a prior history of diabetes. Van den Berghe et al. (69) examined
1548 ICU admissions and found that 1155 patients had mildly elevated serum glu-
cose and 182 had moderate glucose elevation. Only 204 had a history of diabetes.
In this study, aggressive control of serum glucose was associated with improved
outcome.

Seizures have been reported in 7-20% of all diabetic patients. There is a paucity
of data to support whether absolute serum levels of glucose or, rather, rapid changes
are more important for epileptogenesis. Anticonvulsants used at doses that control
seizures in other disorders often seem to be ineffective in treating seizures resulting
from hypo- or hyperglycemia (70). Glucose transport across the blood-brain bar-
rier (BBB) is reduced during seizures, and, therefore, it is assumed that tissue
hypermetabolism during the ictus is independent of the plasma glucose level (71).
It is unclear whether this presumed energy substrate deficiency prolongs the sei-
zures.

Six percent of nonketotic hyperosmolar hyperglycemia (NHH) patients present
with focal motor seizures, and 25% of these eventually develop seizures (72). Sei-
zures in NHH occur early in hyperglycemia and when osmolality is only modestly
increased, with minimal reduction in sodium levels and usually when conscious-
ness is preserved. Seizures related to NHH may occasionally have strange features.
Reflex seizures (after limb movement) have been well-described (73,74). These
phenomena may present as speech arrest (75), or there may be a visual component
(76,77). Transient subcortical T2 and fluid-attenuated inversion recovery (FLAIR)
hypointensity have been described in the setting of SE and nonketotic hyperglyce-
mia and attributed to the accumulation of free radicals and iron deposition (78).
There is a lower incidence of seizures in ketotic hyperglycemia than with nonketotic
hyperglycemia (70,73). This discrepancy is tentatively attributed to an anticonvul-
sant effect exerted by ketosis through the production of GABA (79). GABA is
thought to increase as a result of intracellular acidosis, which enhances GABA syn-
thesis by glutamic acid decarboxylase. Ketogenic diets in patients with intractable
epilepsy are thought to be effective through a similar mechanism.

Symptomatic hypoglycemia can occur in several endocrine disorders including
primary hypothalamic—pituitary insufficiency (growth hormone, adrenocorticotro-
pic hormone [ACTH], TSH), primary adrenal insufficiency, primary hypothyroid-
ism, and overtreated diabetes mellitus with either insulin or oral hypoglycemic
agents such as sulfonylureas. Salicylates can also induce hypoglycemia by increas-
ing glucose uptake in muscle tissue. Hypoglycemia can also be the result of pancre-
atic islet cell dysfunction such as islet cell hyperplasia or insulinoma (80). In such
cases, the seizures present during the night or early morning and are resistant to
conventional antiepileptic treatment. Seizures are the most common presenting neu-
rological symptoms of hypoglycemia at any age. Hypoglycemic seizures usually
occur at a serum glucose <40 mg/dL (81). Clinically, patients often but not always
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exhibit signs of sympathetic excitation before the seizures occur. Tachycardia, pal-
pitations, sweating, nervousness, hunger, headache, or tremor may be followed by
a change in mental status, focal neurological signs, seizures, and coma. These symp-
toms and signs can be absent in patients with autonomic neuropathy such as chronic
diabetics (82) or patients taking B-adrenergic blockers such as propranolol.

Hart and Frier retrospectively analyzed the clinical features of patients admitted
to a large teaching hospital with hypoglycemia and found seizures in 20% of all
cases (83). EEG changes in hypoglycemia are nonspecific. Bjorges et al. recorded
quantitative EEG in 19 diabetic and 17 nondiabetic children exposed to a gradual
reduction in serum glucose (84). Early changes in the EEG were increased amounts
of A and 0 activity followed by epileptiform activity. At a specific serum glucose
level diabetic children displayed significantly more EEG abnormalities than non-
diabetic children. This suggests that seizure thresholds may be lower in diabetic
patients and that factors other than absolute serum glucose levels are responsible
for the seizures.

Pituitary Hormones

Pituitary dysfunction can result in several secondary endocrinopathies including
alterations in thyroid and corticosteroid function. Seizures can arise as a result of
any of these secondary endocrinopathies, as detailed elsewhere. Conditions spe-
cific to the pituitary gland include diabetes insipidus and the syndrome of inappro-
priate antidiuretic hormone release (STADH). STADH by definition is caused by
excess secretion of antidiuretic hormone (ADH) from the posterior pituitary,
resulting in excess water retention in the distal renal tubule and collecting duct.
SIADH can be caused by neoplasm, trauma, pain, infections, cavernous sinus
thrombosis, cerebrovascular accident, multiple sclerosis, hydrocephalus, psycho-
sis, congenital lesions, and drugs (CBZ, neuroleptics, tricyclics antidepressants,
selective serotonin reuptake inhibitors) (85). It can also occur postoperatively after
transphenoidal surgery or endoscopic third ventriculostomy (86) and metabolic
abnormalities. Several of these conditions are seen in the critically ill patient popu-
lation. Water retention results in acute hyponatremia, and this hyponatremia can
lead to seizures. In contrast, the lack of ADH is diabetes insipidus (DI), character-
ized by polyuria, low urine specific gravity, and hypernatremia. Seizures do not
typically occur in DI, although seizures can occur in any severe hyperosmolar state.
Few studies have examined the absolute incidence of seizures in DI. Transient DI
has been extensively reported in pregnancy (87). Combs et al. have reported a primi-
gravida with transient DI, hypertension, and multiple seizures resistant to both mag-
nesium sulfate and DZ (88). These symptoms were successfully treated with PHT.

Sex Hormones

The role of sex hormones in the critically ill population has yet to be defined.
The hypothalamic—pituitary axis is clearly disturbed in prolonged illness (89).
Although endocrinopathies of the sex hormones per se are not associated with sei-
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zures in the ICU, sex steroid hormones have been found to have influence on sei-
zure frequency in both experimental and clinical studies. In women, menarche,
pregnancy, and the menopause can all influence seizure frequency, although these
features are not common (90). The relationship between seizure frequency and the
menstrual cycle (catamenial epilepsy) was first suggested by Locock in 1857 (91),
and more recent studies have reported perimenstrual exacerbation of seizures in up
to 78% of women (92); an increase in the frequency of paroxysmal EEG discharges
has also been observed perimenstrually (93).

The origin of menstrual variations in seizures is not clear; however, in animal
studies estrogen has been found to be proconvulsant and progesterone anticonvul-
sant (94,95). Estrogen has also been shown to be proconvulsant in male animals
(96). In 1959 Logothetis et al. reported exacerbation of paroxysmal EEG abnor-
malities and seizures following intravenous estrogen in women with catamenial
epilepsy (97). Clomiphene, an antiestrogen at the hypothalamic and pituitary lev-
els, can also reduce seizure frequency (98), although it is not clear whether this is
related to clomiphene-induced cycle changes or to a direct effect on the hypothala-
mus/pituitary. Anovulatory menstrual cycles are characterized by lack of ovulation
and a lack of an increase in progesterone in the second half of the cycle. In a pro-
spective study of 132 menstrual cycles from 35 patients, a perimenstrual increase in
seizure frequency was seen only in ovulatory cycles (99). It is postulated that the
change in seizure frequency relates to progesterone withdrawal immediately prior
to the menses. In the perimenopausal period, estrogen/progesterone ratios become
higher; thus, it is not surprising that one study demonstrated that 64% of 39 women
experienced a worsening of seizures perimenopausally (7/00). During the meno-
pause there is an absolute reduction of all sex steroids, and it has been reported that
68% of women report a clear reduction in seizure frequency (/00).

Parathyroid Hormones

The role of PHT in the critically ill has yet to be clearly defined. Hypocalcemia
and hypercalcemia have both been documented in the critically ill population, and
hypocalcemia is associated with worse outcomes (/01,102). Hypocalcemia has been
associated with elevated PTH levels early in nonsurviving surgical ICU patients
(102). Lind and Ljunghall examined 83 critically ill patients and found a 32% inci-
dence of hypercalcemia. PTH levels were measured in six of these patients without
renal failure and found to be elevated (/01). This suggests that a primary PTH
dysfunction may cause hypercalcemia in the critically ill.

Seizures secondary to hypocalcemia in hypoparathroidism are common neuro-
logical manifestations, especially in children (62). Such seizures occur in 30-70%
of patients and may be difficult to control (/03). There may be a GTC seizure pat-
tern (104), focal, or, less frequently, atypical absence and akinetic attacks (62).
Seizures may be seen in chronic hypoparathyroidism late after thyroidectomy
(105,106). Some patients with familial hypoparathyroidism do not experience sei-
zures, even with severe hypocalcemia (/07). Some seizures in hypoparathyroidism



Renal and Hepatic Failure and Endocrine Disease 155

are refractory to therapy and are thought to be secondary to calcinosis of the brain.
Idiopathic hypoparathyroidism can present with bilateral basal ganglia calcifica-
tion, a useful imaging clue in a patient with seizures (/08).

AEDs, PHT and PB which induce hepatic enzymes, can accelerate conversion of
vitamin D and 25-hydroxyvitamin D into their inactive metabolites. These drugs
can also impair calcium absorption from the gut and resorption from bone, contrib-
uting to hypocalcemia. Thus, the use of these medications for patients with hypo-
parathyroidism could be questioned. Hyperparathyroidism can also cause seizures
(109), events most likely connected to hypercalcemia (110), because hypercalce-
mia has been shown to cause seizures in other settings (/11).

Adrenal Glands

Adrenal dysfunction is well-recognized in the critically ill population. Cortisol
and catecholamines have both been shown to be elevated in this group of patients
(112,113). The incidence of absolute adrenal insufficiency is low. However, the
recently introduced concept of relative adrenal insufficiency postulates that patients
may fail to mount a level of corticosteroid response appropriate for the severity of
their disease (114).

The adrenal gland is responsible for production of corticosteroid hormones and
catecholamines. Alterations in corticosteroid function do not typically cause sei-
zures; however, the secondary metabolic effects of these disorders can be epilepto-
genic. Adrenal insufficiency, including Addison’s disease, may present with
hypoglycemic seizures (/15). Hypoglycemic seizures and coma resulting from iso-
lated ACTH deficiency have been reported in children but rarely in adults (/16).
Addison’s disease can also cause hyponatremia, another potential cause of seizures.
However, the onset of hyponatremia in this setting is relatively gradual and the
promotion of seizure occurrence less aggressive.

The relationship between Cushing’s syndrome and seizures is unknown.
Hypercortisolism may potentially exacerbate seizure disorders. Some adrenocorti-
costeroids, including cortisol, are glutamatergic and may antagonize GABA
receptors in the brain, therefore causing a proconvulsant effect. Herzog et al.
reported three patients with Cushing’s syndrome, seizures, and electromyographi-
cally confirmed myopathy. Their elevated serum ACTH and 24-h urinary cortisol
concentration normalized after treatment with ketoconazole (200 mg three to four
times a day), their seizure frequency decreased dramatically, and their weakness
was improved (/17). Dysfunction of the catecholamine function of the adrenal gland
is typified by pheochromocytoma. Seizures may occur in patients with pheochro-
mocytoma, and they are most commonly generalized. Their incidence appears to
correlate with the degree of blood pressure elevation (/18). Seizures are sometimes
the presenting complaint (/79). The occurrence of seizures can be related to either
the high catecholamines or hypertensive encephalopathy. Cerebral vasospasm
caused by markedly elevated catecholamine levels can induce focal ischemia and
seizure foci. Intracerebral hemorrhage during blood pressure elevation as a cause
of seizures should be excluded by neuroimaging studies (//9-121).
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Seizures in Organ Transplant Recipients

Greg A. Worrell and Eelco F. M. Wijdicks

SUMMARY

Seizures are a nonspecific neurological manifestation of cerebral dysfunction
and are not indicative of any particular disease processes or pathology. Thus, the
evaluation and treatment of seizures in transplant patients generally follows the
same clinical approach used for other patients. A seizure in a transplant patient is
commonly unanticipated and entirely unexplained. The effects can be substantial,
with aspiration, loss of vascular catheters, and tissue trauma. Patients undergoing
organ transplantation are at risk for seizures for multiple reasons, and although
much of the neurological and transplantation literature reports on the incidence of
seizures according to the particular organ transplanted (Table 1), there are many
similarities (e.g., immunosuppression drugs). This chapter concentrates on organ
transplantation as a whole.

Key Words: Organ transplant; chemotherapy; seizures.

INCIDENCE OF SEIZURES IN TRANSPLANT PATIENTS

The incidence of neurological complications and seizures in a given transplant
population tends to decrease with time, presumably as familiarity and experience
with immunosuppression regimens and their complications accumulate. This fact
may explain at least part of the wide range of seizure incidence reported in organ
transplant (Table 1) (/). Reduction in the incidence of severe immunosuppression
toxicity may have reduced the incidence of seizures.

Liver Transplant

The postoperative care of liver transplant patients is well established and prima-
rily focuses on the management of hemodynamic function, pulmonary function,
fluid balance, electrolyte status, and careful attention to the transplant-related
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Table 1
Incidence of Seizures in Organ Transplant Patients
Incidence
Transplant organ of seizures Common etiologies (if available)
Liver 3-42% Immunosuppression drug neurotoxicity
10% Infection (5)
Bone marrow transplant ~ 3-29% Immunosuppression drug neurotoxicity
7% Acute GVHD (10)
Heart 2-43% New ischemic lesion (12)
Kidney 5-20% Immunosuppression drug neurotoxicity (16)
Lung 22-27% Immunosuppression drug neurotoxicity (/8)
Pancreas 13% See ref. 20

GVHD, graft-vs-host disease.

coagulopathy. Review of the liver transplantation literature shows a wide range for
the incidence of seizures (/7). Interestingly, despite the initial suggestion that
posttransplant seizures often heralded a poor outcome (4), a subsequent study of
630 orthotopic liver transplant (OLT) patients (5) found that only 28 (4%) of
patients had generalized tonic—clonic (GTC) seizures, and only in 7 (1%) of the
patients did the seizure “herald a catastrophic neurological event” (5). In that study
the cause of the seizures varied, but immunosuppression toxicity, defined as toxic
blood levels or an increase of 100% or greater, was the most common etiology
(cyclosporine in 11 [40%] patients and tacrolimius [FK506] in 6 [21%] patients). In
addition to immunosuppressant drug toxicity, causes of seizures included acute ure-
mia (one patient), meningioma (one patient) and unknown in two patients. In the
seven patients in whom seizures portended a poor prognosis, the etiology of sei-
zures includes: intracranial hemorrhage (one patient), sepsis (one patient), infec-
tion in the central nervous system (CNS) (three patients), anoxic encephalopathy
(one patient), and cerebral edema with fulminant hepatic failure (one patient). The
study did not attempt to distinguish between partial onset seizures that were sec-
ondarily generalized and GTC seizures. Partial seizures that did not generalize were
not included.

Bone Marrow Transplant

Bone marrow transplantation (BMT) is rapidly advancing as an effective treat-
ment of lymphopoietic and hematopoietic disorders. The literature describing neu-
rological complications of BMT is limited, but seizures have been reported to occur
in as many as 10% of patients (8). However, the incidence of seizures appears to
depend on the patient population considered (7,2), with 29% (6 of 21 patients) of
sickle cell anemia patients having seizures compared with 3% (5 of 168 patients)
for Hodgkin’s disease (9). This difference may be caused by pre-existing, or
perioperative CNS lesions such as stroke in the patients with sickle cell anemia. In
a prospective study from Italy, 115 patients were followed for a median period of
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90 d after BMT for leukemia, and 7% (8 of 115 patients) had seizures. Neurotoxic-
ity related to immunosuppression drugs and acute graft-vs-host disease (GVHD)
were found to be the most common etiology for seizures in this population (10). A
case of nonconvulsive status epilepticus (NCSE) has also been reported in a patient
2 yr after autologous bone marrow stem cell transplantation for diffuse large-cell
non-Hodgkin’s lymphoma. This patient with recurring episodes of altered mental
status was found to have a left temporal lobe lymphoma (/7). Other etiologies that
may be more frequent in this patient population are strokes associated with throm-
bocytopenia, cerebral venous sinus thrombosis, and cardioembolic events.

Heart Transplantation

The primary medical concern following heart transplantation is hemodynamic
status. The reported range of seizure incidence in heart transplantation patients is
varied, ranging between 2 and 43% (). In a report on consecutive orthotopic heart
transplant patients, 15% (12 of 82 consecutive patients) had seizures (/2), and the
most frequent cause of seizures was a postoperative stroke. This is unique to heart
transplantation, supporting a more extensive evaluation of seizures in these patients.
In another recent report from Brazil, 69 patients underwent orthoptic heart trans-
plantation. Neurologic complications occurred in 19 (31%) patients, including 11
(17.7%) with seizures. Seizures were seldom recurrent, and no patients received
long-term antiepileptic drugs (AEDs). All patients with seizures had normal com-
puted tomography (CT) or magnetic resonance imaging (MRI) of the brain, and the
seizures were attributed to metabolic derangements (two patients) and drug toxicity
(cyclosporine in eight patients and imipenem in two patients) (13).

Most reports identify a higher seizure incidence in pediatric heart transplant
patients than in adults. Whether this increase is secondary to an underlying
increased seizure tendency in children, more limited experience with immunosup-
pression, or another culprit is not known (7). A recent report contrasting the differ-
ences in seizure incidence in 6 of 107 children (32%) and 7 of 77 adults (13%) from
a single institution supported the difference, although it did not reach statistical
significance (14).

Kidney Transplantation

The kidney transplant patient is the least likely to have a prolonged stay in the
intensive care unit (ICU). However, infrequently the transplanted kidney is slow to
achieve adequate function, and uremia can occur with progressive encephalopathy
and seizures in the immediate posttransplant course. The range of seizure incidence
in kidney transplantation is reported to be 5-20% (7). In a series of 109 pediatric
renal transplant patients, 20 patients (18%) had at least one seizure. The etiology in
this series was multifactorial: hypertension (15 patients), fever/infection (4
patients), and acute allograft rejection (6 patients). Only 2 patients had significant
intracerebral pathology (15). A large series of 402 kidney transplants reported a
significantly lower overall seizure incidence of 5% (20 of 402 patients) (16).



164 Worrell and Wijdicks

A syndrome of rejection encephalopathy has also been reported in renal trans-
plant patients (/7). Fifteen episodes of encephalopathy had occurred in 13 patients
during an acute rejection crisis. The severity of the encephalopathy was found to be
related to the severity of the rejection crisis and not to other features such as blood
pressure, fever, steroid therapy, or plasma electrolytes. The encephalopathy syn-
drome was associated with headache, papilledema, altered mental status, and GTC
seizures in 6% of cases. The electroencephalogram (EEG) showed generalized
slowing with focal abnormalities in 25% of cases.

Lung Transplantation

Data are starting to accumulate on the incidence of seizures in lung transplanta-
tion. A study of 81 lung transplant patients reported an incidence of 22% (18 of 81
patients) of patients suffering seizures. In this study the occurrence of partial versus
GTC seizures was considered, and interestingly the majority of seizures had partial
onset in 16 of the 18 patients (§89%). Reported etiologies included sustained hyper-
tension (two patients), stroke (four patients), and imipenem toxicity (two patients).
Eleven patients had seizures within 10 d after initiation of methylprednisolone treat-
ment for allograft rejection. Eight of the nine patients who underwent MRI had
focal areas of T2 signal abnormality consistent with the localization of seizure semi-
ology (18). The reported incidence of seizures in pediatric lung transplantation can
reach 27% (19).

Pancreas Transplantation

There are very few data for the neurological complications or seizures in pan-
creas transplantation. One report of 15 patients cited a 13% incidence of seizures
(20).

CLINICAL EVALUATION OF PATIENTS

The evaluation of the organ transplant patient who has had a seizure after the
surgery begins with the clinical history. A prior seizure disorder is not a contraindi-
cation for organ transplantation; however, patients with pre-existing seizure disor-
ders are presumed to be at increased risk for postoperative seizures because of
metabolic/electrolyte abnormalities in the postoperative period. Knowledge of a
pre-existing seizure disorder should allow measures to be taken to reduce the risk
of perioperative seizures, for example, attention to maintenance of therapeutic AED
levels. (Maintenance of AED levels can be challenging in the transplant patient as
is discussed in more detail in subsequent sections on the various medications.)

The first step is to establish the correct diagnosis. Simple partial motor seizures
and GTC seizures are easily recognized. In an encephalopathic patient, complex
partial seizures are less readily identified by ICU personnel. Movement disorders,
especially in the encephalopathic patient, can be confused with seizures.
Nonepileptic myoclonus and tremor are commonly seen in patients with toxic and
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metabolic derangements. Nonepileptic myoclonus, which should not be confused
with seizures, is commonly caused by drug toxicity or organ failure (e.g., liver or
kidney failure). Persistent epileptic myoclonus is usually more focal (e.g., facial
muscle twitching) and is frequently the manifestation of ischemic brain injury, often
with associated laminar cortical necrosis. NCSE can be especially difficult to diag-
nosis and usually requires a high index of suspicion before subtle clinical signs,
such as eye movement irregularities, are interpreted as symptomatic. Nonepileptic
behavioral spells should also be considered. In these cases, the EEG is very helpful,
and recording during the movement or symptom in question generally yields a
definitive answer. Similar to the evaluation of other patient populations with sei-
zures, the classification of the seizure type is important, and in particular whether
the seizure is of partial onset or generalized. Whether a generalized seizure is sec-
ondarily generalized or generalized from onset can have significant prognostic
implications. Whereas a new-onset partial seizure can be an ominous sign of a focal
CNS lesion, most GTC seizures in the posttransplant period do not portend a poor
outcome (1,5). The occurrence of new partial seizures, suggesting a possible struc-
tural etiology, may have greater prognostic significance than GTC seizures, but
this has never been investigated.

ETIOLOGY OF SEIZURES IN TRANSPLANT PATIENTS

Some common etiologies for seizures in the posttransplant patients are detailed
in Table 2. The cause of seizures in the posttransplant population is often multifac-
torial: for example, metabolic abnormalities coexisting with elevated levels of
immunosuppression drugs, as well as antibiotics that can lower the seizure thresh-
old. In transplantation patients, perioperative seizures can result from immunosup-
pression drug neurotoxicity, metabolic and electrolyte abnormalities (commonly
involving calcium, sodium, magnesium, and low serum glucose), CNS infections,
or sepsis, or they can be related to CNS lesions, such as neoplasm or acute stroke.
The development of a new CNS malignancy (usually a late complication of immu-
nosuppression) or recurrence should be considered (see Case Study 1 in the last
section of this chapter). The cause of seizures in some cases varies between trans-
plant populations. For example, in a review of cardiac transplant patients Grigg et
al. (12) found the most frequent cause of seizures was a perioperative stroke.
Patients undergoing BMT may have significant thrombocytopenia and associated
cerebral hemorrhage, or leukocytosis and cortical venous thrombosis as an etiology
for seizures. Liver transplant patients can have a significant coagulopathy with risk
of cerebral hemorrhage. It has also been suggested that seizures may be related to
steroid regimens if these disrupt the blood—brain barrier (BBB), making the patient
more susceptible to the neurotoxic effects of immunosuppression drugs like
cyclosporine and FK506 (18).

Although the occurrence of seizures in the posttransplant patient may be the
harbinger of an impending neurological catastrophe, which usually initiates an
emergency neurological consultation and requires immediate evaluation and man-
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Table 2

Possible Etiologies of Seizures in Posttransplant Patients
Immunosuppression neurotoxicity Cerebrovascular events

FK506 (tacrolimus) Ischemic and/or hemorrhagic infarcts
Cyclosporin A Intracranial hematoma

OKT?3 (muronmonab-CD3) Cerebral sinus thrombosis

Hypoxic—ischemic event
Subarachnoid hemorrhage
Metabolic derangements

Hyponatremia CNS infection

Hypocalcemia Meningitis

Hypomagnesemia Encephalitis

Hyperglycemia (often hyperosmolar, Abscess

nonketotic)

Consider fungae: Aspergillus, Nocardia, and
Listeria
Malignancy

Lymphoma (complication of immunosup
pression or recurrence)

Glioma

Other metastatic cancer

agement, more often seizures are isolated events resulting from metabolic derange-
ments and immunosuppression drug neurotoxicity. In fact, even the ominous new
partial seizure disorder may not have the same implication in transplant patients as
in the general population, where new partial seizures often are the first manifesta-
tion of a new structural lesion, such as a neoplasm. Partial seizures were the most
common seizure type in patients who had received a new lung and, when not sec-
ondary to focal structural CNS lesions, they were attributed to focal abnormalities
immunosuppression drug neurotoxicity and, therefore, possibly reversible (/8).

Immunosuppression Drugs

From an immunological perspective, organ transplantation represents the intro-
duction of a massive quantity of foreign antigenic substrate, which if recognized by
the host system will initiate a robust immune response. Without immunosuppres-
sion drugs, organ transplantation would not be possible. However, immunosup-
pression drugs used in organ transplantation have a narrow therapeutic range
(21,22), and the myriad neurologic manifestations of neurotoxicity related to these
drugs are established (27) (Table 3). Neurotoxicity related to immunosuppression
drugs should be high on the differential of possibilities for seizures in all
posttransplant patients. The clinical profile of such neurotoxicity is nonspecific but
often fairly characteristic and readily diagnosed (Table 3). One of the most interest-
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Table 3
Neurological and Psychiatric Complications From Immunosuppressive Drug
Toxicity (in order of frequency)

Tremors

Psychiatric symptoms: anxiety, panic, maniac behavior, and delusions
Visual hallucinations
Vascular-type headaches
Generalized tonic-clonic seizures
Akinetic mutism

Speech apraxia

Cortical blindness

Cerebellar syndrome
Extrapyramidal syndrome

Coma

(Data from ref. 21.)

ing neurological complications of immunosuppression agents is a reversible poste-
rior leukoencephalopathy syndrome (PRES) reported with cyclosporine and FK506
(21,23-26). There is a propensity for immunosuppression-related neurotoxicity in
the posterior circulation vascular territory, which may be related to BBB differ-
ences in the posterior and anterior circulations.

Immunosuppression drugs used in organ transplantation clearly are an important
etiology of seizures. In a series of patients undergoing liver transplantation at the
Mayo Clinic, 17 of 28 (61%) seizures were related to immunosuppression neuro-
toxicity (5).

Cyclosporine

The immunosuppression effect of cyclosporine is primarily achieved by inhibit-
ing T-lymphocyte maturation and reducing interleukin-2 production. Cyclosporine-
related neurotoxicity most commonly develops within weeks after transplantation
and occurs frequently with intravenous loading (7,21). The incidence of
cyclosporine-related neurotoxicity depends on the transplanted organ, occurring in
approx 10% of liver transplant patients who receive the drug intravenously in the
postoperative period (7), but in only approx 5% of BMTs (27). This difference may
be indicative of additional metabolic abnormalities seen in liver transplant patients.
The risk of cyclosporine neurotoxicity has been reported to be increased by the
presence of hypomagnesemia (28), hypocholesterolemia (29), corticosteroids (18),
hypertension (30), and high drug concentrations (23,24). Cyclo-sporine is well-
known to cause magnesium wasting, and levels must be followed closely.

The range of neurotoxicity-related complications is wide and commonly can
include psychiatric manifestations with agitation, manic behavior, bizarre delusions,
panic, paranoia, and severe mood changes. The presentation of psychiatric symp-
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toms usually resolves with reduction or discontinuation of cyclosporine. However,
if these initial symptoms are not recognized, cyclosporine neurotoxicity can lead to
actual structural abnormalities on MRI primarily involving the cerebral white mat-
ter. Cyclosporine appears to have a propensity to involve the posterior circulation
vascular territory, and neurological symptoms of visual hallucinations, cortical
blindness, cerebellar syndrome, extrapyramidal syndrome, and coma have been
described (21). Thus, cyclosporine is one of the agents causing a posterior revers-
ible leukoencephalopathy syndrome (217,23-26).

Seizures are commonly attributed to cyclosporine neurotoxicity (5). In fact,
cyclosporine should be considered first in the differential when one is evaluating
new seizures in the posttransplant patient.

Tacrolimus (FK506)

The clinical experience with FK506 is now comparable to that with cyclosporine,
and the overall neurotoxicity profile is possibly better, but the incidence of seizures
is similar (31,21). Most commonly, FK506 neurotoxicity manifests with postural
hand tremor (6), but similar to cyclosporine, cortical blindness and GTC seizures
also occur. A posterior leukoencephalopathy syndrome with MRI abnormalities
similar to those seen with cyclosporine has also been reported (32).

Muromonab-CD3 (OKT3)

Muronmonab-CD3 (OKT3) achieves immunosuppression by inactivating CD3
lymphocytes, and is most often combined with corticosteroids, azathioprine, and
cyclosporine. The most common neurologic symptom of OKT3 is headache but,
rarely, neurotoxicity has been reported to produce aseptic meningitis, seizures,
cerebral edema, and vision loss (33-35).

Carmustine and Busulfan

Carmustine and busulfan are used in conditioning regimes in anticipation of
BMT, and in high doses they can cause seizures in 3—10% of patients (36,37).

DIAGNOSTIC EVALUATION

The clinical evaluation of a new seizure in the posttransplant patient should pro-
ceed within the overall clinical context. Generalized seizures are often the manifes-
tation of gross electrolyte abnormalities or immunosuppression drug toxicity, and
if such an abnormality is identified, additional studies requiring transport of a criti-
cally ill patient to the radiology suite, and performing lumbar punctures and other
invasive procedures, may impose unnecessary risks with little potential diagnostic
yield.

History and Examination

A detailed list of medications should be obtained. Evidence for a focal abnor-
mality on neurological exam necessitates neuroimaging with MRI technique.
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Laboratory Tests

Blood count and coagulation studies are essential. Electrolytes, most importantly
sodium, calcium, and magnesium, must be determined, along with glucose, arterial
blood gas, if clinically indicated, and AED levels. Immunosuppression drugs (e.g.,
cyclosporine, FK506) and antibiotic levels (e.g., imipenem) should be ascertained.
Blood cultures for bacteria, viruses, and fungi may be clinically indicated.

Imaging

Although the acutely ill patient may be evaluated with CT, the standard of care
in the evaluation of new-onset seizures is MRI (see Case Study 1, in the last section
of the chapter). In patients with focal seizures or focal EEG abnormality, an MRI
scan is indicated. The MRI characteristics of severe immunosuppression-related
neurotoxicity are well-described (217,26).

Cerebrospinal Fluid (CSF)

If clinically indicated (consider risk of complications associated with
coagulopathy or thrombocytopenia), CSF should be withdrawn and tested. The pres-
ence of increased intracranial pressure must be ruled out prior to CSF testing. Gram
stain, differential cell count, protein, and glucose should be obtained on the CSF
screen. When indicated, bacterial, viral, and fungal cultures should also be obtained.

EEG

EEG may be useful to rule out NCSE in the encephalopathic patient. Video-
EEG is very useful if there is uncertainty about whether an intermittent paroxysmal
movement or spell is a seizure. Continuous video-EEG recording can also be used
to assess efficacy of AED therapy. The presence of a focal abnormality on EEG
raises the concern of a structural focal lesion.

MANAGEMENT OF SEIZURES

The first step in the management of seizures is to correct any precipitating causes,
with close attention to electrolyte and metabolic abnormalities and immunosup-
pression drug levels. In the case of immunosuppression drug neurotoxicity or elec-
trolyte abnormality and a single brief GTC seizure, discontinuation of the drug for
several days and correction of the electrolyte abnormality may be all that is required.

The treatment with AEDs in the organ transplant patient population is often com-
plicated by numerous factors (27,22,38), which can include a critically ill patient,
viability of a transplanted organ, potential for drug—drug interactions (e.g.,
cyclosporine and phenytoin [PHT]), and impairment of the organ system (e.g., liver,
kidney) responsible for AED metabolism and clearance. The concern for AED tox-
icity to the transplanted organ is often raised, but there is little if any clinical evi-
dence to support this. It is well-known that idiosyncratic AED reactions can produce
catastrophic organ failure, such as acute liver failure, and bone marrow suppres-
sion. However, we are not aware of data to support contentions that the transplant
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Single Seizure: Lorazepam 2-4 mg [V ( repeat if needed)
Status Epilepticus: Lorazepam 0.1 mg/kg at 2 mg/min
IV Phenytoin 20 mg/kg (additional 10mg/kg if refractory) or Fosphenytoin

v

Metabolic causes corrected

No drug toxicity — | Ifany
No structural lesion on imaging

v

Normal <+—| EEG
No further Rx l

phenytoin

R .. maintenance |
Epileptiform Activity—» (3-5 mg/kg) 1

Fig. 1. Managing a single seizure in a transplant patient. The management of refractory
seizures in the transplant patient is similar. (Modified with permission from ref. /.)

patient is at greater risk of these rare idiosyncratic reactions. Nonetheless, caution
is indicated.

An important question to answer is whether long-term treatment with an AED is
necessary. In our experience, if a clear provoking etiology (e.g., cyclosporine tox-
icity or electrolyte abnormality) can be identified and corrected, then long-term
treatment of a single convulsion with an AED is not indicated. Treatment with an
AED should be initiated in the setting of a metabolic derangement that cannot be
corrected, a structural CNS lesion or CNS infection (where the probability of a
recurrent seizure is high), or if the patient is critically ill and believed to be unable
to tolerate further seizures. A protocol has been developed (Fig. 1) for treatment of
seizures in the posttransplant patient. If GTC seizures are refractory, lasting beyond
5-8 min in this patient population, we proceed to a more aggressive protocol for
status epilepticus. For GTC seizures that are refractory to lorazepam and PHT, we
usually proceed to midazolam (a bolus of 0.1 mg/kg: followed with 0.05-0.4 mg/
kg/h) or propofol (5-10 mg/kg/h). Continuous EEG monitoring is indicated in this
situation.

Antiepileptic Drugs

The use of intravenous antiepileptic drugs requires close attention to vital signs and
continues EKG monitoring.

Phenytoin

The drug of choice for treatment of GTC seizures in the posttransplant patient is
PHT. The standard loading dose is 18—20 mg/kg. For patients requiring rapid intra-
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venous loading, we use fosphenytoin because it is better tolerated, with less risk of
hypotension, and can be safely infused at a faster rate (150 mg/min) than is possible
with PHT (50 mg/min). Because many transplant patients have derangements in
fluid status and may have hypoalbuminemia with associated decreased protein bind-
ing of PHT (and other protein-bound AEDs, e.g., valproic acid [VPA] and
carbamazepine [CBZ]), both the free and total PHT levels are used (therapeutic
range: total PHT 10-20 ug/mL; free PHT 1-2 pug/mL). The active drug is the
unbound free PHT fraction, and it is not uncommon for patients to have toxic side
effects if the free PHT level is high, although the total PHT level is subtherapeutic.

Benzodiazepines

Benzodiazepines (BZDs) are a class of drug with proven antiepileptic effect that
act on y-aminobutyric acid receptors (GABAergic). Lorazepam has become a first-
line drug for the emergent treatment of seizures because its duration of antiepileptic
action is longer than that of other BZDs (39). The recommended lorazepam dose in
SE is 0.07-0.1 mg/kg (infused at a rate of 2 mg/min). However, for the acute single
seizure that is not prolonged in duration (i.e., not SE), we generally use approx 0.05
mg/kg intravenously to avoid respiratory depression. Midazolam is a short acting
BZD commonly used in the protocol for SE (39).

Phenobarbital

An effective older AED that is available in intravenous form, phenobarbital (PB)
can be used if the patient is allergic to PHT. PB has been suggested as the best
choice (/) during the 2—6 wk of bone marrow engraftment because, unlike PHT,
VPA, and CBZ, PB has not been reported to cause bone marrow suppression. The
intravenous loading dose of PB is 10-20 mg/kg, which can be complicated by
hypotension and respiratory depression. Thus, usually a smaller dose of 3 mg/kg
can be tried first in patents who are not intubated and not in SE.

Valproic Acid

VPA is available as an intravenous preparation and has been demonstrated to be
efficacious in the treatment of SE (40,41). Although data are limited, VPA does not
interfere with cyclosporine and FK506 metabolism. Our neurosurgical colleagues
have commented on their impression of a coagulopathy associated with VPA, and
recent studies show a reduction in fibrinogen concentration, platelet count, and fac-
tor VIII complex with this drug. In one often-cited study, 63% of children treated
with VPA had a history of bleeding, and 23% had prolonged bleeding times (42). In
comparison to a control group, significant differences in coagulation parameters,
similar to what is seen in patients with congenital von Willebrand disease, were
demonstrated. The decreases in coagulation parameters were not dependent on
either VPA dose or time period of administration. For this reason, and not because
of potential idiosyncratic reactions, caution is recommended in the prescribing of
VPA acute transplant patient who may already have a coagulopathy.
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AED Interaction With Immunosuppression

It is important to recognize that PHT, CBZ, and PB decrease serum cyclosporine
(43) and FK506 (38) levels, and if appropriate dosing changes are not made, dis-
continuation of these AEDs can lead to toxic immunosuppression drug concentra-
tions. There is no known interaction with VPA or gabapentin. Interaction between
immunosuppression drugs and the newer AEDs such as levatracitam, lamotrigine,
and topiramate have not been studied, and these medications likely will provide
useful alternatives. At this time they cannot be recommended as first-line drugs
except for patients with known multidrug allergies.

CASE STUDIES

Case Study 1

A 59-yr-old right-handed man with a history of non-Hodgkin’s lymphoma was
treated with BMT. The course was complicated by an acute reactivation of hepatitis
B requiring antiviral treatment. Six months after transplantation, he complained of
malaise and fatigue and had a low-grade fever. The following day, he had a GTC
seizure. Within 15 min he had a second, and then a third GTC seizure before recov-
ering awareness. On arrival at Saint Marys Emergency Department, he had a
Glasgow Coma Scale (GCS) score of 9, was not verbalizing, and could not follow
commands, but there was withdrawal to pain symmetrically. The patient was loaded
with intravenous PHT and admitted to the medical ICU. Detailed laboratory studies
were unremarkable. The CT image of the head was unremarkable. The EEG (Fig.
2) showed left frontal quasiperiodic lateralized epileptiform discharges (PLEDs),
raising the possibility of herpes encephalitis, although the distribution of the
interictal discharges would have been unusual for this diagnosis. The patient was
covered with acyclovir as well as antibiotics. The CSF examination was normal
with only 1 nucleated cell, a protein of 44, glucose of 84, and negative herpes poly-
merase chain reaction.

The presence of a focal onset seizure, or focal EEG (left frontal PLEDs), is con-
cerning for a structural lesion involving the left frontal head region. The patient had
an MRI exam the following morning that was assessed to be normal. However, the
MRI (Fig. 3A) quality was marginal because of movement artifact. By the follow-
ing day the patient had a GCS 15 and was showing rapid improvement. A follow-up
EEG 1 mo later (not shown) continued to show the left frontal PLEDs, albeit in a
more quasiperiodic pattern. Because of the persistence of the focal EEG abnormal-
ity, MRI was repeated, with attention to the left frontal region. The MRI, 1 mo after
presentation with new seizures, demonstrated a clear region of focal enhancement
later determined to be lymphoma (Fig. 3B). The patient underwent brain radiation,
but the lymphoma did not respond and he died 2 mo later. The important point
demonstrated by this case is that a focal onset seizure, or focal EEG abnormality,
can be an ominous sign, the etiology of which must be pursued vigorously.
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Fig. 2. EEG (Laplacian montage) for case study 1 showing quasiperiodic lateralized
epileptiform discharges over the left frontal head region.
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Fig. 3. MRI with contrast for case study 1: (A) possible subtle area of left frontal
meningeal enhancement on 6/23/00 and (B) follow-up scan 1 mo later.
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Fig. 4. Reversible posterior leukoencephalophy syndrome in renal transplant patient
treated with FK506 (case 2): (A) MRI before FK506 was withdrawn and (B) MRI after
discontinuation of the drug (9 d later).

Case Study 2

A 36-yr-old African-American female with history of sickle cell disease and
renal transplant presented with complaint of fatigue, dyspnea, and productive
cough. The patient’s immunosuppression regimen includes FK506 and prednisone.
The workup demonstrated hemoglobin of 3.8, white cell count of 10,800, stippling,
teardrop, and fragmented red blood cells, and serum creatinine of 4.4. The patient
was admitted to the hospital and received a blood transfusion. Later that evening
she complained of confusion and blurred vision and subsequently had two GTC
seizures, which led to an ICU admission. Her FK506 level was 10.2 (3.0-20.0).
The EEG showed generalized slowing that was maximal over the posterior head
region, but no epileptiform activity was appreciated. The MRI demonstrated bilat-
eral subcortical T2 signal abnormalities in the occipital regions, suggestive of the
posterior reversible leukoencephalopathy syndrome (Fig. 4A). Contrast and diffu-
sion weighted images are not shown, but were unremarkable. She was loaded with
intravenous fosphenytoin.

Later she had a renal biopsy, the results of which suggested FK506 toxicity, and
her immunosuppression regimen was changed to sirolimus and her prednisone dose
increased. Shortly after discontinuation of FK506, a repeat MRI exam showed sig-
nificant improvement (Fig. 4B). This case is an example of posterior reversible
leukoencephalopathy syndrome caused by FK506 neurotoxicity (217).
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Extreme Hypertension, Eclampsia,
and Critical Care Seizures

Errol Gordon and Michel T. Torbey

SUMMARY

The association between seizures and blood pressure elevation remains a com-
mon medical emergency encountered in the setting of an intensive care unit. Syn-
dromes such as preeclampsia or eclampsia, hypertensive encephalopathy, and
posterior leukoencephalopathy commonly present with seizures. The primary treat-
ment goal is to reduce the arterial blood pressure. In most cases, seizure control is
thus achieved, but unique medications, such as magnesium sulfate, may be needed.
Fortunately the pathophysiologic mechanism leading to seizures is reversible in
most cases that are treated immediately and aggressively. Delayed treatment may
result in irreversible brain injury or increased mother or fetus mortality.

Key Words: Seizures; eclampsia; hypertensive encephalopathy; leukoencephalo-
pathy; magnesium.

INTRODUCTION

Most physicians are familiar with the syndrome of a sudden elevation of blood
pressure, preceded by a severe headache, and followed by convulsions, coma, or
a variety of transitory cerebral phenomena. The pediatrician faces the problem
with acute nephritis, the obstetrician with toxiemia of pregnancy, and the internist
with hypertensive vascular disease. (1)

Seizures have been reported in both chronic and acute hypertension (2). The
association between hypertension and seizure occurrence is unclear. In chronic
hypertension, seizures may be secondary to the effect of blood pressure (BP) eleva-
tion on the cerebral blood vessels and its association with higher risk of stroke. In
acute hypertension, seizures may be secondary to disruption of the blood—brain
barrier (BBB) and secondary cerebral edema. In a population-based study from
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Rochester, Minnesota, 195 patients aged 55 yr or older with first unprovoked sei-
zures were matched on age, gender, and duration of follow-up with patients with-
out seizures (3). The BP of the seizure patients had been obtained in before the first
seizure occurrence. Overall, hypertension did not increase the risk of seizures, but
the study found that a subgroup with left ventricular hypertrophy (LVH)—a marker
of severe, long-standing hypertension—without diuretic treatment had an 11-fold
increased risk of unprovoked seizures. Interestingly, patients with LVH who were
treated with diuretics did not have an increased risk. This chapter reviews the
different acute hypertensive syndromes encountered in the intensive care unit (ICU)
and emphasizes the specific management of seizures associated with these
disorders.

HYPERTENSION AND PREGNANCY

Hypertensive disorders of pregnancy are common, affecting 7-15% of pregnant
women (4). In the United Kingdom, 18.6 % of maternal deaths are caused by hyper-
tensive diseases (5). Five hypertensive disorders are commonly reported in preg-
nant women: gestational hypertension, preeclampsia, eclampsia, preeclampsia with
superimposed chronic hypertension, and chronic hypertension (6). Only preeclamp-
sia and eclampsia are associated with seizures.

Preeclampsia and Eclampsia

As early as the fourth century B.c., Hippocrates was among the first to recognize
fits occurring in pregnant women (7). This condition was coined eclampsia, a Greek
word meaning “shine forth,” thus implying a sudden development (8). Preeclamp-
sia and eclampsia are among the most common causes of maternal and fetal mor-
bidity and mortality. In a retrospective review of 4024 pregnancy-related deaths,
19.6% were related to preeclampsia-eclampsia (9).

Preeclampsia is hypertension in pregnancy diagnosed after 20 wk with associ-
ated proteinurea (9). Eclampsia is defined as seizures occurring before, during, or
after delivery. Although eclampsia is usually preceded by preeclampsia, in up to
38% of cases it can occur without symptoms or signs of preeclampsia (8). Table 1
summarizes the definitions of preeclampsia and eclampsia.

Epidemiology

Preeclampsia affects up to 7% of pregnancies, and less than 1 % of these women
develop eclampsia (10). Every year, approx 1 in 50 women experiencing eclamptic
seizures die from complications (/7). In a prospective survey of eclampsia in the
United Kingdom, the incidence of eclampsia was 4.9 in 1000 (/2). The leading
cause of death with preeclampsia-eclampsia patients is cerebrovascular accidents
(CVAys) particularly intracerebral hemorrhages (ICHs). The mortality rate ranges
from 2 to 24%. Table 2 summarizes the specific causes of death associated with
eclampsia and preeclampsia. The case fatality in women with eclampsia is 71 per
10,000 (9). Although the incidence of preeclampsia has not changed significantly
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Table 1
Definitions of Preeclampsia and Eclampsia

Preeclampsia
Newly diagnosed hypertension after 20 wk gestation
Relative increase of 15 mmHg diastolic or 30 mmHg systolic or absolute above >140/
90 mmHg
Either or
Proteinuria (>300 mg/24 h or 1+ in dipstick testing)
Generalized edema (particularly in nondependent areas like hands and face)
Severe Preeclampsia
BP >160/110 mmHg
Proteinuria 2 or 3+
Serum creatinine >1.2 mg/dL
Oliguria <500 mL/24 h
Headache with or without visual symptoms, epigastric pain, pulmonary edema, throm-
bocytopenia <100,000/uL or increased aspartate or alanine transaminase.
Eclampsia
Presence of seizures

Table 2
Specific Causes of Death Among Patients With
Preeclampsia and Eclampsia

Deaths (%)

Cause of death Preeclamsia Eclampsia
Intracerebral hemorrhage 15.8 18.8
Cerebral edema 1.1 1.8
Cerebral embolism 0.4 0.8
Renal or hepatic failure 7.2 5.4
HELLP syndrome 4.8 2.3
Other 13.9 11.8

(Adapted from ref. 9.)

over the past six decades, the rate of major complications from the disease has been
on a marked decline (13).

Several risk factors for eclampsia have been identified. Those include prima
gravidity, lack of prenatal care, urinary tract infections, family history, diabetes
mellitus, multiple gestation, extremes of age, obesity, black ethnicity, preexisting
hypertension, vascular renal disease, prolonged labor, and hydatidiform moles
(10,14).

Pathophysiology

The underlying pathophysiology of eclampsia remains to be fully elucidated,
but vascular endothelial damage or dysfunction appears to be the common patho-
logical feature in the placenta, kidneys and brain (/5). In 2001 Odent (16) proposed
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that preeclampsia could be the result of maternal-fetal conflict. The developing
fetal brain requires eicosapentaenoic acid (EPA), a long-chain n-3 polyunsaturated
fatty acid. The theory suggests that the fetal need for EPA overrides the maternal
need. A decrease in maternal EPA in preeclampsia and eclampsia women in com-
parison to their normotensive counterparts appears to play a role in the develop-
ment of this condition (/6). Other mechanisms suggested for eclamptic convulsions
include cerebral vasospasm, hemorrhage or edema, and metabolic or hypertensive
encephalopathy (17).

Clinical Presentation

By definition, eclampsia is characterized by the presence of seizures. They can
occur before, during, or after labor (/8). Antepartum eclampsia refers to the onset
of seizures before the start of labor. Intrapartum eclampsia refers to seizures that
occur during labor, and postpartum eclampsia is the occurrence of seizures within 7
d of delivery of the fetus and placenta. In 2% of women, eclampsia occurs more
than 7 d past delivery (/9). In some women, seizures occur as late as 11 d (20). In
the United States, 53% of women had antepartum seizures, 36% intrapartum sei-
zures, and 11% postpartum seizures (/9). In the United Kingdom 38% had antepar-
tum seizures, 18% intrapartum seizures, and 44% postpartum eclampsia (12).

The syndrome may also be associated with headaches, visual complaints, epi-
gastric pain, oliguria, depression of consciousness, thrombocytopenia, fetal growth
retardation, and elevated liver enzymes.

Electrographic and Radiographic Features

Abnormal electroencephalograms (EEGs) are reported with preeclampsia (21).
Diffuse slow activity (0 or A waves), sometimes with focal slow activity, are usu-
ally found on EEG (21). Paroxismal spike activity has been reported, but this is not
pathognomonic of preeclampsia because similar patterns are found in other condi-
tions (27). No correlation was found between EEG abnormalities and the degree of
maternal arterial pressure (217).

The radiological features found in patients with eclampsia are certainly not
unique. Diffuse cerebral edema (22), hemorrhages (23), and infarcts (24) have been
demonstrated in patients with eclampsia by means of computed tomography (CT)
scan. Magnetic resonance imaging (MRI) studies of brains of patients with eclamp-
sia revealed focal changes characteristic of ischemia (25). MRI features consistent
with reversible posterior leukoencephalopathy have also been reported (26).

Management

Early detection remains the mainstay of treatment in patients with eclampsia.
The best treatment for preeclampsia and eclampsia is delivery. If delivery is not
possible, then management of the patient should include hospitalization, close
observation, and seizure prophylaxis until delivery can be performed. In a review
of obstetric patients admitted to a medical—surgical ICU in a large tertiary referral
center over a 5-yr period, preeclampsia was the single most common diagnosis,
representing 22% of all patients (27).
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Over the last two decades magnesium has emerged as the drug of choice for
preventing eclampsia. Large randomized trials and systematic reviews have shown
the usefulness of magnesium sulfate in treating recurrent eclamptic seizures and in
the prophylaxis of eclampsia (28-31).

In 1995 the Eclampsia Trial Collaborative Group showed unequivocally that
magnesium given intramuscularly or intravenously is superior to phenytoin (PHT)
or diazepam (DZ) in reducing recurrent eclamptic seizures (26). This international
multicenter randomized study included 1687 women with eclampsia. The women
allocated to magnesium sulfate therapy had a 52% reduction in incidence of recur-
rent seizures (95% confidence interval [CI] 37-64%) over those given DZ (13.2%
vs 27.9%). Maternal and perinatal morbidity were comparable between the two
groups. In a second comparison between magnesium sulfate and PHT, the women
randomized to receive magnesium sulfate had a 67% (95% CI 47-79%) reduced
incidence of recurrent seizures (5.7% vs 17.1%). Maternal mortality was nonsig-
nificantly lower in the magnesium group than in the PHT group (26). Women who
received magnesium were also less likely to be ventilated than those on PHT (14.9%
vs 22.5%). Women in the magnesium group were also less likely to develop pneu-
monia (3.9% vs 8.8%) and were less likely to be admitted to the ICU (16.7% vs
25.1%) in comparison to the PHT group.

The so-called Magpie study, another randomized placebo-controlled trial, was
designed to assess the value of magnesium for prophylaxis in eclampsia (30). The
study included approx 10,000 women with preeclampsia who were randomized to
receive magnesium sulfate before or during labor or after giving birth (30). Magne-
sium was effective in reducing seizures 58% (95% CI 40-71%). Treatment was
also safe for the neonate in this setting, and there was no excess of serious maternal
morbidity or mortality. Of the 5055 women who were randomized in each group,
46 (0.9%) had respiratory depression and 5 (0.1%) had respiratory arrest in the
magnesium compared with 27 (0.5%) and 2 (0.04%) in the placebo group. Respira-
tory arrest was responsible for one death in each group (30).

Another multicenter, randomized unblinded study compared magnesium with
the calcium channel blocker nimodipine, a cerebral vasodilator, for ability to pre-
vent eclampsia (37). Preeclampsia women who received nimodipine were more
likely to have a seizure than those who received magnesium sulfate (2.6% vs 0.8%,
p = 0.01). The antepartum risk for eclampsia did not differ between the two treat-
ment arms, but the nimodipine arm had a higher risk of postpartum seizures (1.1%
vs 0%, p = 0.01). Neonatal outcomes did not differ between the two groups (37).

Similar results were reported in a Cochrane Database review analysis that
included published randomized studies between magnesium and placebo or
antiepileptics (29). The authors concluded after reviewing six studies that magne-
sium sulfate more than halves the risk of eclampsia, and probably reduces the risk
of maternal death. A quarter of women had side effects, particularly flushing. The
relative risk (RR) of placental abruption was reduced for women allocated to mag-
nesium sulfate (RR 0.64, 95% CI 0.5-0.8). Women allocated to magnesium sulfate
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Table 3

Effect of Magnesium on Risk of Eclampsia

Treatment compared with magnesium sulfate Relative risk (95% CI) Ref.
Placebo 0.41 (0.29-0.59) 30
Phenytoin 0.05 (0-0.84) 26
Nimodipine 0.33 (0.14-0.77) 31

had a small, nonsignificant, increase (5%) in the risk of Cesarean section. Magne-
sium sulfate was better than PHT and nimodipine in reducing the risk of eclampsia,
but there was an increased risk of Cesarean section (RR1.2,95% CI 1.05-1.4). The
result from the Cochrane review are summarized in Table 3.

The most commonly used magnesium protocol in eclampsia is a 4- to 6-g iv
bolus over 5 min, followed by a 1- to 2-g/h iv infusion for at least 48 h postpartum.
If the treatment is used prophylactically in preeclampsia, it can be stopped after 24
h (10). Half this dose should be used in patients with serum creatinine more than
1.3 mg/dL (10).

Patients should be admitted to the neurointensive care unit (NICU) and moni-
tored closely, particularly the respirations, patellar reflexes, and urine output. Mag-
nesium is known to affect the neuromuscular junction, but it should not have any
deleterious effect on a patient’s mental status. If patellar reflexes are lost, the next
magnesium should be held and its level should be checked. It may be restarted at a
lower dose when the reflexes return if still desired. If the urine output falls below
25 cc/h, the rate of infusion of magnesium or the intramuscular dose should be cut
in half. In case of respiratory depression or arrest, the patient airway must be first
secured (by endotracheal intubation if needed) and 1 g of calcium gluconate (10%
solution) should be administered intravenously.

Several anticonvulsant regimens can be used for patients with refractory sei-
zures. An additional dose of magnesium sulfate (1-2 g iv) can be given or a loading
dose of PHT (18 mg/kg iv at a maximum rate of 50 mg/min) can be tried. A dark
room with low noise, padded bed rails, and continuous fetal monitoring are addi-
tional measures.

HELLP Syndrome

Pritchard et al. first described the association between coagulation and liver
enzymes abnormalities with preeclampsia in 1954 (32). In 1982 Weinstein coined
the term HELLP for this syndrome of Hemolysis (anemia, increased bilirubin
schistocytes in blood smear), Elevated Liver enzymes, and a Low Platelet count
(<100,000/mm?) (33). HELLP can usually complicate the course of up to 10% of
eclamptic patients (/7,34). Mortality resulting from HELLP syndrome ranges from
2 to 24% of cases (9).

Management of seizures in patients with HELLP syndrome is similar to that for
patients with eclampsia. Magnesium should be initiated at seizure onset. Although
no specific data exist regarding seizures, antepartum administration of corticoster-
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oids (10 mg of dexamethasone every 12 h until delivery) has been shown in ran-
domized trials to stabilize and improve the laboratory values and clinical status of
the mother and potentially the fetus (35,36). The increase in liver enzymes may
limit the use of some anticonvulsants such as PHT, carbamazepine, and/or valproic
acid. Levetiracetam may be used as a second-line agent or as a second agent if
magnesium fails to stop the seizures. The drug can be started orally at 500 mg every
12 h and increased to a maximum dose of 3000 mg/d. If patients develop status
epilepticus (SE), phenobarbital or pentobarbital can be used as a therapeutic option.
More details regarding treatment of seizures in patients with liver dysfunction can
be found in Chapter 6.

HYPERTENSIVE ENCEPHALOPATHY

Hypertensive encephalopathy (HE) is a complex cerebral disorder associated
with a variety of conditions in which systemic BP rises acutely. The term was coined
by Oppenheimer and Fishberg in 1928 (37) and is defined as generalized or focal
cerebral dysfunction that either partially or completely reverses with antihyperten-
sive treatment (38).

Epidemiology

Hypertension is a prevalent disorder involving 20-30% of adults in developed
countries (39). The definition of hypertension remains controversial. In the United
Kingdom, hypertension is defined as BP exceeding 160/100 mmHg on two or more
clinic readings, whereas in the United States the cutoff is 140/90 mmHg. Although,
improved treatment of chronic hypertension has led to a reduction in the incidence
of hypertensive emergencies (40), recognition and treatment of hypertension in the
general population are still not adequate (417).

Clinical Features

HE is characterized by acute or subacute onset of lethargy, confusion, visual
disturbances, and seizures (2). Other symptoms may include headache, stroke, and/
or papilledema (38). Symptoms may or may not be associated with proteinurea or
hypertensive retinopathy (2). Seizures are often the initial presentation, and they
may be focal, generalized, or focal with secondary generalization (2). Initially, it
was thought that the cerebral dysfunction associated with elevated BP was related
to the uremia from kidney disease (42). Table 4 gives frequency data for each of the
presenting symptoms.

Pathophysiology

The endothelium plays an active role in controlling BP by regulating the release
of nitric oxide (NO) and other vasodilator molecules (2,43). Although the patho-
physiology of HE is not fully understood, an initial abrupt rise in vascular resis-
tance seems to be a necessary initiating step (2). The sheer stress on the endothelial
wall results in an initial burst of NO followed by steady-state release of NO, pro-
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Table 4
Presenting Symptoms of Patients
Admitted With Malignant

Hypertension

Symptoms No. of patients
Headache 10 (30%)
Stroke 9 (27%)
Cardiorespiratory 7(21%)
Altered mental status 4 (13%)
Blurred vision 3 (9%)
Seizures 3 (9%)
Loss of consciousness 3 (9%)
Dizziness 1 (3%)
Asymptomatic 1 (3%)

(Adapted from ref. 38.)

moting vasodilatation (2,44). If the BP remains elevated, the compensatory mecha-
nism may fail, causing more elevation in BP and endothelial damage. A cascade
follows that increases endothelial cell expression of adhesion molecules and makes
the endothelium more permeable (2). Ultimately, the endothelial fibrinolytic activ-
ity may be inhibited and the coagulation cascade activated.

Cerebral blood flow (CBF) is regulated through a homeostatic mechanism
referred to as autoregulation. Normotensive individuals maintain persistent CBF
when their mean arterial pressure (MAP) stays in a range of 60—120 mmHg (2).
Hyperperfusion of the cerebral vasculature is blunted by a compensatory vasocon-
striction of the blood vessels. This compensatory mechanism is overwhelmed at
MAP of 180 mmHg, whereupon cerebral autoregulation breaks down and vasodila-
tation occurs. This results in breakdown of the BBB, which causes edema and pos-
sible microinfarcts. Previously normotensive patients can develop signs of HE at
BPs as low as 160/100 mmHg, whereas individuals with chronic hypertension will
tolerate pressure as high as 220/110 mmHg before signs of HE ensues.

Electrographic and Radiographic Features

There is no known characteristic EEG feature of HE. Loss of posterior dominant
a-rhythm, generalized slowing, and posterior epileptiform discharges are seen on
EEG. These findings usually resolve following clinical improvement (45,46).
Imaging of the brain in a hypertensive, confused, lethargic patient who develops
seizures in the ICU is crucial. Although the clinical presentation of HE is character-
istic, the intensivist must, especially if there are focal neurological signs present,
exclude the presence of intracranial hemorrhage or other mass, which induces the
elevation of systemic BP as a compensatory mechanism for cerebral perfusion. This
is indeed a very common situation with ischemic or hemorrhage strokes, and many
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times it is unclear whether it is the cause or the effect. As a general statement, if the
volume of intraparenchymal blood is small, or if because of coexisting brain atro-
phy there is enough room inside the cranial cavity, the hemorrhage is probably the
result of hypertension, with additional effect from a probably abnormal underlying
vasculature.

In uncomplicated cases, cerebral imaging of individuals with HE shows edema
in the cortex and subcortical white matter in the posterior areas of the brain (i.e.,
occipital, posterior parietal, and temporal lobes) (47). The predilection for involve-
ment of the posterior circulation may be caused by paucity of sympathetic neural
control in the posterior cerebral artery territory in comparison to the carotid artery
territory (48). Findings by Schwartz et al. of increased apparent diffusion coeffi-
cient (ADC) values and lack of high signal on the diffusion-weighted images
(DWIs) support the theory that the edema associated with HE is vasogenic (47).

Management

Patients should be admitted to the NICU for treatment and monitoring. An arte-
rial line for continuous pressure monitoring should be placed immediately. If cere-
bral edema was present on the initial head CT image and the patient has a Glasgow
Coma Scale score of 8 or less, an intracranial pressure (ICP) monitoring device
should be placed. It is important to obtain a thorough past medical history for pre-
vious CVAs and renal disease. One should also inquire about antihypertensive
medications and compliance. It is also paramount to ask for of over-the-counter
medication use (i.e., sympathomimetics) and illicit drug use, such as cocaine.

The goal of therapy in HE is to gradually decrease the MAP by approx 25% or to
reduce the diastolic BP to about 100 mmHg over a period of several minutes to
hours. Precipitous reduction in BP to normotensive or hypotensive level should be
avoided because it might provoke cerebral hypoperfusion and ischemia. Sodium
nitroprusside is the drug of choice for the initial treatment of HE. Because of the
effect of nitroprusside on ICP, other agents such as f-blockers or angiotensin-
converting enzyme inhibitors should be used after the initial control of BP.
Hydralazine appears to be less effective in treating HE. Clonidine should be avoided
because of its potential for CNS depression (47). Bed rest, sedation, and analgesia
may further help BP control. Table 5 lists the most common antihypertensives used
and their side effects. Treatment of HE-induced seizures is not different from the
general treatment of ICU seizures, which are outlined in Chapter 14.

POSTERIOR LEUKOENCEPHALOPATHY SYNDROME

Posterior leukoencephalopathy (PLE) is a recently recognized neurological dis-
order. It is characterized by white matter edema in the posterior parietal and occipi-
tal lobes of the brain (49). The term was first used by Hinchey et al. to describe 15
patients admitted with a wide variety of medical illnesses (49). Of these, 7 were
receiving immunosuppressive therapy, 4 had HE, and 3 were not hypertensive at
all. In all patients, the neurological abnormalities resolved within 2 wk. This syn-
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drome has also been reported with uremia, hemolytic uremic syndrome, thrombotic
thrombocytopenia purpura, cyclosporine A, cisplatin, interferon-a, intrathecal
methotrexate, severe hypercalcemia, and indinavir (50-52). For those patients who
do not exhibit hypertension (children or adults), the syndrome of posterior revers-
ible leukoencephalopathy has been coined (49), although some believe that a term
such as reversible occipital—parietal encephalopathy is more appropriate, because
both gray and white matter are involved (53).

Clinical Features

The most common presenting signs and symptoms of PLE syndrome include
lethargy, confusion and somnolence, paucity of speech, headaches, and visual com-
plaints. Lethargy and somnolence are often the first signs noted. Memory difficul-
ties are not uncommon. Visual disturbances range from blurred vision to
hemianopsia (49).

Seizures are common at onset: 11 out of 15 (73%) of the originally reported
patients had one or more seizures. They are usually generalized tonic—clonic but
can also have a focal onset. Multiple seizures are more common than single sei-
zures. SE has also been reported (49). Seizures generally precede the other mani-
festations of the syndrome. Visual auras or visual hallucinations also precede the
tonic—clonic or occipital seizures. Following a seizure, patients usually have a pro-
longed mental status change and a few end up in stupor or coma (54).

Pathophysiology

The PLE syndrome shares similar pathophysiological mechanisms with HE and
eclampsia. Two pathophysiological mechanisms have been proposed (55). The first
evokes cerebral vasospasm and cerebral ischemia as a cause of the changes seen on
neuroimaging (56). The second suggests a breakdown in cerebrovascular autoregu-
lation with secondary vasogenic edema. Recent MRI findings support the auto-
regulation hypothesis (57). The pathological process is characterized by cerebral
edema and petechial hemorrhages, especially in the parieto-occipital and occipital
lobes. Microscopically, these petechiae are ring hemorrhages around capillaries and
precapillaries that are occluded by fibrinoid material (58).

Radiological Features

The most common neuroimaging abnormality on both MRI and CT is white
matter edema in the posterior areas of the cerebral hemispheres of patients with
PLE syndrome. These changes are predominantly symmetrical and involve specifi-
cally the occipital, parietal, and posterior temporal lobes (49). Other lesions are
reported in the pons, thalamus, and cerebellum. The gray matter is involved in some
patients and hence the term “Leukoencephalopathy” may not be the most appropri-
ate (57). Individuals with predominantly gray matter disease have a better course
than those with predominantly white matter lesions. Brainstem lesions are found in
56% of patients (57). On MRI, the high signal on DWI without the typical ADC
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dropout suggests vasogenic edema (47). This is referred to as pseudonormalization.
Some patients with pseudonormalization can progress to having an infarct.

Management

Patients may need to be monitored in the NICU. Indications for transfer to the
NICU include cerebral edema with midline shift and seizures. If the cause of PLE is
found to be acute hypertension, then aggressive BP management should be initi-
ated. Treatment paradigms are similar to those for HE. If a particular drug was
thought to be the inciting agent, discontinuing the drug should be seriously consid-
ered. For seizures, BZDs are indicated as the agents of first choice. If seizures are
refractory or recurrent, an additional anticonvulsant is indicated. The choice of anti-
convulsant will depend on patient’s general clinical condition and associated renal
or liver abnormalities. For more details regarding treatment of ICU seizures, see
Chapter 14.
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Infection or Inflammation and ICU Seizures

Wendy C. Ziai

SUMMARY

Effective treatment of seizures associated with central nervous system (CNS) infec-
tion and inflammation depends on rapid diagnosis and early attainment of bacteri-
cidal activity in the cerebrospinal fluid with appropriate antimicrobial agents, or
appropriate management of vasculitis-induced cerebral complications. Despite the
rarity of these disorders, there is nothing specific regarding the management in the
intensive care unit of seizures in these situations, except for a high suspicion by
the medical staff. Improvement in long-term neurologic outcome depends on both
therapy of the infectious/inflammatory process and the intensive care multisystem
monitoring commonly warranted in this patient population. The primary goal of
preserving CNS function is shared by the neurologist and the intensivist, making a
multidisciplinary approach essential.

Key Words: Central nervous system; infection; inflammation; intensive
care unit; seizures.

INTRODUCTION

Seizures in critically ill patients are potential markers or contributors of signifi-
cant morbidity and mortality. Seizures are a relatively common neurologic mani-
festation in patients admitted to an intensive care unit (ICU) and are not
uncommonly associated with infection. Of 217 patients admitted to a general medi-
cal/coronary ICU with neurologic complications of a nonneurologic primary diag-
nosis, 28% of neurologic complications were seizures, second only to metabolic
encephalopathy (/). Sepsis was the second most common cause of seizures after
vascular lesions. In any patient presenting with fever and seizures, central nervous
system (CNS) infection and inflammation need to be considered in the differential
diagnosis. CNS infections are markedly different from systemic infections because
of the closed anatomic space of the CNS, its immunological isolation from the rest
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of the body, and the often nonspecific nature of the key manifestations. Early rec-
ognition of seizure activity and aggressive management are essential to patient
recovery and prevention of long-term neurologic sequelae. This chapter focuses on
the significance of seizures in both systemic and CNS infection and inflammatory
conditions.

The spectrum of clinical manifestations of CNS infection and inflammation is
vast. Seizures complicate many nervous system infections, some commonly, such
as meningitis, herpes simplex encephalitis, and cerebral malaria. The patient may
present in a life-threatening state, as seen in full-blown meningoencephalitis, or in
an asymptomatic state, as seen in the dormant stages of spirochete infections. Com-
mon CNS infections that may require critical care are meningitis, ventriculitis,
encephalitis, and brain abscess.

CNS INFECTIOUS DISORDERS
Meningitis

Meningitis is the inflammation of the pia and arachnoid membranes (leptom-
eninges) that surround the brain and spinal cord (2). The classification of meningi-
tis includes acute, aseptic, and septic syndromes (<4 wk duration), recurrent
meningitis (multiple acute episodes of <4 wk each), and chronic meningitis (>4 wk
duration).

Acute aseptic meningitis, defined by negative routine screening cultures and
stains of cerebrospinal fluid (CSF), is the most common form of meningitis (3).
This usually starts with high-grade fever and severe headache. Associated prob-
lems such as nausea, vomiting, pharyngitis, diarrhea, neck stiffness, and photopho-
bia may occur. Seizures are not a common manifestation. Rapid and complete
recovery is the usual course. Viral infection is commonly the cause of aseptic men-
ingitis. Between 55 and 70% of cases are caused by enteroviruses (echovirus, Cox-
sackie A and B, poliovirus, and the numbered enteroviruses) (3,4).

Other causes of aseptic meningitis include human immunodeficiency virus
(HIV), parasites, rickettsiae and mycoplasma, and autoimmune diseases such as
Behget’s disease, Kawasaki disease, and Vogt—Koyanagi—-Harada disease (2).
Malignancies and drug reactions have also been implicated. In a population-based
study, the 20-yr risk for unprovoked seizures was 2.1% after aseptic meningitis, not
increased over the general population risk for unprovoked seizures (5).

Acute septic meningitis is the bacterial infection of the meninges. It is a neuro-
logic emergency with mortality and morbidity rates as high as 25 and 60%, respec-
tively (6). The classical presentation of septic meningitis includes fever, headache,
reduced alertness, and meningeal irritation. Seizures have been reported to occur in
5-28% of cases (7—10). One retrospective review of 103 episodes of acute bacterial
meningitis in adults found documentation of seizures in 29 cases (28%) (10). The
relatively high incidence may reflect a large number of Listeria monocytogenes
cases, which are more commonly associated with seizures. Seizures were usually
observed within 24 h of presentation (76%). Seizure activity was an independent
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predictor of mortality in this series (34% mortality in patients with seizures vs 7%
without seizures; odds ratio [OR] 17.6, p < 0.001). Decreased level of conscious-
ness on presentation was also predictive of death (26% vs 2%). Coma can be a
consequence of fulminant bacterial meningitis with diffuse cerebral edema leading
to cerebral herniation. Multiple cerebral infarcts secondary to vasculitis have also
been described (/1). Systemic complications can occur in 22% of patients (8), with
septic shock in 12%, pneumonia in 8%, and disseminated intravascular coagulation
in 8%.

In a univariate analysis, patients with bacterial meningitis had a poorer progno-
sis if the following were present: age greater than 60 yr and coma at onset or focal
seizures within the first 24 h of admission (72% vs 18% mortality among those
without early-onset seizures; p < 0.001) (7). This large retrospective study from the
Massachusetts General Hospital evaluated 445 patients with acute bacterial menin-
gitis between 1962 and 1988 (7). Seizures occurred in 23% of 493 episodes of
meningitis. They were focal in 7%, generalized in 13%, and not characterized in
3%. In two-thirds of cases, seizures occurred within 24 h of admission, and more
than one-third of early seizure patients had a history of alcoholism. Streptococcus
pneumoniae was more frequently found in patients who developed seizures (58%
vs 30% in patients without seizures; p < 0.001), but alcoholism was a confounding
factor.

Seizures in a patient with meningitis warrant a neuroimaging study (ideally a
contrast-enhanced computed tomography [CT] scan or magnetic resonance imag-
ing [MRI]). Seizure is a manifestation of cortical irritation, and its occurrence may
indicate a cortically based complication (empyema, stroke, venous thrombosis).
Cortical venous thrombosis usually presents with seizures and focal neurological
signs. However, it is an uncommon event during bacterial meningitis: in a large
series, only 5.1% of autopsies of patients who died from meningitis revealed septic
cortical vein thrombosis (/2). Occurrence of seizures requires rapid treatment with
anticonvulsants. Prophylactic anticonvulsants have no established benefit. Patients
with persistent alteration in mental status or coma should undergo electro-
encephalography (EEG) to rule out subclinical seizures. Continuous EEG monitor-
ing (CEEGM) may be a better option in these cases. Jordan used CEEGM to
evaluate 200 patients admitted to a neurological intensive care unit (NICU). The
study had decisive or contributing impact on clinical decision making in 12 of 13
patients with intracranial infection (13).

Recurrent meningitis can be caused by infectious and noninfectious causes.
Viruses are the most likely infectious agents. The clinical presentation may
resemble aseptic meningitis. Mollaret’s meningitis is a type of recurrent aseptic
meningitis associated with Epstein—Barr virus (EBV) and herpes simplex virus
(HSV) type 1 (14,15). Epileptic seizures are part of the clinical presentation of Mol-
laret’s meningitis (16).

Chronic meningitis has a nonspecific presentation, with variable fever, head-
ache, neck rigidity, and signs of parenchymal involvement, such as altered mental
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status, seizures, or focal neurologic deficits (2). Infectious causes are commonly
CNS tuberculosis and cryptococci. Noninfectious causes include neoplasms,
neurosarcoidosis, and CNS vasculitis (2).

Empiric antibiotic therapy for a suspected bacterial CNS infection should be
given in consideration with the patient’s age, competence of the immune system,
and associated morbidities. An immune-competent adult should be started on a
third-generation cephalosporin (4 g/d ceftriaxone or 8—12 g/d cefotaxime) with the
addition of ampicillin (12 g/d) for patients over age 50 yr who are more susceptible
to Streptococcus agalactiae and L. monocytogenes. Immune-compromised adults,
including patients with lymphoreticular tumors and those receiving cytotoxic che-
motherapy or high-dose corticosteroid treatment, should be treated with ampicillin
and a broad-spectrum cephalosporin such as ceftazidime (6 g/d), which has more
activity against Gram-negative organisms (5).

Neurosurgical patients, including those with CSF shunts, and head trauma
patients require both Gram-positive and Gram-negative coverage with a recom-
mended combination of vancomycin (2-3 g/d) and ceftazidime (6 g/d) (5). In areas
with known high penicillin-resistant S. pneumoniae isolates, empiric therapy should
also begin with vancomycin and a third-generation cephalosporin. Clinically sig-
nificant S. pneumoniae resistance to vancomycin has not been documented (17).
Seizure treatment in the context of acute or chronic meningitis is not different from
the treatment offered for seizures from other causes, and details can be found in
Chapter 14.

Encephalitis

Encephalitis is an acute infection of brain parenchyma and should be suspected
in a febrile patient who presents with altered mental status and signs of diffuse
cerebral dysfunction. Encephalitis is usually caused by viral infection, most com-
monly HSV (15% of cases), varicella zoster virus (VZV), EBV, mumps, enterovi-
ruses, lymphocytic choriomeningitis virus (LCM), and togaviruses (18). The route
of invasion is varied and can be the bloodstream, the skin through an insect bite, or
the respiratory or digestive system. Specific viruses can have characteristic presen-
tations, such as parotitis associated with mumps and herpetic rash with herpes sim-
plex encephalitis (HSE). Diplopia, dysarthria, and ataxia can be seen in
immunocompromised patients with brainstem HSE (7/9,20). Clinical presentation
often includes a prodrome with fever, headache, and myalgia and mild respiratory
infection. Changes in level of consciousness, with focal neurological deficits, may
follow.

Seizures, both focal and generalized, are a common manifestation of the
encephalitides. They can occur in the acute infection stage, when the patient is
admitted to an ICU, or later in life. They can be easily controlled with antiepileptic
medications, but many times they become intractable. Epilepsy surgery may be a
better option if there is a clearly localized focus. In a series of 38 patients who
developed medically intractable partial seizures, Marks et al. found that 16 of the
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patients had a history of meningitis and 22 had encephalitis. Meningitis was patho-
logically associated with mesial temporal sclerosis and encephalitis with neocorti-
cal foci. However, in patients with encephalitis at less than age 4 yr, seizures were
also associated with mesial temporal sclerosis (27). In another population-based
study, Annegers et al. found that the risk of developing unprovoked seizures within
20 yr was 22% in patients with viral encephalitis and early seizures, 10% for those
with viral encephalitis without early seizures, 13% in patients with bacterial menin-
gitis and early seizures, and only 2.4% in patients with bacterial meningitis without
early seizures (5).

Japanese Encephalitis

Japanese encephalitis (JE) is the most important epidemic viral encephalitis in
the world, causing an estimated 50,000 cases annually (22). Mortality is 30%, and
half the survivors are left with severe neurologic sequelae (23,24). Although JE
virus is confined mainly to Asia, related neurotropic flaviviruses include West Nile
virus, Murray Valley encephalitis virus, and tick-borne encephalitis virus, which
cause similar diseases in other geographical locations (25-27). JE virus is neurotro-
pic and replicates rapidly in neurons, causing a perivascular inflammatory reaction
that results in infection, neuronal dysfunction, and death (28).

Solomon prospectively studied 144 patients infected with JE virus (134 children
and 10 adults) (29). JE virus was diagnosed by means of antibody detection, culture
of serum and CSF, and immunohistochemistry of autopsy material. Forty patients
(28%) had a witnessed seizure during the admission; of these, the majority (24 of
40; 62%) died or had a poor outcome compared with 26 of 104 (14%) in the group
with no witnessed seizure (OR 4.5; 95% confidence interval [CI] 1.94-10.52).
Patients with more than one witnessed seizure (29 of 40) were more likely to have
a poor outcome (21 of 29; 72% died or had severe sequelae) compared with patients
with a single seizure (4 of 11; 33% poor outcome; OR 5.25; 95% CI 1.02-29.4).
Ten of 18 patients who had generalized tonic—clonic (GTC) seizures and all 15
patients with subtle clinical manifestations of seizures (twitching of a digit, eye-
brow, nostrils, excess salivation, irregular breathing, eye deviation with or without
nystagmus) were in status epilepticus (SE). These patients had a higher mortality
than those without development of SE (44% [11 of 25] vs 0% of 15).

The acute background EEG patterns were also associated with outcome in this
study. Of 234 EEGs performed on 55 patients, poor outcome was associated with
acute EEG findings of slow nonreactive, low-amplitude, burst suppression, or iso-
electric patterns in 16 of 19 patients (84%) compared with poor outcome in 14 of 36
patients (39%), with findings of slow reactive or normal EEG patterns (OR 8.4;
95% CI 1.8-44.5). Independent predictors of poor outcome by logistic regression
in this patient cohort were comatose state, more than one witnessed seizure, hernia-
tion syndrome, and illness for 7 d or more. Patients with seizures were more likely
to have elevated opening pressure on lumbar puncture (p = 0.03) and to develop
brainstem signs consistent with a herniation syndrome (p < 0.0001). It is possible
that these events are related.
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Seizures increase cerebral blood flow and, therefore, intracranial volume, result-
ing in increased intracranial pressure (ICP) (30). If seizures are prolonged, cerebral
edema may occur secondary to numerous metabolic consequences including
hypoxemia, hypoglycemia, increased lactate production, low CSF glucose, high
CSF lactate, metabolic acidosis, and carbon dioxide retention if airway manage-
ment is suboptimal (37,32). Cerebral edema causes further increase in ICP and may
predispose an already inflamed brain to life-threatening compartmental shifts
through the tentorium and foramen magnum, resulting in herniation syndromes.
Although it is not possible from this study to determine whether seizures are a
cause or a marker of severe disease, anticonvulsant prophylaxis in this patient popu-
lation and aggressive surveillance for and management of seizures may improve
outcome. Over 30% of patients with seizures had subtle manifestations that might
have been missed without EEG recording.

Herpes Simplex Encephalitis

HSE, usually caused by HSV-1, is the most important form of treatable encepha-
litis. HSE is a medical emergency; prognosis depends on the patient’s condition
once treatment is started (33). HSE has a mortality rate of 50-70% with significant
long-term morbidity in survivors, including seizures and cognitive and behavioral
disorders (34). In a retrospective study from New Zealand, patients with HSE pre-
sented with acute-stage seizures in 50% of cases, and seizures constituted the fourth
most common presenting symptom after headache, confusion, and nausea/vomit-
ing. Thirty-four of 49 initial patients were followed for an average of 2—6 yr; 24%
of them had developed epilepsy. In this series, the frequency of seizures was not
different between patients with good and poor outcomes. However, the presence of
bilateral epileptiform abnormalities was more common among those with poor out-
come (0 of 18 with good outcome vs 5 of 10 with poor outcome; p < 0.01) (35).

HSE has a predilection for the temporal and orbitofrontal lobes, resulting in a
clinical picture of altered consciousness, memory loss, personality change, and con-
fusion or olfactory hallucinations, following a prodrome of headache and fever (33).
MRI shows typical asymmetrical changes in the anterior and medial temporal lobe,
inferior frontal lobe, insular cortex, and splenium of the corpus callosum on fluid-
attenuated inversion recovery (FLAIR) sequences as early as day 2 (34). Diagnosis
of HSE is highly sensitive and specific, and CSF polymerase chain reaction (PCR)
is used to amplify viral DNA and MRI findings.

EEG should be performed when encephalitis is suspected, to distinguish focal
encephalitis from generalized encephalopathy and to look for abnormal findings of
HSE. Diffuse, bihemispheric slow waves and triphasic waves as in hepatic failure
may suggest encephalopathy. Although no specific EEG patterns are pathogno-
monic of HSE, focal or lateralized EEG abnormalities in the presence of encephali-
tis are highly suspicious (36). Early changes in HSE may be nonspecific spike—slow
wave activity, A waves, or triphasic waves that evolve into the typical 2- to 3-Hz
unilateral periodic lateralized epileptiform discharges (PLEDs), originating from
the temporal lobes, seen in 84% of typical patients with HSE (37). Periodic dis-
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charges tend to occur only during the acute stage and may disappear on the side of
initial involvement before appearing on the newly involved side. When present
bilaterally, they often occur in a time-locked relationship with each other (37). Their
appearance later in the disease course may indicate a recurrence (36). EEG findings
in either the acute stage or on long-term follow-up have not been shown to predict
survival or severity of neurologic disability (36). In addition, the relationship
between epileptiform abnormalities and occurrence of seizures has been reported
as inconsistent (36). Lai and Gragasin found that among nine patients who had
seizures in the acute stage of HSE, only four had epileptiform abnormalities on
EEG; another four patients with no evidence of clinical seizure activity had
nonperiodic epileptiform discharges on EEG (36).

Specific treatment with acyclovir is indicated in HSE, at a dosage of 10 mg/kg
every 8 h for 10—14 d. Supportive therapy also includes aggressive management of
elevated ICP and treatment of seizures, usually with intravenous phenytoin (PHT).
In patients with proven HSE, treatment with acyclovir significantly increases like-
lihood of survival to 65-100% if disease is present for 4 d or less (38). Other stud-
ies still predict 25% mortality, even if acyclovir is started within 5 d of symptom
onset (39). Cerebral edema, persistent vegetative state, and systemic infection are
the usual predictors of a fatal outcome. Other risk factors for poor prognosis include
MRI abnormalities, bilateral EEG abnormalities, and focal hyperperfusion on
single-photon emission computed tomography (SPECT) (40,41). Only half of
patients return to their previous or similar level of productivity (42). Although there
are no randomized studies in humans, seizure prophylaxis should be instituted, in
our opinion, in every patient with proven HSE. In a rabbit model prophylactic
administration of phenobarbital (PB) daily reduced mortality significantly (43). If
treatment is started, it should be continued for at least 1 yr (if there were acute-stage
seizures present). Discontinuing the treatment may be decided on the basis of late
seizures or EEG findings. Pathologically proven chronic HSV-1 encephalitis has
been reported in patients with medically intractable seizures many years after the
clinical acute encephalitis syndrome (44).

Brain Abscess

A brain abscess is a purulent infection of brain parenchyma. It occurs most com-
monly in children age 4-7 yr and in the third decade in adults (/8). It commonly
presents with site-specific focal neurological deficits such as aphasia and weak-
ness. However, a focal exam may be absent, and many patients present with signs
of increased ICP. General manifestations of increased ICP include headache, change
in mental status, and nausea and vomiting (45). Fever is less common. Neck rigid-
ity may be present in 25% of cases and may indicate associated meningitis (46).
Seizures, often of the GTC type, can occur in up to 40% of cases (47).

The route of transmission is usually contiguous spread from a local primary
focus such as paranasal sinusitis, otitis media, mastoiditis, or penetrating head
trauma. Ten percent of cases spread hematogenously, usually from a pulmonary
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source such as bronchiectasis or lung abscess, but also from heart valves (infective
endocarditis) or conditions causing a right-to-left shunt such as cyanotic heart dis-
ease in children, Weber—Osler—Rendu syndrome, and patent foramen ovale in adults
(46). A single abscess is usual with contiguous spread, but multiple abscesses are
seen in 20% of cases of hematogenous seeding (47). Blood cultures in the presence
of an intracranial abscess are usually negative. The cause of cerebral abscesses is
polymicrobial in 30-60% of cases, and anaerobic organisms are identified in about
30% of all isolates (47). The most common infectious agents are streptococcal spe-
cies, especially Streptococcus milleri. Other organisms include Bacteroides species,
the Enterobacteriaceae family and Staphylococcus aureus (18). L. monocytogenes,
as well as mycobacterial, fungal, and parasitic agents, may be causative in immu-
nosuppressed patients. Brain abscesses with Mycobacteria and Nocardia often have
associated pulmonary involvement (18).

The incidence of postoperative epilepsy in 56 patients with a supratentorial
abscess was 38% in one study, of which 6 (11%) had seizures before operation
(48). Although the first seizure occurred in 70% during the first year, the occur-
rence of late seizures was not uncommon. Preoperative epilepsy was not a risk for
postoperative seizures (48). Parietal lobe location of abscess had the highest incidence
of epilepsy (100%). In a population-based study from Olmstead County, Minnesota,
epilepsy was found in 5 of 18 (28%) surviving patients with brain abscess (49).

Treatment of brain abscess requires antibiotic therapy, prophylactic anti-
convulsants, and often surgical intervention. Empiric antibiotic coverage with a
third-generation cephalosporin and metronidazole is acceptable, but metronidazole
should be replaced by oxacillin or vancomycin for staphylococcal species or with a
history of trauma or a recent neurosurgical procedure (47). Pseudomonas aeru-
ginosa should be treated with ceftazidime. Oral antibiotics for up to 3 mo usually
follow a 4- to 8-wk course of intravenous antibiotics (/8). Glucocorticoid therapy
is recommended if cerebral edema is significant, especially with early signs of cere-
bral herniation (18).

Definitive therapy with surgical excision and debridement of the abscess is rec-
ommended for posterior fossa lesions. The presence of a thick fibrotic capsule and
impending rupture into the ventricles (50) implies a higher risk of residual neuro-
logic deficits with this surgical approach, making aspiration a safer procedure; never
the less, repeat operations may be required, including excision. Medical therapy
alone may also be a reasonable option for patients who are high surgical risk, for
multiple small abscesses, or when there is high suspicion of Toxoplasma infection.
Treatment of seizures resulting from a brain abscess is not different from the treat-
ment of seizures resulting from other causes. More information is available in Chap-
ter 14.

Prophylactic treatment is controversial, and no randomized studies exist. Loca-
tion of the abscess (parietal lobe), extension to the cortex, concurrent meningitis, or
surgical treatment (craniotomy) would make us strongly consider starting the ICU
patient on prophylactic antiepileptic treatment. The duration of the treatment, either
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after a seizure or prophylactically, is also unknown, but we would recommend treat-
ing for at least the duration of the antimicrobial treatment (usually 3—6 mo).

Intracranial Extra-Axial Pyogenic Infections

Epidural abscesses and subdural empyemas are bacterial infections within the
extracerebral spaces. Epidural abscesses, which usually occur in the frontal region,
can present with headache, fever, and nausea, although neurological symptoms and
complications are quite rare because of the protective effect of the tight adherence
of dura to overlying skull. A subdural empyema, which is most commonly situated
over the cerebral convexity, can cause altered level of consciousness, focal neuro-
logic deficits, and seizures. The spread of infection through the subdural space can
cause inflammation of the brain parenchyma and result in edema, elevated ICP,
septic thrombophlebitis, venous infarction, or mass effect (1/8,517). These extra-axial
infections may result as a complication of trauma, neurosurgical procedures, men-
ingitis, sinusitis, and other extracranial sources of infection. Otorhinogenic spread
occurs mostly via the valveless emissary veins, allowing superficial infections to
drain into the dural sinuses, causing thrombophlebitis with infection of the subdu-
ral or epidural space (/8). Subdural empyemas and epidural abscesses are com-
monly caused by staphylococcal species. Forty percent of cases can be
polymicrobial (18). Streptococci, followed by staphylococcal organisms and anaer-
obes such as Propionebacterium and Peptostreptococcus, are the most common
causes (18). Seizures are uncommon with epidural abscess and relatively common
with subdural empyema. In a period of 14 yr, 25 patients were retrospectively iden-
tified in a Taiwanese hospital: 15 with subdural empyema and 9 with epidural
abscess. Seizures were found in 54% of patients: in only 1 patient with epidural
abscess and in 12 of 15 (80%) patients with subdural empyema (52). The same
pattern of rarity of seizures with epidural abscess and relative frequency with sub-
dural empyema is also encountered in children (53).

A study of 89 patients with subdural empyema was conducted to assess the inci-
dence of late seizures (54). Mortality was 24 of 89 (27%). The incidence of early
seizures was similar in those who died (62.5%) and those who survived (63%). All
patients received anticonvulsant prophylaxis, which was continued for 12—18 mo.
Early seizures were more common when paranasal sinusitis was present but did not
correlate with occurrence of late epilepsy. Of patients with follow-up, 29% who
had early seizures had further attacks; of patients with no early seizures, 42%
developed epilepsy during the follow-up period, most within the first 2 yr (54). No
factors were identified that predicted the occurrence of late seizures.

Subdural empyema can be treated with intravenous antibiotic therapy, with either
a third-generation cephalosporin and metronidazole, or piperacillin with tazobactam,
followed by early surgical evacuation (47). A prophylactic anticonvulsant is rec-
ommended. Craniotomy is generally preferred to multiple burr holes (54). Antibi-
otics should be continued for 2—6 wk and may be considered to be the only therapy
for fluid collections less than 1 cm in diameter with rapid clinical improvement (55).
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Ventriculitis

Ventriculitis is a pyogenic infection of the ventricular cavity. Arbitrary criteria
for diagnosis include a CSF white blood count greater than 200/mm?, or positive
culture of the ventricular fluid (56). The ventricles may act as a reservoir for persis-
tent inflammation, which may block the CSF outflow tracts and act as a brain
abscess (56). The most common infecting organisms are staphylococcal species.
Thirty percent of all meningitides may be associated with ventriculitis, and over
90% of neonatal meningitis is complicated by ventriculitis (5/,57). This infection
should be considered in patients with meningitis who do not quickly respond to
antibiotics. Ventriculitis is frequently associated with CSF shunts. Intracranial
devices, intrathecal chemotherapy, and rupture of a periventricular abscess through
the ependyma can also increase the risk for ventriculitis. The incidence of seizures
in ventriculitis is not known, although it is probably similar to meningitis, given the
frequent co-occurrence of the two conditions.

A common cause of ventriculitis is shunt placement. Seizures are more frequent
after shunt placement. In an older study, 18.2% of 99 patients with ventriculitis
who were not shunted developed seizures vs 65.4% of those receiving a shunt for
hydrocephalus. EEG abnormalities were also more common in the shunted group
(95%) than in the nonshunted group (47%) (58). In another study 15.2% of children
younger than age 1 yr with ventricular shunts developed postshunt epilepsy, in con-
trast with only 6.9% of patients older than 50 yr (59). Most studies evaluating sei-
zures and hydrocephalus are in children.

Patients with CNS malformations and mental retardation have the highest risk of
postshunt seizures (60). A large retrospective study of children and adults from
Oregon reported an increase in incidence of epilepsy (based on long-term adminis-
tration of antiepileptic drugs [AEDs]) from 12% before shunt insertion to 33% 10
yr later. The hazard rate was 2%/yr. The cause of hydrocephalus was a strong deter-
minant of epilepsy (patients with posthemorrhagic hydrocephalus had the highest
risk, and those with myelomeningocele had the lowest). Interestingly, CSF shunt
infection was not associated in this series with increased risk for epilepsy (61). This
finding was not confirmed in a later study in children shunted for hydrocephalus:
children with shunt malformation, infection, or a combination of these had higher
incidence of epilepsy (62). Thus, shunt-related ventriculitis may or may not increase
the incidence of seizures; the independent effect of infection has not been com-
pared with purely ventricular catheter or shunt placement (which is generally agreed
to increase incidence of seizures).

Treatment of ventriculitis requires externalization or removal and replacement
of the infected intraventricular device. Vancomycin is preferred in acute Gram-
positive ventriculitis because of the increasing resistance patterns to -lactam anti-
biotics (63). Although vancomycin adequately penetrates the blood-brain barrier
when the meninges are inflamed, CSF drug concentrations may be compromised in
the case of ventriculitis or an improving bacterial meningitis, where the meningeal
inflammatory response may be less extensive (64). CSF penetration of vancomycin



Infection or Inflammation and ICU Seizures 201

may be negligible under these conditions, and intraventricular instillation of antibi-
otic may achieve adequate concentrations and be necessary for successful eradica-
tion (65). Treatment of Gram-negative ventriculitis is more controversial: most
studies show no significant clinical benefit with intrathecal administration of gen-
tamicin or amikacin (66,67). The intrathecal or intraventricular instillation of anti-
microbials may be a risk factor for seizures. One should consider the prophylactic
use of AEDs in such cases, especially if there is cortical irritation by periventricular
drain catheter hematoma.

HIV Infection and Seizures

New-onset seizures (NOS) are not uncommon in HIV patients, occurring in 3%
of patients in a prospective study and between 11 and 17% of HIV patients in retro-
spective studies (68—73). Seizures are usually seen in the advanced stages of the
disease, although they may occur early or as the presenting symptom of HIV infec-
tion (74). Von Paesschen found that out of 68 selected patients with seizures, 62
had acquired immunodeficiency syndrome (AIDS) and only 6 patients had AIDS-
related complex or just HIV seropositivity (74). Although most patients have gen-
eralized seizures, partial seizures, both simple and complex partial, may be seen in
patients with diffuse brain disease such as HIV encephalopathy or meningitis (74).
The reported incidence of convulsive SE is 8—18% and is often associated with
poor prognosis (68,70,71). The most common EEG finding is nonspecific diffuse
slowing; focal slowing with epileptiform activity is infrequent (68,70).

The pathophysiology of generalized seizures and SE in HIV-infected patients
may be related to lowered threshold for cortical excitability and impaired inhibi-
tory mechanisms for terminating seizures once started (75). In the majority of
patients, seizures are associated with an underlying intracranial mass lesion, infec-
tion, or metabolic disturbance (Table 1). Intracranial mass lesions, including
opportunistic infections, neoplasms, and cerebrovascular disease, make up almost
half of neurological disorders in AIDS patients (70). These are all commonly asso-
ciated with seizures. Wong et al. (70) reported on 70 of 630 (11%) HIV-positive
patients who presented with NOS. Generalized seizures occurred in 94% of patients,
partial in 26%, and SE in 14%. An associated space-occupying lesion (SOL) or
CNS infection was found in 38 patients (54%) with the following diagnoses: cere-
bral toxoplasmosis (11 patients), CNS lymphoma (8 patients), metabolic derange-
ments (8 patients), cryptococcal meningitis (7 patients), and vascular infarction (4
patients). In this series, PHT was associated with adverse drug reactions in 16 of 62
(26%) of patients who received it.

Toxoplasmosis, the most common cause of intracranial mass lesion in AIDS,
presents with seizures as an early manifestation 15-40% of the time (68). The inci-
dence of diagnosing toxoplasmosis in HIV-infected patients with NOS ranges from
12 to 28% (68,74,76). Timely identification and treatment of toxoplasmosis with
sulfadiazine and pyrimethamine is important for clinical improvement.

The second most common intracranial mass lesion producing seizures in AIDS
patients is CNS lymphoma. Other focal CNS lesions include brain abscess (tuber-
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Table 1
Common Causes of Seizures in HIV-Infected Patients

Intracranial space occupying lesions

CNS lymphoma

Brain abscess (Tuberculoma, Cryptococcus, Nocardia)
Opportunistic infection

Cerebral toxoplasmosis

Cryptococcal meningitis, tuberculous meningitis

Cytomegalovirus encephalitis

Cysticercosis

Progressive multifocal leukoencephalopathy
Metabolic derangements

End-stage renal disease
Drugs

Foscarnet

Perinatal exposure to nucleoside analogs (febrile seizures)
Other

Vascular infarction

HIV-associated dementia

culous, cryptococcal, nocardial), tuberculomas, syphilitic gummas, and cerebrovas-
cular diseases. Progressive multifocal leukoencephalopathy (PML), although a
white matter disease without significant mass effect, can produce seizures, either
partial or generalized (77). The mechanism may involve lesions adjacent to cere-
bral cortex, axonal conduction abnormalities, or disturbance of the neuron—glia
balance (75). Meningitis and encephalitis as a cause of NOS in HIV-infected
patients ranges from 12 to 16%, with cryptococcal meningitis being the most fre-
quent meningoencephalitis-producing seizures (68,70,71,75,76). Subacute scleros-
ing panencephalitis has emerged in HIV-infected children in developed countries
and often presents with seizures and encephalopathy (75). Other less common
infectious causes of seizures in AIDS patients include aseptic meningitis, neuro-
syphilis, herpes zoster leukoencephalitis, and cytomegalovirus encephalitis (76).
In 6-46% of reported HIV patients with NOS, no identifiable cause is found,
and the etiology of seizures is attributed to the HIV infection itself (68-73). In one
study, HIV encephalopathy was responsible for seizures in 24% of patients (68). In
another series, 41% of patients had cerebral atrophy identified as the only lesion on
CT scan (71). Dore et al. found that 18% of patients with NOS of no identifiable
etiology were taking foscarnet, which was postulated as potentially epileptogenic
(76). Modi et al. (73) studied 15 HIV-infected heterosexual patients from South
Africa who presented with NOS as the sole neurologic manifestation and were tak-
ing no medications. The patients were predominantly female, with mean age 31 yr,
and mean latency of 1.6 mo between discovery of HIV positivity and seizure onset.
Sixty percent had AIDS-defining CD4* T-lymphocyte counts, and there was a high
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prevalence of pulmonary tuberculosis and multiple nonneurologic illnesses. Thir-
teen patients had generalized seizures and 2 presented with SE. Their EEG findings
were normal in one-third, and 40% showed a generalized epileptic disturbance
(GED). Despite normal neurologic exam excluding dementia, normal CSF analysis
(apart from presence of HIV), and normal CT/MRI scans of the brain, SPECT scans
of the brain showed abnormal left or right temporal lobe perfusion deficits. The
restricted temporal lobe hypoperfusion may represent a focal metabolic abnormal-
ity or encephalopathy induced by the HIV virus that is postulated to manifest as
seizures. SPECT scan showing multiple or focal uptake defects is also reported as
very sensitive in detecting the early stages of AIDS dementia (78). Postmortem
neuropathological examination of the brain in 17 patients who had experienced
NOS without identifiable cause showed microglial nodules or multinucleated cells
or both in 6 patients, suggesting that the HI'V infection was the likely cause of the
seizures (70).

The likely pathophysiology of seizures in HIV-infected patients without identi-
fiable etiology relates to the role of HIV infection in the brain. Specifically, HIV-
or immune-related toxins produced by interactions between macrophages,
microglia, monocytes, and astrocytes may injure or kill neurons (75). Neurotoxic
substances, including eicosanoids, platelet-activating factor, quinolate, cysteine,
cytokines, and free radicals, increase glutamate release, activate voltage-dependent
calcium channels and channels operated by N-methyl-p-aspartate (NMDA) recep-
tors, leading to calcium influx and neuronal death. Neurotransmitter imbalances
may also predispose to seizures.

Seizures are generally a poor prognostic indicator in HIV-infected patients and
will likely recur. Therefore, treatment is recommended for patients experiencing a
first seizure without a reversible cause. In view of potential drug—drug interactions
as a result of hepatic enzyme induction, and drug—disease interactions caused by
reduced concentrations of protease inhibitors and therefore antiviral efficacy (79),
the anticonvulsant of choice is ideally one that has no effect on viral replication,
has limited protein binding, and does not have effects on the cytochrome P450
system (80). Candidates include gabapentin, topiramate, and tiagabine. Most
nucleoside reverse transcriptase inhibitors are renally metabolized through
glucuronidation by enzyme systems other than cytochrome P450 and thus do not
affect the hepatically metabolized AEDs. On the other hand, the nonnucleoside
reverse transcriptase inhibitors (like nerivapine, delaviradine, and efivanenz) use
the cytochrome P450 system and may lead to either induction (efivarenz) or inhibi-
tion (nevirapine and delaviradine), affecting the antiepileptics that use these sys-
tems (Table 2) (81).

The intensivist should also remember that the HIV-protease inhibitors are sub-
strates for and inhibitors of the hepatic CYP3A enzyme system and can affect AED
concentrations. Carbamazepine (CBZ) at a dose of 200 mg/d for post-zoster meral-
gia reached antiepileptic therapeutic levels in an HIV patient receiving triple
antiretroviral therapy (indinavir, zidovudine, and lamivudine). On the other hand,
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Table 2

Antiepileptic and HIV-Protease Inhibitor (PI) Interactions

Antiepileptic Protease inhibitor  Interaction

Phenytoin RI, SA, IN, NE Increase PHT levels; decreased PI efficacy

Phenobarbital RI, SA, IN, NE Decreased PI efficacy

Valproic acid RI Decreased valproate efficacy

Diazepam RI, SA, IN, NE Increased diazepam toxicity; contraindicated

Clonazepam RI, SA, IN, NE Increased clonazepam toxicity; substitute
clonazepam

Lamotrigine RI Decreased lamotrigine efficacy

Topiramate RI ? Increased topiramate toxicity

Tiagabine RI, SA, IN, NE Increased tiagabine toxicity

Felbamate RI, SA, IN, NE Decreased PI efficacy

Ethosuximide RI Increased ethosuximide toxicity; substitute or
decrease dose

Gabapentin — —

Vigabatrin — —

RI, ritonavir; SA, saquinavir; IN, indinavir; NE, nelfinavir.
(Adapted from ref. 82.)

indinavir plasma concentrations decreased significantly and HIV-RNA became
detectable during the period of CBZ treatment (82).

In addition to drug—drug metabolic interactions, the intensivist should consider
hypoalbuminemia, a common situation in the ICU and in HIV-seropositive patients.
Highly protein-bound AEDs (PHT, valproic acid [VPA], CBZ, clonazepam, diaz-
epam) may displace highly protein-bound antiretroviral drugs (delaviradine,
efivanez, saquinavir vitonavir, nelfinavir, lopinavir, and ampenavir) or vice versa,
leading to toxic free concentrations of either drug (83). The HIV-induced
hypergammaglobulinemia may also predispose patients to hypersensitivity reac-
tions from antiepileptics, especially PHT (84).

PHT remains the most widely prescribed anticonvulsant for these patients,
although side effects, including skin rashes, leukopenia, thrombocytopenia, and
hepatic dysfunction, are common (70,75). VPA should be avoided if possible,
because it has been shown to stimulate HIV replication in vitro (80,85,86). How-
ever, in a retrospective study of manic HIV-positive patients who were taking
divalproex sodium and antiretrovirals, the HIV-1 viral load did not increase. One
patient who was not taking antiretrovirals had a 0.17 log viral load increase (87).

VASCULITIDES

Vasculitides comprise a heterogeneous group of multisystem disorders charac-
terized by inflammation and necrosis of blood vessel walls, resulting in various
sequelae including aneurysms, vessel wall rupture and hemorrhage, and occlusion
and infarction (88,89). Vasculitis affecting the CNS is both extremely variable and
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challenging because of a lack of specific signs and symptoms and lack of non-
invasive diagnostic tests. Vasculitis isolated to the CNS is referred to as primary
CNS angiitis; secondary vasculitis is associated with numerous conditions, includ-
ing infections, lymphoproliferative disease (lymphoma), drug abuse (amphet-
amines), connective tissue disease, and other forms of systemic vasculitis (88). In
most cases, the diagnosis is based on clinical presentation, presence of specific
serum markers, and biopsy of lesions. A new era in neuroimaging diagnosis is also
foreseen. Goerres et al. report a patient with refractory epilepsy evaluated with
positron emission tomography (PET) using ['' CICR-PK11195, a specific ligand
for the peripheral benzodiazepine (BDZ) binding site, abundant on cells of mono-
nuclear phagocytic lineage. No gadolinium enhancement was found. PET showed
several areas in the occipital and temporal lobes of abnormal PK11195 binding and
a biopsy confirmed chronic vasculitis (90).

Necrotizing Vasculitides

The nectotizing vasculitides include classic polyarteritis nodosa (PAN),
Wegner’s granulomatosis (WG), allergic angiitis and granulomatosis (Churg-
Strauss [CS]), necrotizing systemic vasculitis overlap syndrome, and lymphoma-
toid granulomatosis (88).

Wegner’s Granulomatosis

WG is a necrotizing granulomatous vasculitis involving upper and lower respi-
ratory tracts; three-quarters of patients develop glomerulonephritis. Neurologic
abnormalities are common and include cranial neuropathies resulting from con-
tiguous extension of granulomas from the nasopharynx, encephalopathy, seizures,
pituitary abnormalities, and focal motor and sensory deficits caused by small-vessel
vasculitis (88). Peripheral neuropathies are also common. Seizures are usually a
late complication.

Polyarteritis Nodosa

CNS involvement in PAN ranges from 4 to 41% and is usually a late manifesta-
tion (89). Peripheral nervous system damage is much more common (50-75% of
cases). CNS lesions include focal lesions causing transient ischemic attacks, stroke
(ischemic or hemorrhagic), seizures and, more commonly, diffuse lesions causing
multifocal neurologic findings and encephalopathy (89,91). Generalized or partial
seizures have been described in 25-50% of patients with CNS complications and
often occur together with acute disease such as headache, acute confusional state,
and focal neurologic deficits (92). Seizures in PAN do not usually require long-
term management.

CNS disease is usually associated with systemic features such as fevers, cutane-
ous involvement, and renal complications (93). Elevated erythrocyte sedimentation
rate (ESR), leukocytosis, anemia, thrombocytosis, hematuria, proteinuria, and cir-
culating immune complexes may be found. Hepatitis B antigenemia is present in up
to 30% of patients, and their treatment and outcome may be different from those
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with idiopathic PAN (88,93). Angiography may demonstrate vasculitis, because
medium-sized vessels are involved. The presence of neurologic complications does
not influence survival, which is significantly increased with treatment with corti-
costeroids and cytotoxic agents. Recommended treatment of seizures includes
anticonvulsants as adjuncts to immunosuppressive therapy.

CS Syndrome

CS syndrome can involve multiple organs, particularly pulmonary vessels, caus-
ing asthma and pulmonary infiltrates along with eosinophilia (88). Neurologic
abnormalities are similar to those of PAN, and early encephalopathy being frequent
because of small-vessel involvement. The CNS was involved in 62% of 47 cases
from the Mayo Clinic. In this series, no patients had seizures (94).

Vasculitides Associated With Connective Tissue Disease

Systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), scleroderma,
Sjggren’s syndrome (SS), and mixed connective tissue disease (MCTD) are vascu-
litides associated with connective tissue disease. Although CNS involvement is
common in SLE and MCTD, occurring in 20-50% of patients, it is rare in sclero-
derma and RA (89).

Systemic Lupus Erythematosus

SLE is characterized by immunologic mediated damage to multiple organs, par-
ticularly skin, kidneys, and joints, secondary to generation of autoantibodies and
immune complexes (88). Seizures unrelated to renal failure, hypertension, or medi-
cations occur in approx 14—17% of patients with SLE, usually in the early phases of
illness, and most are nonrecurrent (93). One large series reported 6 of 17 patients
with a single seizure, and only 3 patients who continued to have seizures after 3 mo
(95). Seizures are the first and only manifestation of SLE in approx 3% of patients
(93). These patients have frequent laboratory abnormalities including antinuclear
antibodies (92%), leukoerythrogenic cells (76%), and hypocomplementemia (57 %)
(95). The presence of seizures does not alter mortality risk. However, during the
terminal phases of disease, seizures may occur with increased frequency.

Seizures commonly occur together with neuropsychiatric (NP) findings, throm-
bocytopenia, and cutaneous signs of vasculitis (93). NP disturbances are common
in SLE. They often occur in the first year of disease but are rarely the presenting
symptom (96). One study of NP findings in a large cohort of southern Chinese
patients with SLE who were followed for 16 yr reported that seizure disorder was
the most common event (occurring in 28% of patients), followed by cerebrovascu-
lar disease (19%), acute confusional state (14%), and psychosis (11%) (97). Sei-
zures were mostly of the GTC type. Serological and other clinical associations with
NP syndromes in SLE patients include vasculitis, antiphospholipid antibodies and
hematological complications (thrombocytopenia, leukopenia) (97,98), higher risk
of renal failure (99), and history of cyclophosphamide treatment (97).
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The pathogenesis of seizures and other NP syndromes in SLE is not well-
understood. Antiphospholipid antibodies are more frequently found in patients with
SLE and seizures than in patients with SLE without seizures. In a study of 221
unselected patients with SLE, 43.8% of patients with epilepsy had detectable lupus
anticoagulant vs 20.8% of patients without (p = 0.057). A significant association
was found between moderate to high titers of IgG anticardiolipin antibodies and the
presence of seizures (p = 0.02) (100). One important mechanism is likely an occlu-
sive vasculopathy, suggested by the strong association between antiphospholipid
antibodies and NP symptoms (97,98). In a prospective study of 76 Indian women
with SLE, a strong association was found between seizures and anticardiolipin and
anti-f3-2 glycoprotein I antibodies (1/01). Circulating anticardiolipin antibodies from
SLE patients with seizures decreased responses mediated by y-aminobutyric acid in
snail neurons in vitro (/02). Pathologic studies of SLE patients with seizures have
shown cerebral microinfarcts and subarachnoid hemorrhage (103). True vasculitis is
actually rare in SLE, and frequent findings include hyalinization, perivascular
inflammation, and endothelial proliferation (88,7/03). The most common pathological
finding at autopsy is a noninflammatory small-vessel vasculopathy (/04). In vitro and
in vivo studies suggest that antiphospholipid antibodies may activate vascular endothe-
lial cells, leading to expression of leukocyte adhesion molecules and generating a
prothrombotic state on the endothelial cell surface (105,106). Evidence of disordered
immune regulation is also present in the CNS in the form of immune complexes in CSF
(107) and choroid plexus (108), elevated [gG CSF-serum index, oligoclonal CSF IgG
(109), and lymphocytotoxic antibodies that cross-react with brain (710).

In patients with SLE who present with seizures, it is important to consider sev-
eral neurologic conditions including infarction (cardioembolism from Libman—
Sacks endocarditis, a mural thrombus, antibody-raised homocysteine levels, carotid
dissection, and hypertensive small-vessel disease), cerebral venous sinus thrombo-
sis, encephalitis, and cerebral vasculitis. In patients on immunosuppressants, it is
crucial to rule out infections, including intracranial abscess and cryptococcal men-
ingitis. Widespread vascular abnormalities on angiography should suggest a cause
other than SLE for seizures caused by lack of large-vessel involvement by this
disease (93).

EEG abnormalities are frequent, but nonspecific, findings (/77). One small study
of brain pathology in SLE patients reported the strongest association between pres-
ence of cerebral microinfarcts and seizures (4 of 5 patients) (/72). Patients with
SLE (as well as WG and PAN) who are being treated with cytotoxic therapy have
also been reported to develop reversible posterior leukoencephalopathy syndrome
(RPLS) with resulting seizures and other typical clinical and radiological manifes-
tations (/13). The etiology of RPLS in this context is believed to be dysfunction of
the vascular endothelium secondary to several factors including hypertension, renal
failure with fluid retention, and cytotoxic drugs. The condition is reversible with
prompt administration of antihypertensive and anticonvulsant medications and cor-
rection of fluid overload management (/13).
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Treatment of seizures during a disease flare depends on frequency of attacks and
etiology. Most CNS complications occur in untreated patients or those on low-dose
corticosteroids (93). Single seizures occurring during disease flares may respond to
corticosteroids alone, but recurrent attacks should be treated with anticonvulsants
(93). It is rare for the disease to worsen because use of hydantoins, ethosuxamide,
and trimethadione has caused drug-induced SLE, and this small risk should not
prevent the use of appropriate anticonvulsants (93). The intensivist is frequently
perplexed when a patient on antiepileptics develops a rash. Possibilities include
allergic reaction, unmasking of SLE by the drug, or anticonvulsant hypersensitivity
syndrome. The latter is characterized by the triad of fever, rash, and internal organ
involvement, with incidence of 1:1000 to 1:10,000 exposures. Aromatic
antiepileptics (PHT, PB, CBZ) and also lamotrigine, VPA, felbamate, primidone,
and trimethadione have been implicated (//4—117). The reaction usually develops
1-12 wk after initiation of therapy and is thought to be caused by insufficient detoxi-
fication of arene oxides (metabolites of aromatic antiepileptics). Lymphadenopa-
thy, hypothyroidism (even 2 mo later) and multiorgan involvement (skin, liver,
kidney, lungs, CNS) can lead to fatal complications. Cross-reactivity among aro-
matic antiepileptics occurs in 75% of cases. Immediate discontinuation of the drug,
hydration, antihistamines, and topical and systemic corticosteroids can be used.
Because of genetic predisposition, siblings of patients may be at increased risk.

Drug-induced SLE is much more frequent, with distinct clinical and laboratory
abnormalities. Drugs such as PHT, CBZ, ethosuxamide, trimethadione, primidone
and VPA have been implicated, but PB and BZDs are rarely implicated (1/7). The
clinical presentation of drug-induced SLE is frequently abrupt onset of malaise and
fever. Overall, however, the disease is milder than idiopathic SLE and renal or
neurological involvement is rare, with pleuropulmonary and pericardial manifesta-
tions more common. The main difference between drug-induced SLE and hyper-
sensitivity syndrome is the presence of autoantibodies in the former, including
antihistone, antinuclear antibodies, that may persist for months or years after dis-
continuation of the drug, as opposed to the symptoms that promptly remit.

Rheumatoid Arthritis

CNS involvement causing seizures in RA is uncommon (20% of patients with
CNS involvement have seizures) (//8), but it can include isolated CNS vasculitis
involving small and intermediate sized vessels, blood hyperviscosity, meningeal
infiltration with inflammatory cells, rheumatoid nodules and plaques, and choroid
plexus infiltration (//9-122). One reported case of RA of the CNS presenting with
focal seizures was attributed to a focal meningeal vasculitis (/22). The patient
responded to etanercept, cochicine, and anticonvulsant therapy.

Scleroderma

NP symptoms have been reported in 5 of 32 (16%) patients with systemic scle-
rosis, and secondary generalized or focal motor seizures were noticed among them.
EEG was normal in this series, and primary CNS involvement could not be con-
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firmed (/23). Simple partial motor seizures associated with fibrosis of cerebral
arterioles and arteritis involving middle cerebral artery branches and vasa vasorum
of the carotid artery have been reported in scleroderma patients (/24). These are
thought to be the result of hypertension (88).
Sjogren’s Syndrome

SS, characterized by xerophthalmia and xerostomia, may also present with CNS
involvement, either focal or diffuse in 25% of cases (89). CNS manifestations
include seizures as well as focal motor, sensory, and language deficits, movement
disorders, brain-stem syndromes, encephalopathy, dementia, and recurrent aseptic
meningitis (89,125). Complex partial and simple partial motor seizures have been
described. Cerebral findings are associated with antineuronal antibodies, or an
autoimmune inflammatory cerebral vasculopathy affecting predominantly small
vessels, and multiple areas of increased signal intensity on MRI with T2 and pro-
ton-density weighing (89,726). Other common findings are peripheral neuropathy,
elevated ESR, cutaneous vasculitis, and renal tubular acidosis (725).

Mixed Connective Tissue Disease

Generalized motor seizures have been reported in association with ataxia, hemi-
paresis, meningeal signs, and psychiatric disturbances (/27). The neuropathology
of these findings is not well understood. Intractable temporal lobe seizures have
been reported in patients with ulcerative colitis. Steroid tapering and abdominal
surgery led to SE (128).

Vasculitis Associated With Other Systemic Diseases

Behcet’s disease, ulcerative colitis, sarcoidosis, relapsing polychondritis, and
Kolmeier—Degos disease are vasculitides associated with another set of systemic
diseases.

Behget Disease

Behcet syndrome is a multisystem inflammatory disease of unknown cause that
involves the CNS in approx 5% of patients (129). Criteria for diagnosis (Interna-
tional Study Group for Behget’s Syndrome) are recurrent oral ulceration plus two
of the following conditions: recurrent genital ulceration, eye lesions, skin lesions,
or positive pathergy test (hypersensitivity of the skin to nonspecific physiological
insult) (/30). Neurological involvement in Behget syndrome usually manifests as a
subacute brainstem meningoencephalitis, occasionally with hemispheric or spinal
cord involvement, and MRI lesions in about 75% of cases (131). Seizures are
observed independently, but are an important indication of CNS involvement;
alternately, seizures can accompany cerebral venous sinus thrombosis or may be
related to interferon-a treatment (/32—735). In one review of 223 patients with
neurologic Behcet disease, seizures were observed in 10 (4.5%) cases (132). Sei-
zures occurred during neurologic exacerbation in only five patients, giving a preva-
lence 2.2% to seizures resulting from the disease. In the other five patients, seizures



210 Ziai

were not related to neurologic Behget disease attacks. The most common seizure
type was GTC seizures with focal motor seizures, which were controllable in most
cases. Seizures were associated with abnormal CSF findings (high protein, pleocy-
tosis) in most cases, a poor prognostic factor in neuro-Behcet disease, indicating
parenchymal involvement (/29). It was postulated that seizure occurrence may
indicate dissemination of the inflammatory process to involve cortex. Seizures may
also be associated with cerebral hypoperfusion; in a study of Behcet’s disease evalu-
ated by SPECT, three of seven patients had seizures and hypoperfusion in the tem-
poral lobe, including the mesial portion (/36). The occurrence of seizures also
seemed to be associated with a high mortality rate, although it remains an unusual
neurologic complication for this disease. Seizures are usually controlled with
monotherapy with CBZ or PHT, but PB and oxcarbazepine have also been used
successfully (/32). Immunosuppressive therapy with intravenous steroids and
cyclophosphamide or chlorambucil may also help to control seizures (137).

REFERENCES

1. Bleck TP, Smith MC, Pierre-Louis SJC, Jares JJ, Murray J, Hansen C. Neurologic complications
of critical medical illnesses. Crit Care Med 1993;21:98-103.
2. Coyle P. Overview of acute and chronic meningitis. In: Marra CM, ed. Neurologic Clinics: Cen-
tral Nervous System Infections. Vol. 17. Philadelphia: WB Saunders; 1999:691-710.
3. Townsend G, Shield W. Infections of the central nervous system. Adv Intern Med 1998;43:
403-447.
4. Rotbart H. Enterviral infection of the central nervous system. Clin Infect Dis 1995;20:971-981.
5. Annegers JF, Hauser WA, Beghi E, Nicolosi A, Kurkland LT. The risk of unprovoked seizures
after encephalitis and meningitis. Neurology 1988:38(9):1407-1410.
6. Quagliarello VJ, Scheld WM. Treatment of bacterial meningitis. N Engl J Med 1997;336:708-716.
7. Durand ML, Calderwood SB, Weber DJ, Miller SI, Southwick FS, Caviness VS, Swartz MN.
Acute bacterial meningitis in adults: a review of 493 episodes. N Engl J Med 1993;328:21-28.
8. Pfister HW, Feiden W, Einhaupl KM. Spectrum of complications during bacterial meningitis in
adults: results of a clinical study. Arch Neurol 1993;50:575-581.
9. Sigurdardottir B, Bjornsson OM, Jonsdottir KE, Erlendsdottir H, Gudmundsson S. Acute bacte-
rial meningitis in adults: a 20-year overview. Arch Intern Med 1997;157:425-430.
10. Hussein AS, Shafran SD. Acute bacterial meningitis in adults: a 12-year review. Medicine (Bal-
timore) 2000;79(6):360-368.
11. Igarashi M GR, Gerald B, et al. Cerebral arteritis and bacterial meningitis. Arch Neurol
1984:41:531.
12. Dinubile MJ, Boom WH, Southwick FS. Septic cortical thrombophlebitis. J Infect Dis
1990;161(6):1216-1220.
13. Jordan KG. Continuous EEG monitoring in the neuroscience intensive care unit and emergency
department. J Clin Neurophysiol 1999;16(1):14-39.
14. Graman P. Mollaret’s meningitis associated with acute Epstein-Barr virus mononucleosis. Arch
Neurol 1987;44:1204-1205.
15. Steel JG DR, Barringer JR. Isolation of herpes simplex virus type I in recurrent (Mollaret) men-
ingitis. Ann Neurol 1982;11:17-21.
16. Barontini F, Ghezzi M, Marconi GP. A case of benign recurrent meningitis of Mollaret. J Neurol
1981;225(3):197-206.
17. Doern GV BA, Pierce G, et al. Antimicrobial resistance among clinical isolates of Streptococcus
pneumoniae recovered from outpatients in the United States during the winter months of 1994 to



Infection or Inflammation and ICU Seizures 211

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

1995: results of a 30-center national surveillance study. Antimicrob Agents Chemother
1996;40:1208.

Armstrong WS BN, McGillicuddy JE. Infections of the central nervous system. In: Crockard
AHR, Hoff JT, eds. Neurosurgery: The Scientific Basis of Clinical Practice, Vol 2, 3rd ed. Oxford:
Blackwell Science; 2000:757-783.

Chretien F BL, Hilton DA, et al. Herpes simplex virus type I encephalitis in acquired immunode-
ficiency syndrome. Neuropathol Appl Neurobiol 1996;22:394.

Hamilton RL AC, Grafe MR, et al. Herpes simpex virus brainstem encephalitis in an AIDS patient.
Clin Neuropathol 1995;14:45.

Marks DA, Kim J, Spencer DD, Spencer SS. Characteristics of intractable seizures following
meningitis and encephalitis. Neurology 1992:;42(8):1513-1518.

Advisory Committee on Immunization Practices. Inactivated Japanese encephalitis virus vac-
cine. Recommendations of the Advisory Committee on Immunization Practises (ACIP). MMWR
Morb Mortal Wkly Rep 1993;42(RR-1):1-15.

Hoke CH, Nisalak A, Sangawhipa N, Jatanasen S, Laorakapongse T, Innis BL, et al. Protection
against Japanese encephalitis by inactivated vaccines. N Engl ] Med 1988;319:608-614.
Solomon T, Dung NM, Kneen R, Gainsborough M, Vaughn DW, Khanh VT. Neurological aspects
of tropical disease: Japanese encephalitis. J Neurol Neurosurg Psychiatry 2000;68:405-415.
Tsai TF, Factors in the changing epidemiology of Japanese encephalitis and West Nile fever. In:
Saluzzo JF, Dodet B, eds. Factors in the Emergence of Arbovirus Diseases. Paris: Elsevier;
1997:179-189.

Kaiser R. The clinical and epidemiological profile of tick-borne encephalitis in southern Ger-
many 1994-98: a prospective study of 656 patients. Brain 1999;122:2067-2078.

Solomon T, Cardosa MJ. Emerging arboviral encephalitis. Br Med J 2000;321:1484,1485.
Johnson RT, Burke DS, Elwell M, Leake CJ, Nisalak A, Hoke CH, et al. Japanese encephalitis:
immunocytochemical studies of viral antigen and inflammatory cells in fatal cases. Ann Neurol
1985;18:567-573.

Solomon T, Dung NM, Kneen R, Thao LTT, Gainsborough M, Nisalak A, et al. Seizures and
raised intracranial pressure in Vietnamese patients with Japanese encephalitis. Brain
2002;125:1084-1093.

Minns RA, Brown JK. Intracranial pressure changes associated with childhood seizures. Dev
Med Child Neurol 1978;20:561-569.

Shorvon SD. Status Epilepticus: Its Clinical Features and Treatment in Children and Adults. Cam-
bridge, UK: Cambridge University Press; 1994.

Simpson H, Habel AH, George EL. Cerebrospinal fluid acid—base status and lactate and pyruvate
concentrations after convulsions of varied duration and aetiology in children. Arch Dis Child
1977;52:844-849.

Bertram M, Schwarz S, Hacke W. Acute and critical care in neurology. Eur Neurol 1997;38:
155-166.

Osborn A. Infections of the brain and its linings. Diagnostic Neuroradiology. St Louis: Mosby;
1994:673-715.

McGrath N, Anderson NE, Croxson MC, Powell KF. Herpes simplex encephalitis treated with
acyclovir: diagnosis and long-term outcome. J Neurol Neurosurg Psychiatry 1997;63(3):
321-326.

Lai CW, Gragasin ME. Electroencephalography in herpes simplex encephalitis. J Clin
Neurophysiol 1988;5(1):87-103.

Smith JB WB, Reagan TJ, et al. A distinctive clinical EEG profile in herpes simplex encephalitis.
Mayo Clin Proc 1975;50:469.

Whitley RJ, Gnann JW. Viral encephalitis: familiar infections and emerging pathogens. Lancet
2002;359:507-514.



212 Ziai

39. Wijdicks E. Acute encephalitis. In: Neurologic Catastrophes in the Emergency Department. Bos-
ton: Butterworth & Heinemann; 2000:195-214.

40. Hokkanen LSO, Launes J. Amnesia in acute herpetic and nonherpetic encephalitis. Arch Neurol
1996;53:972.

41. Launes JSJ, Valanne L, et al. Unilateral hyperfusion in brain—perfusion SPECT predicts poor
prognosis in acute encephalitis. Neurology 1997;48:1347.

42. Preiser WWB, Klos G, et al. Unusual course of herpes simplex virus encephalitis after acyclovir
therapy. Infection 1996;24:384.

43. Schlitt M, Bucher AP, Stroop WG, Pindak F, Bastian FO, Jennings RA, Lakeman AD, Whitley
RJ. Neurovirulence in an experimental focal herpes encephalitis: relationship to observed sei-
zures. Brain Res 1988;440(2):293-298.

44. Jay V, Hwang, P, Hoffman HJ, Becker LE, Zielenska M. Intractable seizure disorder associated
with chronic herpes infection. HSV1 detection in tissue by the polymerase chain reaction. Childs
Nerv Syst 1998;14(1-2):15-20.

45. Sagher O HJ. Surgical management of CNS infections. In: Scheld WM WR, Durack DT, eds.
Infections of the Central Nervous System, 2nd ed. Philadelphia: Lippincott-Raven; 1997:
945-972.

46. Roos KL TA, Scheld WM. Acute bacterial meningitis in children and adults. In: Scheld WM WR,
Durack DT, eds. Infections of the Central Nervous System, 2nd ed. Philadelphia: Lippincott-
Raven; 1997:335-402.

47. Wijdicks E. Acute bacterial infections of the central nervous system. In: Wijdicks EFM, ed. Neu-
rologic Catastrophes in the Emergency Department. Boston: Butterworth Heinemann; 2000:183—
194.

48. Calliauw L, de Praetere P, Verbeke L. Postoperative epilepsy in subdural suppurations. Acta
Neurochir 1984;71:217-223.

49. Nicolosi A, Hauser WA, Musicco M, Kurland LT. Incidence and prognosis of brain abscess in a
defined population: Olmstead County, Minnesota, 1935-1981. Neuroepidemiology 1991;10(3):
122-131.

50. Zeidman SM GF, Olivi A. Intraventricular rupture of a purulent brain abscess: case report. Neu-
rosurgery. 1995;36:189.

51. Zimmerman RA GN. Imaging of intracranial infections. In: Scheld WM WR, Durack DT, eds.
Infections of the Central Nervous System, 2nd ed. Philadelphia: Lippincott-Raven; 1997:
923-944.

52. Tsai YD, Chang WN, Shen CC, et al. Intracranial suppuration: a clinical comparison of subdural
empyemas and epidural abscesses. Surg Neurol 2003;59(3):191-196.

53. Smith HP, Hendrick EB. Subdural empyema and epidural abscess in children. J Neurosurg
1983;58(3):392-397.

54. Bok AP PJ. Subdural empyema: burr holes or craniotomy? A retrospective computerized tomog-
raphy—era analysis of treatment in 90 cases. J Neurosurg 1993;78:574.

55. Mauser HW RR, Elderson A, et al. Nonsurgical treatment of subdural empyema. Case report. J
Neurosurg 1985;63:128.

56. Salmon J. Ventriculitis complicating meningitis. Am J Dis Child 1972;124:35-40.

57. Barkovich A. Infections of the nervous system. In: AJ B, ed. Pediatric Neuroimaging. New York:
Raven; 1990:293-325.

58. Ines DF, Marlkand ON. Epileptic seizures and abnormal electroencephalographic findings in
hydrocephalus and their relation to the shunting procedures. Electroencephalog Clin Neurophysiol
1977;42(6):761-768.

59. Dan NG, Wade MJ. The incidence of epilepsy after ventricular shunting procedures. J Neurosurg
1986;65(1):19-21.

60. Sato O, Yamaguchi T, Kittaka M, Toyama H. Hydrocephalus and epilepsy. Childs Nervous Syst
2001;17(1-2):76-86.



Infection or Inflammation and ICU Seizures 213

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Piatt JH, Carlson CV. Hydrocephalus and epilepsy: an actuarial analysis. Neurosurgery
1995;39(4):722-728.

Bourgeois M, Sainte-Rose C, Cinalli G, Maixner W, Malucci C, Zerah M, et al. Epilepsy in
children with shunted hydrocephalus. J Neurosurg 1999;90(2):274-281.

Wilhelm M. Vancomycin. Mayo Clin Proc 1991;66:1165-1170.

Redfield DC UA, Norman D, Overturf GD. Cerebrospinal fluid penetration of vancomycin in
bacterial meningitis. In: Nelson JD GC, eds. Current Chemotherapy and Infectious Disease. Pro-
ceedings of the International Congress of Chemotherapy and the 19th Interscience Conference on
Antimicrobial Agents and Chemotherapy, Vol 1. Washington, DC: American Society for Micro-
biology; 1980:638-640.

Luer MS HJ. Vancomycin administration into the cerebrospinal fluid: a review. Ann
Pharmacother 1993;27:912-921.

Gower DJ BA, Kelly DL, Pegram S. Gram-negative bacillary meningitis in the adult: review of
39 cases. South Med J 1986;79:1499-1502.

McCracken GH MS, Threlkeld N. Intraventricular gentamycin therapy in Gram-negative bacil-
lary meningitis of infancy. Lancet 1980;1:787-791.

Holtzman DM, Kaku DA, So YT. NOS associated with HIV infection: causation and clinical
features in 100 cases. Am J Med 1989;87:173-177.

Aronow HA, Feraru ER, Lipton RB. New-onset seizures in AIDS patients: etiology, prognosis,
and treatment. Neurology 1989;39(suppl):428.

Wong MC, Suite NDA, Douglas RL. Seizures in human immunodeficiency virus infection. Arch
Neurol 1990;47:640-642.

Van Paesschen,Pesola GR, Westfal RE. New-onset generalized seizures in patients with AIDS
presenting to an emergency department. Acad Emerg Med 1998;5(9):905-911.

Pascual-Sedano B, Iranzo A, Marti-Fabregas J, et al. Prospective study of new-onset seizures in
patients with immunodeficiency virus infection. Arch Neurol 1999;56:609-612.

Modi G, Modi M, Martinus J, Saffer D. New onset seizures associated with human immunodefi-
ciency virus infection. Neurology 2000;55(10):1558-1561.

Van Paesschen W, Bodian C, Maker H. Metabolic abnormalities and new onset seizures in human
immunodeficiency virus—seropositive patients. Epilepsia 1995;36:146-150.

Garg RK. HIV infection and seizures. Postgrad Med J 1999;75:387-390.

Dore GJ, Law MG, Brew BJ. Prospective analysis of seizures occurring in human immunodefi-
ciency virus type-1 infection. J Neuro AIDS 1996;1:59-69.

Moulignier A, Mikol J, Pialoux G, Fenelon G, Gray F, Thiebaut JB. AIDS-associated progressive
multifocal leukoencephalopathy revealed by new-onset seizures. Am J Med 1995;99:64-68.
Ajmani A, Habte-Gabr E, Zarr M, Jayabalan V, Dandala S. Cerebral blood flow SPECT with
Tc-99m exametamine correlates in AIDS dementia complex stages. A preliminary report. Clin
Nucl Med 1991;16(19):656—659.

Barry M, Gibbons S, Back D, Mulcahy F. Protease inhibitors in patients with HIV disease. Clini-
cally important pharmacokinetic considerations. Clin Pharmacokinet 1997;32:194-209.
Romanelli F, Ryan M. Seizures in HIV-seropositive individuals: epidemiology and treatment.
CNS Drugs 2002;16(2):91-98.

Romanelli F, Pomeroy C. Concurrent use of antiretrovirals and anticonvulsants in human immu-
nodeficiency virus (HIV) seropositive patients. Curr Pharm Designs 2003;9(18):1433-1439.
Hugen PW, Burger DM, Brinkman K, ter Hofstede HJ, Schuurman R, Koopmans PP, Hekster
YA. Carbamazepine—indinavir interaction causes antiretroviral therapy failure. Ann Pharmacother
2000;34(4):465-470.

Toler SM, Wilkerson MA, Porter WH, Smith AJ, Chandler MH. Severe phenytoin intoxication as
a result of altered protein binding in AIDS. DICP 1990;24(7-8):698-700.

Romanelli F, Jennings HR, Nath A, Ryan M, Berger J. Therapeutic dilemma: the use of
anticonvulsants in HIV-positive individuals. Neurology 2000;54(7):1404—-1407.

Moog C, Kuntz-Simon G, Caussin-Schwemling C, Obert G. Sodium valproate, an anticonvulsant



214 Ziai

drug, stimulates human immunodeficiency virus type 1 replication independently of glutathione
levels. J Gen Virol 1996;77(pt 9):1993-1999.

86. Jennings HR, Romanelli F. Comment: risk of drug—disease and disease—drug interactions with
anticonvulsants in HIV-positive patients. Ann Pharmacother 2000;34(11):1348-1349.

87. Maggi JD, Halman MH. The effect of divalproex sodium on viral load: a retrospective review of
HIV-positive patients with manic syndromes. Can J Psychiatry 2001;46(4):359-362.

88. Fieschi C, Rasura M, Anzini A, Beccia M. Central nervous system vasculitis. J Neurol Sci
1998;153:159-171.

89. Ferro JM. Vasculitis of the central nervous system. J Neurol 1998;245:766-776.

90. Goerres GW, Revesz T, Duncan J, Banati RB. Imaging cerebral vasculitis in refractory epilepsy
using ['! C](R)-PK11195 positron emission tomography. AJR Am J Roentgenroe 2001;176:1016—
1018.

91. CoblynJS, McCluskey RT. Case records of the Massachusetts General Hospital. Weekly clinico-
pathological exercises. Case 3-2003. A 36-year-old man with renal failure, hypertension, and
neurologic abnormalities. N Engl J Med 2003;348(4):333-342.

92. Moore PM, Fauci AS. Neurologic manifestations of systemic vasculitis. Am J Med 1981;71:
517-524.

93. Messing RO, Simon RP. Seizures as a manifestation of systemic disease. Neurol Clin
1986:4(3):563-584.

94. Sehgal M, Swanson JW, Deremee RA, Colby TV. Neurologic manifestations of Churg—Strauss
syndrome. Mayo Clinic Proc 1995;70(4):337-341.

95. Feinglass EJ, Arnett FC, Dorsch CA, Zizic TM, Stevens MB. Neuropsychiatric manifestations of
systemic lupus erythematosus: diagnosis, clinical spectrum, and relationship to other features of
the disease. Medicine (Baltimore) 1976;55:323-339.

96. Van Dam AP. Diagnosis and pathogenesis of CNS lupus. Rheumatol Int 1991;11(1):1-11.

97. Mok CC, Lau CS, Wong RW. Neuropsychiatric manifestations and their clinical associations in
southern Chinese patients with systemic lupus erythematosus. J Rheumatol 2001;28(4):766-771.

98. Karassa FB, Ioannidis JPA, Touloumi G, Boki KA, Moutsopoulos HM. Risk factors for central
nervous system involvement in systemic lupus erythematosus. Q J Med 2000;93:169-174.

99. Gibson T, Myers AR. Nervous system involvement in systemic lupus erythematosus. Ann Rheum
Dis 1975;35:398-406.

100. Herranz MT, Rivier G, Khamashta MA, Blaser KU, Hughes GR. Association between anti-
phospholipid antibodies and epilepsy in patients with systemic lupus erythematosus. Arthritis
Rheum 1994;37(4):568-571.

101. Shrivastava A, Dwivedi S, Aggarwal A, Misra R. Lupus 2001;10(1):45-50.

102. Liou HH, Wang CR, Chou HC, Arvanov VL, Chen RC, Chang YC, et al. Anticardiolipin antisera
from lupus patients with seizures reduce a GABA receptor-mediated chloride current in snail
neurons. Life Sci 1994;54(15):1119-1125.

103. Ellis SG, Verity MA. Central nervous system involvement in systemic lupus erythematosis:
a review of neuropathologic findings in 57 cases, 1955-1977. Semin Arthritis Rheum 1979;8:
212-221.

104. West SG. Neuropsychiatric lupus. Rheum Dis Clin North Am 1994;20:129-158.

105. Simantov R, Lo SK, Gharavi A, Sammaritano LR, Salmon JE, Silverstein RL. Antiphospholipid
antibodies activate vascular endothelial cells. Lupus 1996;5:440,441.

106. Pierangeli SS, Colden-Stanfield M, Liu X, Barker JH, Anderson Gl, Harris EN. Antiphospholipid
antibodies from antiphospholipid syndrome patients activate endothelial cells in vitro and in vivo.
Circulation 1999;99:1997-2002.

107. Seibold JR, Buckingham RB, Medsger TA, et al. Cerebrospinal fluid immune complexes in sys-
temic lupus erythematosus involving the central nervous system. Semin Arthritis Rheum
1982;12:68-76.

108. Atkins CJ, Kondon JJ, Quismorio FP, et al. The choroid plexus in systemic lupus erythematosus.
Ann Intern Med 1972;65-72.



Infection or Inflammation and ICU Seizures 215

109.

110.

111.

112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Winfield JB, Shaw M, Silverman LM, et al. Intrathecal IgG synthesis and blood—brain barrier
impairment in patients with systemic lupus erythematosus and central nervous system dysfunc-
tion. Am J Med 1983;74:837-844.

Bluestein HG, Zvaifler NJ. Brain-reactive lymphocytotoxic antibodies in the serum of patients
with systemic lupus erythamatosus. J Clin Invest 1976;57:509-516.

Cohen SB, Hurd ER. Neurological complications of connective tissue and other “collagen-
vascular” diseases. Semin Arthritis Rheum 1981;11:190-212.

Hanly JG, Walsh NM, Sangalang V. Brain pathology in systemic lupus erythematosus. J
Rheumatol 1992;19(5):732-741.

Primavera A, Audenino D, Mavilio N, Cocito L. Reversible posterior leucoencephalopathy syn-
drome in systemic lupus and vasculitis. Ann Rheum Dis 2001;60:534-537.

Bessmertny O, Pham T. Antiepileptic hypersensitivity syndrome: clinicians beware and be aware.
Curr Allergy Asthma Rep 2002;2(1):34-39.

Knowles SR, Shapiro LE, Shear NH. Drug Safety 1999;21(6):489-501.

Vittorio CC, Muglia JJ. Anticonvulsant hypersensitivity syndrome. Arch Intern Med
1995;155(21):2285-2290.

Drory VE, Korczyn AD. Hypersensitivity vasculitis and systemic lupus erythematosus induced
by anticonvulsants. Clin Neuropharmacol 1993;16(1):19-29.

Beck DO, Corbett JJ. Seizures due to central nervous system rheumatoid meningo-vasculitis.
Neurology 1983;33:1058-1061.

Jan JE, Hill RH, Low MD. Cerebral complications in juvenile rheumatoid arthritis. Can Med
Assoc J 1972:;107:623-625.

Makela A, Heikki L, Sillanpaa M. Neurological manifestations of rheumatoid arthritis. In: Vinken
PJ, Bruyen GW, eds. Handbook of Clinical Neurology, Vol 38. Amsterdam: Elsevier North Hol-
land; 1979:479-503.

Mandybur TI, Cerebral amyloid angiopathy: possible relationship to rheumatoid vasculitis. Neu-
rology 1979;29:1336-1340.

Neamtu L, Belmont M, Miller DC, Leroux P, Weinberg H, Zagzag D. Rheumatoid disease of the
CNS with meningeal vasculitis presenting with a seizure. Neurology 2001;56:814,815.
Hietaharju A, Jaaskelainen S, Hietarinta M, Frey H. Central nervous system involvement and
psychiatric manifestations in systemic sclerosis (scleroderma): clinical and neurophysiological
evaluation. Acta Neurol Scand 1993;87:382-387.

Estey E, Lieberman A, Pinto R, et al. Cerebral arteritis in scleroderma. Stroke 1979;10:595-597.
Alexander E. Central nervous system disease in Sjggren’s syndrome. Rheum Dis Clin North Am
1992;18:637-672.

Spezialetti R, Bluestein HG, Peter JB, Alexander EL. Neuropsychiatric disease in Sjggren’s syn-
drome: anti-ribosomal P and anti-neuronal antibodies. Am J Med 1993;95:153-160.

Bennett RM, Bong DM, Spargo BH. Neuropsychiatric problems in mixed connective tissue dis-
ease. Am J Med 1978;65:955-962.

Akhan G, Andermann F, Gotman MJ. Ulcerative colitis, status epilepticus and intractable tempo-
ral seizures. Epileptic Disord 2002;4(2):135-137.

Akman-Demir G, Serdaroglu P, Tasci B, et al. Clinical patterns of neurological involvement in
Behcet disease: evaluation of 200 patients. Brain 1999;122:2171-2182.

International Study Group for Behget’s Disease. Criteria for diagnosis of Behcet’s disease. Lan-
cet 1990;335:1078-1080.

Kidd D, Steuer A, Denman AM, et al. Neurological complications in Behget’s syndrome. Brain
1999;122:2183-2194.

Aykutlu E, Baykan B, Serdaroglu P, Gokyigit A, Akman-Demir G. Epileptic seizures in Behget
disease. Epilepsia 2002;43(8):832-835.

Duran E, Chacon JR. Behget’s disease with atypical double neurological involvement. Rev Neurol
2001;33(4):333-334.

el Bahri Ben Mrad F, Fredj M, Skandrani L, Kaddour C, Gouider R, Mrabet A. Central venous
thrombosis and Behcet's disease. Tunis Med 2002;80(2):87—-89.



216 Ziai

135. O’Duffy JD, Calamia K, Cohen S, Goronzy JJ, Herman D, Jorizzo J, et al. Interferon-alpha treat-
ment of Behcet’s disease. ] Rheumatol 1998;25(10):1938-1944.

136. Vignola S, Nobili F, Picco P, Gattorno M, Buoncompagni A, Vitali P, et al. Brain perfusion spect
in juvenile neuro-Behget’s disease. J Nucl Med 2001;42(8):1151-1157.

137. Mead S, Kidd D, Good C, Plant G. Behcet’s syndrome may present with seizures. J Neurol
Neurosurg Psychiatry 2000;68(3):392,393.



10

Electrolyte Disturbance
and Critical Care Seizures

Jenice Robinson and Jose I. Suarez

SUMMARY

Electrolyte disturbances in the ICU are extremely common. The electrolyte dis-
order most commonly associated with seizure is hyponatremia, although extremely
low Mg?*, phosphate, and both very low and very high Ca?* values can cause sei-
zures. Critical care physicians must be vigilant to suspect and identify electrolyte
disturbances in their patients, because a growing amount of information suggests
that they are a marker, and potentially a cause, of poor prognosis. Electrolyte dis-
turbance should never be accepted as the etiology of a seizure until a thorough
investigation has been undertaken.

Key Words: Electrolyte imbalance; seizure; hyponatremia; hypernatremia;
hypocalcemia; hypercalcemia; hypophosphatemia.

INTRODUCTION

Electrolyte imbalances are very common in the intensive care unit (ICU). As
will be reviewed, in some cases electrolyte disturbances may be associated with
increased mortality in ICU patients. In patients with neurologic and neurosurgical
disease, the added potential for disruption of the blood—brain barrier (BBB) exists,
and mechanisms for electrolyte homeostasis may break down.

As common as electrolyte disturbances are, they are still a relatively uncommon
cause of seizure. A thorough search should be undertaken to identify other seizure
etiologies before a seizure is ascribed entirely to an electrolyte disturbance. As will
be discussed further, both the seizure and the electrolyte disturbance may result
from the same underlying cause; for example, encephalitis may cause both
hyponatremia and seizure. A complete discussion of ion regulation in the brain and

From: Current Clinical Neurology: Seizures in Critical Care:
A Guide to Diagnosis and Therapeutics
Edited by: P. N. Varelas © Humana Press Inc., Totowa, NJ

217



218 Robinson and Suarez

the pathogenesis of electrolyte induced seizures is beyond the scope of this chapter
and has been covered well elsewhere (/). This chapter reviews some major con-
cepts in seizure pathogenesis and electrolytes.

MECHANISMS FOR ION REGULATION AND EFFECTS
OF CONCENTRATION CHANGES

Ion concentrations in the cerebrospinal fluid (CSF) and the interstitial fluid of
the brain differ from their concentrations in plasma: potassium (K*), calcium (Ca®*),
and bicarbonate (HCO5") concentrations are lower than in plasma, whereas magne-
sium (Mg?*), sodium (Na*), chloride (CI°), and hydrogen (H*) concentrations are
higher (7). The gradient between the brain and the plasma is maintained by active
transport processes. The endothelial cells that form the BBB have a 3Na*(sodium),
2K*-ATPase pump that transports K* out of the brain against its gradient. Disease
states that disrupt the BBB can cause failure of active transport mechanisms if the
disruption is severe. We briefly review the effects on neuronal excitability of
changes on K* concentration, acid-base status, and osmolality.

Potassium

Raising the concentration of extracellular K* depolarizes the neuronal mem-
brane. If the increase is mild, the membrane potential moves closer to firing thresh-
old and the effect on transmission is excitatory. As the concentration of extracellular
K* continues to rise, however, there is partial inactivation of Na* and Ca** currents
in the presynaptic axon, leading to reduced action potential amplitude and decreased
excitability, so that the firing threshold forms a U-shaped curve with increasing K*
concentrations. At the normal physiologic level of 2.7-3.5 mM, the low K* level
provides a brake on neuronal excitation. Many in vitro experiments using slices of
rat hippocampal cortex and baths containing various concentrations of K* have
demonstrated this effect. When K* concentration is raised to 5.0-6.25 mM, synap-
tic transmission is increased; at higher levels synaptic transmission eventually
becomes depressed. On the other hand, CA3 neurons in the hippocampus become
spontaneously active when K* concentrations reach a level of 6.5-7 mM. If the
concentration continues to increase, spreading depression occurs. The ongoing dis-
cussion of mechanisms involved in spreading depression was reviewed in 2001 (2).

Acid-Base Status

Alkalosis increases the excitability of the cortex, whereas acidosis decreases
excitability (7). Clinically, severe alkalosis can induce tetany resembling the tetany
seen with hypocalcemia. This was once thought to occur because of an increase in
the bound fraction of Ca?*; however, the actual decrease in H* ion seems to be the
major mechanism. H* inhibits voltage-gated channels, but in most brain tissue
increased H* concentration inhibits Ca>* channels and Na* channels to a greater
extent than K* channels. Therefore, alkalosis (decreased H* concentration)
increases the inward Ca>* and Na* currents more than it increases the outward K*
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current. The increased Ca®* current results in increased neurotransmitter release
and increased synaptic transmission.

An important factor to consider in management of acid—base disturbances is that
carbon dioxide (CO,) passes freely across the BBB, but H" does not; therefore, if
an acute metabolic acidosis with increased H* results in respiratory compensation
with a lowered partial arterial pressure of CO, (Paco,), the brain may “see” just the
lowered Pac, and a central alkalosis will result. Patients with acute metabolic aci-
dosis may have an increase in their central acidosis when treated with bicarbonate
solutions by similar mechanisms.

Osmotic Effects

Although little is known about the regulation of water transport across the BBB,
it appears that water moves easily across this barrier. Ions do not move freely and
need to be passed through channels in the capillary endothelium membrane, as dis-
cussed earlier (/). When osmolality of plasma acutely drops compared with the
osmolality of cerebral interstitial fluid (as in water intoxication), then water will
move into the brain and cell and brain volumes will increase. Compensatory mecha-
nisms are significantly effective at restoring cell and brain volumes within 48 h.

An acute increase in plasma osmolality draws water from the brain, principally
from the CSF and the interstitial fluid compartments. The most usual reasons for
large changes in plasma osmolality are changes in Na* concentration or addition of
other osmolar substances, such as ketoacids in diabetic ketoacidosis. The issues
involved in the treatment of hypo- and hypernatremia are discussed in the next
section.

Osmotic stresses have direct effects on synaptic transmission. Synaptic trans-
mission in rat cortical slices is enhanced by lowering the osmolality of the sur-
rounding bath (3). Increasing osmolality decreases synaptic transmission. A
decrease in the osmolality of the bathing fluid results in increased inward Ca**
currents in the presynaptic neuron (4). This mechanism may explain the observed
changes in synaptic transmission. For reasons that are not understood, if the osmo-
lality of the fluid bath is kept equivalent with mannitol while the Na* is decreased,
an increase in Ca?* currents still occurs (4).

The physiology of Mg?*, Ca”*, and phosphorus and their effects on neuronal
excitability is reviewed later.

SODIUM IMBALANCE

Hyponatremia

Hyponatremia is a frequent and underrecognized cause of encephalopathy and
seizures in the ICU. In one series of 55 patients from the Mayo Clinic with new-
onset seizures in the medical and surgical ICUs, hyponatremia of less than 125
meq/L was present in 18.2% of the patients (5). Seizures associated with hyponatre-
mia are treated similarly to other seizures, but with the added need to determine and
correct the source of the hyponatremia. The differential diagnosis of hyponatremia
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Table 1
Etiology of Hyponatremia in Patients With Low Plasma Osmolality

Altered renal excretion of water
Decreased extracellular volume
Renal sodium loss: diuretics, adrenal insufficiency, SAH
Extrarenal sodium loss: diarrhea, vomiting, fluid sequestration (“third spacing”)
Normal extracellular volume
SIADH, hypothyroidism, adrenal insufficiency, neoplasms, drugs, postoperative
state, pain, acute respiratory failure, SAH, ischemic stroke, TBI
Increased extracellular volume
CHEF, cirrhosis, renal failure
Excessive water intake
Psychogenic polydipsia
Hypo-osmolar irrigant solutions (such as those used during transurethral resection
of the prostate)

SIADH, syndrome of inappropriate secretion of ADH; ADH, antidiuretic hormone; SAH, sub-
arachnoid hemorrhage; TBI, traumatic brain injury; CHF, congestive heart failure.

is broad, and a complete discussion is beyond the scope of this chapter (see Tables
1 and 2). The essential distinction that must be made is whether the hyponatremia is
acute or chronic. This will determine the risk of cerebral edema, as well as how fast
sodium may safely be corrected. Either acute or chronic hyponatremia can cause
seizures, although seizures occur most often in the acute setting. Hyponatremia is
considered to be acute if it develops over less than 48 h, because brain adaptation to
reduced osmolarity occurs rapidly (6). Seizures, encephalopathy, and other major
neurologic manifestations can occur with even mild hyponatremia if the onset is
rapid. Seizures may have focal or generalized onset. Reported electro-
encephalography (EEG) findings in hyponatremia are nonspecific, and frequently
no changes are seen (7).

Acute, severe hyponatremia should be rapidly corrected; if left untreated, it is
associated with significant rate of death or morbidity caused by cerebral edema.
Animal experiments have shown that following induced hyponatremia there is an
initial phase of rapid ion transfers out of the cell (K*, Na*, CI"), followed by a slow
phase during which the intracellular concentrations of organic osmolytes decrease.
Until the slow phase is complete, cellular edema exists. The mechanism by which
hyponatremia produces seizures appears to have several components: low osmolar-
ity and decreased Na* concentration have both been shown in vitro to increase neu-
ronal excitability (4,8). Additionally, if onset of hyponatremia is acute, then cell
and brain swelling can cause a decrease in cerebral perfusion pressure.

Clinically, acute hyponatremia poses the greatest danger when the rate of serum
Na* decrease is greater than 0.5 meq/L/h with a serum Na* concentration of less
than 120 meq/L (9). Some recommend that in the setting of acute, symptomatic
hyponatremia serum Na* can be corrected by using 3% saline solution as rapidly as
2.4 meq/L/h until the range of mild hyponatremia is reached, when correction
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Table 2
Drugs and Other Substances Reported to Cause Hyponatremia®
SIADH induction Trazodone
Thiazides Direct ADH-like effect
Furosemide Desmopressin
Cyclophosphamide Oxytocin
Vincristine Increased Sensitivity to ADH
Cisplatin Chloropropamide
Barbiturates Tolbutamide
Morphine Indomethacin
Clofibrate Mechanism uncertain
Lisinopril Neuroleptic drugs
“Ecstasy” (3,4-methylenedioxymetham- Monoamine oxidase inhibitors
phetamine) Hyperglycinemia following transure-
Carbamazepine thral prostate resection
Oxcarbazepine Laxatives containing polyethylene
Lamotrigine glycol
Tricyclic antidepressants Visicol use during colonoscopy
Serotonin-reuptake inhibitors
(fluoxetine, sertraline)

ADH, antidiuretic hormone; SIADH, syndrome of inappropriate secretion of ADH.
“Italic type indicates drug reported to cause seizures.
(Data from refs. 34-37, 86-101.)

should be stopped for 24 h (10,11). Other authors believe that so rapid a correction
represents an unnecessary risk and recommend initial correction at a rate of 1-2
meq/L/h, to be stopped as soon as neurologic symptoms improve (12). Particularly
if the exact duration of the hyponatremia is in doubt, caution should be used.

Patients with chronic hyponatremia frequently have mild symptoms, and the
urgency of correction is less. One series of hyponatremic patients from New York
City and Oxford, England, with serum Na* levels less than 120 meq/L found that
76% had associated confusion, and 6% had long tract signs, but only 3.3% devel-
oped seizures (13). Correction of chronic hyponatremia is generally recommended
to be at the rate of less than 10 meq/L/24 h to avoid central pontine myelinolysis
(CPM), a deservedly famous complication of rapid Na* correction. Postcorrection
seizures can also occur, as in the aforementioned study, where the incidence was
1% (13). Even with slow correction, however, CPM has been reported to occur, and
patients with coexisting thiamine deficiency and multiple electrolyte abnormalities
may be at increased risk (/4). Liver failure and hypokalemia also are associated
risk factors for CPM. A recent report suggests that uremia may protect against CPM,
perhaps by resisting the movement of water out of the brain (75). The pathogenesis
of CPM is still under investigation. An animal model of CPM has shown magnetic
resonance imaging (MRI) evidence of BBB disruption and complement deposition
following rapid Na* sodium correction (16).
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The exact rate of correction that can be tolerated by a patient with chronic hypo-
natremia is the subject of debate. Sterns et al. and other investigators reported
patients who developed CPM following corrections of serum sodium of greater
than 0.5 meq/L/h (17,18). This number has become the accepted rate limit for safe
correction, although critics have pointed out that many of the patients reported had
multiple risk factors for CPM. Animal data show that in rats with chronic hyponatre-
mia of less than 120 meq/L, lesions appear when the change in serum Na* is greater
than 25 meq/L/24 h. The first lesions are noted at the level of 14-16 meq/L/24 h
(19). These animal data are nevertheless supportive of the clinical observations in
humans. From the same data, a high initial rate of correction was tolerated without
resulting CPM as long as the total daily limit of Na* correction was respected.

In 1999 a patient was reported who tolerated rapid reinduction of hyponatremia
with hypotonic saline following a rise in serum Na* by 21 meq/L over 24 h. Neuro-
logic deterioration followed the overly rapid correction but improved when the
patient was given hypotonic saline (20). Earlier the authors of this report had pub-
lished animal data suggesting that a window of 2—4 h exists following onset of
neurologic symptoms before irreversible CPM occurs, and a rescue therapy of hypo-
tonic saline can be given during this period (21).

Other treatment modalities for hyponatremia have been explored. For instance,
antagonists to the antidiuretic hormone (ADH) vasopressin are in stages of clinical
testing for hyponatremia involving the syndrome of inappropriate secretion of ADH
(STADH) (10). A suggested treatment algorithm for hyponatremia is shown in Fig. 1.

Acute Hyponatremia in the ICU

Common ICU settings for acute hyponatremia to occur include the postopera-
tive state and STADH secondary to medications or other substances (see Table 2);
SIADH or cerebral salt wasting from intracerebral processes such as meningitis,
encephalitis, and subarachnoid hemorrhage (SAH); adrenal insufficiency; and poto-
mania or psychogenic polydipsia. Some of these are discussed in detail in this chapter.

Postoperative patients have a risk of developing hyponatremia that is frequently
overlooked. One prospective study found that 4.4% of all postoperative patients
develop hyponatremia of less than 130 meq/L. The authors ascribed this mainly to
hypotonic fluid administration and elevated serum ADH levels in their patients
(22). However, in the ICU setting the incidence may be higher. Of the 55 ICU patients
with new-onset seizure reported by Wijdicks and Sharbrough, 8 of the 10 hypo-
natremic patients had undergone postoperative fluid loading (5). Hyponatremic
encephalopathy resulting in death or persistent vegetative state following surgery
in otherwise healthy patients has been reported (23). There are probably multiple
mechanisms for postoperative hyponatremia, including iatrogenic free water load-
ing and increased ADH levels secondary to volume loss, hypotension, and possibly
other factors. A study of ADH levels in 16 patients undergoing uncomplicated
cholecystectomy found that ADH levels increased on average 8.8 times their
baseline levels during surgery and remained high for an additional 2 d despite esti-
mated blood losses of only 80-300 mL (24).
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Patients with intracranial disease have a well-recognized risk of developing
hyponatremia. Originally this was described as a salt-wasting syndrome caused by
inability of the renal tubule to reabsorb sodium secondary to the cerebral lesion
(25). The syndrome is characterized by hyponatremia, natriuresis, and a decrease in
the extracellular fluid volume. A natriuretic factor was hypothesized but not found.
Subsequently, STADH was described, and most patients with hyponatremia follow-
ing SAH were diagnosed clinically as having STADH (26). These patients had clini-
cal diagnoses made on the basis of hyponatremia without dehydration (euvolemic
or hypervolemic state), inappropriately elevated urine Na*, and urine osmolality
higher than the serum osmolality. Fluid restriction was frequently used as a treat-
ment for hyponatremia. A retrospective report of 134 patients with SAH found that
one-third of them had hyponatremia ([Na*] <135 mEq/L) during their hospital
course, with 18% fulfilling criteria for STADH. Of the patients with hyponatremia
who were treated by fluid restriction, 21 of 26 developed cerebral infarctions (27).
Subsequently, the same author reported that plasma volume decreased by greater
than 10% during the first week after SAH in 11 of 21 patients studied. Additionally,
serum vasopressin levels were elevated at admission in 14 of 21 patients and fell
during the first week in all patients (28). Other investigators have since reported
that atrial natriuretic peptide (ANP) levels are elevated in patients with aneurysmal
SAH and could account for natriuresis (29,30). Most recently, a prospective obser-
vational study of 10 ICU patients with aneurysmal SAH who underwent clipping
and a control group of patients who underwent craniotomy for resection of cerebral
tumors had serum and urine electrolytes and plasma concentrations of brain natri-
uretic peptide (BNP), aldosterone, cortisol, ADH, and renin measured daily for 7 d
postoperatively. None of the patients in either group developed hyponatremia, but
all the patients with SAH developed increased urine output, increased urinary
excretion of Na't, and increased fractional sodium filtration with elevated BNP and
low aldosterone levels. None of the patients in the craniotomy group developed
these findings. The authors suggested that their patients had salt-wasting syndrome
associated with increased secretion of BNP and subsequent suppression of aldos-
terone synthesis (37). BNP in humans is mainly of cardiac origin, but it is secreted
by the hypothalamus as well. Further work remains to be done to define this
syndrome.

Currently, most hyponatremia episodes in SAH are considered to be associated
with hypovolemia and are treated with volume expansion and mineral-corticoid
supplementation when needed. If a patient is in symptomatic vasospasm, 3% NaCl
may be given (32). A recent prospective study of patients with SAH did not find
that hyponatremia was independently associated with poor outcome (33). Acute
hyponatremia is also commonly observed following transurethral resection of the
prostate or endometrial resection when the operative field is irrigated with hypo-
tonic glycine solutions (34-37). Neurological abnormalities include visual distur-
bances, seizures, confusion, and cerebral edema (on computed tomography [CT] or
MRI of the brain). In this instance the administration of different irrigating solu-
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tions (i.e., sorbitol-mannitol), diuretics, and sodium reloading are measures that
should be undertaken to prevent or treat seizures. However, no randomized studies
have been carried out, and the role of anticonvulsant medications is uncertain.

Psychogenic polydipsia is a not uncommon cause of severe, acute hyponatremia
that deserves mention. Patients with polydipsia usually are considered able to toler-
ate large, rapid increases in Na* concentration and are at high risk of dying if left
untreated (38). In a retrospective review of 10 yr of institutional experience, one
author reported 5 episodes of rapid Na* correction in this setting that resulted in
neurologic complications out of 24 episodes of psychogenic polydipsia leading to
hyponatremia. The complications included mild symptoms that resolved in two
patients and clinical CPM in three patients. In two of these patients, hyponatremia
was likely of subacute onset, and a third patient was chronically malnourished and
abused alcohol (39). If the exact onset of the hyponatremia is in doubt, caution
should be used.

In summary, hyponatremic patients with seizures should be treated with stan-
dard antiepileptic drugs, and the duration and underlying cause of their hyponatre-
mia should be assessed to determine the appropriate rate of correction. Frequently
patients will have a single seizure without recurrence, and the full differential diag-
nosis should be considered before the seizure is ascribed to hyponatremia.

Hypernatremia

Although hypernatremia is an extremely common problem in the ICU, espe-
cially in the elderly, associated seizures are rare. Other causes of seizures, such as
meningitis, mass lesion, cortical vein or sinus thrombosis, subdural hemorrhage, or
nonketotic hyperglycinemia should be considered before a particular seizure is
ascribed to hypernatremia. In a neurologic patient, the possibility of neurogenic
diabetes insipidus should be considered. This syndrome can occur after SAH, head
trauma, intracranial tumors (i.e., transphenoidal pituitary tumor resection), or
inflammation. Another common cause of hypernatremia in ICU patients is admin-
istration of osmotic diuretics such as mannitol for treatment of increased intracra-
nial pressure. Finally, decreased response to thirst, in the presence of obtundation
or lethargy, without adequate water access can be another cause of hypernatremia
in hospitalized patients.

The acuity of the hypernatremia is important in deciding how fast to treat. Exces-
sively fast rehydration can lead to cerebral edema, increased encephalopathy, and
seizures (40,41). Although again, seizures are rare, hypernatremia portends a poor
prognosis: mortality ranges between 40 and 60% in hospitalized patients with
hypernatremia (42). In a recent prospective, observational study of 298 patients
with SAH, the incidence of hypernatremia was 19%, and it was an independent
predictor of poor prognosis (odds ratio [OR] 2.7, 95% confidence intervals [CI]
1.2-6.1) (33). A different, retrospective study of 389 ICU patients showed the inci-
dence of hypernatremia greater than 150 mmol/L at admission to be 8.9%, with
5.7% of patients subsequently developing hypernatremia during the admission. The
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mortality rate for the patients with hypernatremia at admission was 20.3% com-
pared with 32% in patients who developed hospital-acquired hypernatremia (p
<0.001) (43).

HYPOMAGNESEMIA

Mg?* deficiency is the most common electrolyte disturbance in hospitalized
patients, and in the ICU its incidence has been found to be 20-65% (44,45). As an
isolated cause of seizure, it occurs rarely, but its clinical importance is large in the
critically ill patient population. Multiple studies have shown that low Mg?* is a risk
factor for poor prognosis. A prospective, observational study of 381 patients admit-
ted to the regular floor and to the ICU showed that the mortality rates of patients
with admission Mg?* levels of less than 1.5 were twice the rates of nonhypo-
magnesemic patients who were similar with respect to other variables (46). Other
studies failed to find an association between admission Mg?* and mortality (47). In
a prospective, observational study from Brussels, Belgium, of 446 consecutive ICU
patients, ionized and un-ionized Mg?* levels were measured. The results demon-
strated an ionized hypomagnesemia (normal values 0.42-0.59 mmol/L) at admis-
sion in 18% of patients and showed that there was no correlation with outcome.
Ionized hypomagnesemia that developed during ICU admission was correlated with
increased length of ICU stay, higher admission severity of illness (as determined by
the APACHEII [Acute Physiology and Chronic Health Evaluation II] score), higher
prevalence of sepsis, and higher mortality rate (48). Although the relative merits of
measuring ionized or total serum Mg?* levels remains under discussion, Mg?* lev-
els clearly are of significance.

Mg?* is required for normal endocrine function, protein synthesis, and enzymatic
reactions. The average adult human body has approx 24 g of Mg?*, of which roughly
two-thirds is stored in the bone and one-third in the cardiac muscle, skeletal muscle,
and liver. Normal Mg?* homeostasis is entirely dependent on dietary intake. In
normal circumstances, an adult ingests 200-300 mg of Mg?* daily and absorbs about
half this amount. Mg?* is filtered by the kidney; around 2.5 g of Mg?* a day enters
the tubules, and roughly 95% is reabsorbed in the proximal convoluted tubule and
the loop of Henle. Mg2* is almost entirely intracellular, but acidosis and ischemia
promote release of magnesium from the cell. Among the activities Mg?* is believed
to support are the cell membrane Na*,K*-ATPase pump, proper selectivity of ion
channels, and Ca?* channel blockade. In a low Mg2+ state, intracellular Ca%* con-
centrations rise, and this may be the reason for the increased vasoconstriction seen
with low Mg2* (49).

The situations in which Mg?* deficiency arises are decreased nutritional intake,
stress-induced catecholamine release, gastrointestinal malabsorption, and failure
of the kidney to reabsorb the filtered ion, as part of an endocrine disorder: acute
shifts into the cell from the serum also increase this deficiency (Table 3) (50). All
these situations arise most frequently in the ICU (44). The clinical effects of Mg?*
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Table 3
Causes of Clinical Hypomagnesemia
Malnutrition and gastrointestinal factors Hereditary renal magnesium wasting
Alcoholism (Bartter’s and Gitelman’s
Protein-calorie malnutrition syndromes)
Total parenteral nutrition without mag- Aldosteronism
nesium replacement Alcohol
Nasogastric suction Endocrine
Intestinal bypass surgery Diabetic ketoacidosis
Short-bowel syndrome Hyperparathyroidism
Diarrhea Hyperthyroidism
Laxative abuse Hyperaldosteronism
Colonic neoplasm Acute intracellular shifts
Bulimia Refeeding syndrome
Pancreatitis Glucose infusions
Renal wasting Amino acid infusions
Diuretics Insulin
Antibiotics (aminoglycosides, Catecholamines
foscarnet) B, agonists
Cisplatin Metabolic acidosis
Cyclosporine Other
Hypercalcemic states Exchange transfusion
Postobstructive diuresis Acute intermittent porphyria
Acute tubular necrosis (diuretic Citrated blood products
phase) Phosphorus depletion

depletion include the generation of cardiac arrhythmias (supraventricular
tachycardias, atrial fibrillation, ventricular tachycardias), electrocardiographic
changes (long QT interval, long PR interval, wide QRS, peaked T waves, ST seg-
ment depression), vasospasm and bronchospasm resulting from smooth muscle con-
striction, hypertension, endocrine and electrolyte effects (parathormone [PTH]
stimulation or suppression, insulin resistance, refractory hypokalemia, hypocalce-
mia, and hypophosphatemia), and neurologic manifestations. Patients usually do
not have neurologic manifestations until total serum levels drop below 1.0 mg/dL.
The primary patient complaint may be tremor, fasciculations, spontaneous carpope-
dal spasm, or generalized muscle weakness. On exam, Chvostek’s and Trousseau’s
signs may be elicited. Seizures, when they occur, are usually generalized. Because
seizures also release catecholamines, thus lowering the Mg?* levels, low postseizure
concentrations may be the effect rather than the cause (57). There is some contro-
versy about whether tetany ever occurs without coexisting severe hypocalcemia;
reports exist, but in a prospective study of hypomagnesemic patients no tetany was
observed, and tremor and fasciculations were seen only in patients who were also
hypocalcemic (52,53).
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Mg?* deficiency is a rare cause of intractable seizures in humans (54). In infants,
these seizures occur with the rare condition of primary familial hypomagnesemia
(55). Such infants are supplemented for life with oral Mg?*, and this improves out-
come (56). In adult patients, the exact threshold level of MgZ* necessary to cause
intractable seizures is not well-understood. The mechanism by which low Mg?*
causes seizures is under investigation. Mg?* acts as a membrane stabilizer by screen-
ing the surface charge of the cell membrane, a property it shares with Ca%*. In
contrast, at all synapses Mg+ and Ca* antagonize each other; Mg?* inhibits neu-
rotransmitter release, while Ca>* promotes it (/). Mg?* present at normal levels
antagonizes N-methyl-p-aspartate (NMDA) receptor activation by undetermined
mechanisms, helping to modulate the influx of Ca?* into the cell. In rats a
neuroprotective effect of Mg?* has been seen to NMDA-induced seizures (57). This
may be one mechanism by which low Mg?* facilitates seizures, but it does not
appear to be the primary mechanism. In vitro, rat hippocampal slices suspended in
an Mg**-free bath develop seizurelike discharges that evolve to late recurrent dis-
charges approx 2 h later and are not blocked by anticonvulsants (58). NMDA recep-
tor blockade with antagonists aborts epileptiform discharges as a result of low Mg+,
suggesting a role of NMDA receptor activation for the generation of hypo-
magnesemic seizures (59). One investigator has found that seizurelike discharges
induced in this manner are associated with an increase in the ratio of reduced nico-
tinamide adenine dinucleotide (NAD) to NAD, unlike discharges elicited with
4-aminopurine, suggesting that failure of energy metabolism could be involved in
the evolution of recurrent discharges in this model (60). An interesting feature in
experimentally induced hypomagnesemia seizures is that these events can be pro-
voked by noise in several rat strains. By changing the intensity of the noise stimu-
lus, one can change the susceptibility of the audiogenic seizures. This characteristic
has been used to test the antiepileptic effect of drugs such as PHT, carbamazepine,
phenobarbital, ethosuximide, and diazepam (61,62).

Any seizing patient with the right clinical risks for hypomagnesemia must
have his or her Mg?* level determined, as well as levels of the other electrolytes that
are commonly low in the presence of hypomagnesemia (K*, Ca?*, phosphorus). In
the absence of renal failure and when clinical suspicion is strong, therapy may be
started while information on Mg?* levels is still pending. No clinical trial has dem-
onstrated that Mg?* infusion is adequate therapy for seizures arising in the context
of low Mg?* levels, and standard anticonvulsants are used. PHT may be preferred
to valproate because of the lack of animal data to suggest that it may have more
sustained efficacy (62,63). Mg?* can be dosed at 46 g of magnesium sulfate intrave-
nously and given rapidly at a rate not faster than 1 g/min. This dose can be repeated
every 6 h until loss of patellar reflexes is seen (an early sign of Mg?* intoxication).
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Table 4
Causes of Hypocalcemia

Postthyroidectomy

Postparathyroidectomy or autoimmune hypoparathyroidism
Pseudohypoparathyroidism

Repeated transfusions

Critical illness

Plasmapheresis

Sepsis

Acute pancreatitis

Fat embolism

Crush injury

Rhabdomyolysis

Hypomagnesemia

Primary hypomagnesemia with secondary hypocalcemia
Vitamin D deficiency

Heparin

Other drugs (foscarnet, pentamidine)

Chronic renal failure

Acute renal failure

DISORDERS OF CA>** HOMEOSTASIS

Hypocalcemia

The classic setting for hypocalcemic seizures is in the newborn period. In the
past many newborns had hypocalcemic, hypomagnesemic seizures with onset at
4-14 d of life caused by the high phosphate content in formulas based on cow milk
(64). With improvement in formula composition, the most common time for neona-
tal hypocalcemic, hypomagnesemic seizures is now from birth to age 3. By one
recent retrospective series, these seizures occurred most frequently in infants with
congenital heart disease (7 out of 15 patients) and only one had a mother with
hyperparathyroidism. The author suggested that the heart defects could be associ-
ated with an incomplete form of DiGeorge’s syndrome, but no further information
was available to support this. Prognosis depended on the severity of the associated
medical conditions (65).

In adult patients hypocalcemia usually presents with manifestations of neuro-
muscular irritability such as tetany, carpopedal spasms, and perioral and limb
paraesthesias (66). With very low Ca?* levels such as occur following complete
parathyroidectomy, papilledema, confusion, and seizures can occur. Generalized
convulsions and status epilepticus usually follow a generalized tetanic episode.
Seizures secondary to alendronate-induced hypocalcemia were reported in 2002
(67). Although seizures resulting purely from hypocalcemia are rare, neurologists
should be familiar with the many causes of hypocalcemia that occur in the ICU (see
Table 4).
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The mechanism of hypocalcemic seizures in rat hippocampal models appears to
involve epileptiform discharges predominantly from area CA1 of the hippocampus.
Because the epileptiform discharges could not be abolished by blockade of NMDA
and non-NMDA receptors, it was suggested that ephaptic transmission occurs in
very low Ca?* states (<0.3 meq/L) (68).

Treatment of hypocalcemic seizures includes intravenous Ca’* and an anti-
epileptic medication. The usual dose is 2 ampules of Ca2* gluconate (a 10-cc ampule
contains 4.6 meq of elemental Ca*) or 1 ampule of Ca®* chloride (a 10 cc ampule
contains 13.6 meq of elemental Ca®*) intravenously slowly (over 10-20 min).
Additional continuous infusion can be started at a rate of 1-1.5 ampules of Ca>*
gluconate over 6-8 h with serum Ca?* level measurement every 4—6 h to maintain
serum Ca>* levels near 8 mg/dL. The patient should have Mg?* replaced as well.
Hyperphosphatemia should be treated, if present. Cardiac monitoring is usual
because Ca?* can occasionally cause bradyarrhythmias and first-degree heart block,
particularly if the patient is already taking digoxin.

Hypercalcemia

Severe hypercalcemia (>13.5 meq/L) such as occurs in primary hyperparathy-
roidism has been reported to cause seizures in the setting of confusion and encepha-
lopathy, although this is uncommon (69,70). This presentation with generalized or
focal seizures and coma is sometimes referred to as parathyroid storm. Hypercalce-
mia as the result of a neoplasm, either by direct invasion of bone or as a result of
PTH-related protein (PTHrP) release, also can cause this presentation and is an
oncologic emergency (71). Among drugs, lithium can cause hypercalcemia through
PTH secretion (72).

Multiple patients with severe hypercalcemia and a posterior leukoencephalopa-
thy with visual loss, confusion, drowsiness, and seizures have been reported (73,74).
These patients had multiple areas of subcortical ischemia by neuroimaging, pre-
dominantly in the parieto-occipital regions. Cytotoxic edema is suggested by the
presence of diffusion-weighted imaging abnormalities on MRI (73). EEG has
revealed either occipital intermittent rhythmic A activity (73) or periodic lateralizing
epileptiform discharges (PLEDs) (74). Symptoms resolved with treatment of the
serum Ca”*. One author suggests partly reversible vasospasm of the cerebral ves-
sels as an explanation (74).

The pathophysiology of hypercalcemia-induced seizures is still unclear, in as
much as in rat hippocampus the tendency for neurons to produce multiple spikes is
reduced (75). EEG findings in hypocalcemia include bursts of high-voltage slow
waves with sharp and spike waves and without triphasic waves (76). In hypercalce-
mia bursts of high-voltage slow waves and triphasic waves have been reported, but
PLEDs may be seen (74,76).

The treatment of hypercalcemia requires vigorous intravenous hydration (6-10
L/d) to replete volume and avoid renal failure, and limitation of oral Ca?* intake to
0.5-1.0 mg/d. Following this, intravenous furosemide can be given to encourage
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Table 5
Causes of Hypophosphatemia

Decreased intake/absorption
Starvation
Total parenteral nutrition formula without phosphorus
Alcoholism
Intracellular redistribution
Refeeding syndrome
Acute asthma
Chronic obstructive pulmonary disease
Respiratory alkalosis
Sepsis
Increased renal loss
Fanconi’s syndrome
Cystinosis
Amyloidosis
Myeloma
Wilson’s disease nephrosis
Cadmium toxicity
Acute lead toxicity
Acetaminophen toxicity
Hyperparathyroidism
Vitamin D-resistant rickets
Medications (acetazolamide, theophylline, steroids, dopamine, estrogen,
cisplatin)

calciuresis. In the case of chronic hypercalcemia or when hydration and furosemide
fails to normalize serum Ca”*, agents such as intravenous mithramycin, pami-
dronate, and etidronate are used. Calcitonin can also be used, but tachyphylaxis
reduces its utility for long-term treatment.

HYPOPHOSPHATEMIA

Low phosphate levels frequently accompany deficiencies in other electrolytes.
The majority of serious complications occur with severe hypophosphatemia,
defined as serum concentrations less than 1 mg/dL (<0.32 mmol/L). Moderate hypo-
phosphatemia is considered to be 1.0-2.0 mg/dL (0.3-0.7 mmol/L). The reported
incidence of hypophosphatemia in a general population of hospitalized patients is
2.5-3.1% (77). In the ICU setting, an incidence at admission of 17-45% has been
reported (77,78). A higher incidence among some neurologic patients may be
present. In a report of 18 ICU patients with severe head injury, 61% had hypophos-
phatemia at admission, along with other electrolyte abnormalities. There may be a
yet undefined mechanism in cerebral injury causing phosphate wasting. However,
a caveat is that some of the patients had received a dose of mannitol prior to electro-
lyte measurements (79). Hypophosphatemia can arise because of insufficient intake
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or absorption, intracellular redistribution, or renal losses (see Table 5). The
refeeding syndrome, a famous cause of hypophosphatemia in the ICU, can occur
after starvation of duration as short as 48 h (80).

Phosphorus is a vital component of normal metabolism. Phosphorus is required
for adenosine triphosphate (ATP) synthesis, and the neurologic symptoms are
believed to arise from ATP deficiency. Phosphorus is also required for 2,3-
diphosphoglycerate production, and hypophosphatemia therefore increases the
affinity of the red blood cells for oxygen, decreasing peripheral oxygenation.
Hemolytic anemia may occur in severe hypophosphatemia secondary to increased
rigidity of the red blood cells, which require ATP to remain deformable. Leukocyte
and platelet function is decreased. Cardiac and respiratory failure may occur.

Normal daily dietary intake of phosphorus is approx 1.0-1.5 g. Phosphorus is
absorbed in the jejunum of the small intestine and is in the serum as a free ion.
Phosphorus is freely filtered by the kidney, and 80-90% is reabsorbed in the proxi-
mal tubules. Of the daily phosphorus intake, approximately two-thirds is excreted
in the urine with normal renal function. PTH and 1,25-dihydroxyvitamin Dj
decrease phosphate reabsorption. Roughly 80% of total body phosphorus is in the
bone. Of the remaining 20%, almost all is in the intracellular space (81).

Classic neurologic findings of hypophosphatemia are muscle weakness, either
symptomatic or asymptomatic. A painful myopathy may develop, which can progress
to rhabdomyolysis (82). Paresthesias, tremors, and neuropathy have been reported.
Acute hypophosphatemia has been reported to cause coma or seizures (83).

Replacement of phosphorus has been associated with diarrhea, hypotension, car-
diac arrhythmia, confusion, paresthesia, metastatic calcification, hyperkalemia or
hypernatremia from the salt used to bind the phosphorus, hypocalcemia, and hypo-
magnesemia (87). Traditionally, the dosage used to treat severe hypophosphatemia
has been 0.125 mmol/kg/h over a 4-h infusion (35 mmol in a 70-kg person), and a
dose used to treat moderate hypophosphatemia is 0.0125 mmol/kg/h over 6 h (5.25
mmol in a 70-kg person) (84). A prospective study of 11 ICU patients with moder-
ate hypophosphatemia and initial serum phosphorus levels of 1.6—1.9 mg/dL (0.51-
0.61 mmol/L) used 15 mmol of sodium phosphate intravenously over 2 h, to be
repeated every 6 h as needed. The protocol was well-tolerated (85).
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Alcohol-Related Seizures
in the ICU

Zachary Webb

SUMMARY

Alcohol abuse is a common cause of seizures resulting in admission to the inten-
sive care unit. The cause of the alcohol-related seizures (ARS) is usually abstinence
in a chronic alcoholic, although some patients may still have detectable levels of
alcohol in their blood. ARS generally occur between 7 and 48 h after abstinence.
Approximately half of patients presenting with ARS will have recurrent seizures
(usually two to four) within a vulnerable 6-h period following the initial ARS.
Although patients with ARS rarely enter status epilepticus (SE), alcohol withdrawal
is a common contributing factor in many cases of SE. Evaluation involves search-
ing for a focal cause of the seizure as well as looking for comorbid conditions,
including delirium tremens, that may complicate the management of chronic alco-
hol abusers. Treatment of ARS is similar to general management of alcohol with-
drawal, with benzodiazepines being the mainstay of treatment. Treatment of
alcohol-related SE is similar to that of other causes of SE. Phenytoin is not indi-
cated for treatment of ARS unless the patient enters SE.

Key Words: Seizure; withdrawal; alcohol; status epilepticus; intensive care; ICU;
delirium tremens; antiepileptic; phenytoin.

INTRODUCTION

Alcohol-related seizures (ARS) are a common cause of adult-onset seizures (/).
Management of these patients involves careful evaluation to assess for life-threat-
ening illness as well as causes of seizures other than alcohol. The hospital course
may be complicated by status epilepticus (SE), polysubstance abuse, intracranial
pathology, delirium tremens, and other comorbid conditions.
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ALCOHOL WITHDRAWAL SYNDROME

The alcohol withdrawal syndrome is a spectrum of signs and symptoms follow-
ing cessation or reduction in the intake of alcohol. In general, mild symptoms occur
early and the more serious symptoms, such as seizures and delirium tremens, occur
later in the course of withdrawal.

Minor Alcohol Withdrawal

Symptoms of minor alcohol withdrawal may begin within hours of the last drink,
peak within 1-2 d, and generally disappear in 5-7 d (2—4). Symptoms can occur
before the blood alcohol levels have reached zero (4). The patient may develop
anxiety, tremor, malaise, weakness, irritability, insomnia, vivid dreams, headache,
and autonomic disturbances such as tachycardia, hypertension, diaphoresis, ortho-
static hypotension, and nausea. The tremor in alcohol withdrawal is a tremor of the
hand and tongue and is worse when outstretched. The tremor lasts a few days; the
inner shakiness and uneasiness may remain 10-14 d. After this, the patient is able to
sleep throughout the night without sedation (5). Symptom severity generally relates
to the duration and intensity of the alcohol intake (4).

Alcohol Hallucinosis

Alcohol hallucinosis is a condition that occurs in about 25% of long-term heavy
drinkers (6). The patient experiences visual, auditory, tactile, or olfactory halluci-
nations (7). The bizarre perceptions usually begin within 12-24 h after the last
drink and stop in another 24-48 h (6), although there are reports of patients devel-
oping a chronic paranoid delusional state (2). The electroencephalogram (EEG) is
generally normal (7), and the presence of a grossly normal sensorium helps distin-
guish hallucinosis from delirium tremens (6).

Delirium Tremens

Delirium tremens is the most severe form of alcohol withdrawal. It occurs in less
than 5% of patients hospitalized for alcohol withdrawal and is characterized by
delirium, vivid hallucinations, and autonomic hyperactivity such as systolic hyper-
tension, tachycardia, diaphoresis, mild hyperthermia (<100.5°F), and dilated but
reactive pupils (2,6—8). Although the range of onset may be large (6), the syndrome
usually begins on the second or third day of abstinence and in most cases resolves
within 5 d (5). If seizures occur in the course of alcohol withdrawal, they nearly
always occur before the onset of delirium tremens. If they occur after the onset of
delirium tremens, an organic cause is likely (2). The transient EEG changes that
may be seen during the peak incidence of alcohol withdrawal seizures resolve before
the onset of delirium tremens (9,10). The EEG during delirium tremens is generally
normal, or there is an increase in fast frequencies. This fact may help in differenti-
ating delirium tremens from other causes of altered sensorium.
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Patients at risk for delirium tremens are generally older than age 30 yr and have
a long-standing history of alcoholism (6). The risk for delirium tremens begins at a
daily consumption rate of 80 g of ethanol but becomes appreciable only at 120 g/d
and up (i.e., half a 750-mL bottle per day) (8). Only about 1-10% of patients with minor
withdrawal symptoms will go on to develop delirium tremens (2). Medical illness or a history
of major withdrawal also increases the risk of withdrawal delirium (2,7).

Concurrent medical conditions are often seen and may mask delirium tremens.
Therefore, one must be aware that unexplained hypertension, tachycardia, fever, or
sweating may be signs of delirium tremens in a patient who is not exhibiting the
usual signs and symptoms (6). Before assigning a diagnosis of delirium tremens,
other causes of delirium in the alcoholic should be considered, such as pneumonia,
sepsis, meningitis, hypoxia, hypercapnia, electrolyte disorders, cardiac ischemia or
arrhythmia, hypertension or hypotension, hypoglycemia, hepatic disease, renal dis-
ease, thiamine deficiency, the postictal state, dehydration, medications or illicit
drugs, ketoacidosis, trauma, subdural hemorrhage, intracerebral bleeding, subarach-
noid hemorrhage (SAH), and acute ischemic stroke (6,11-13).

With improved understanding and treatment, death rates have dropped in the last
40 yr from about 20% to just about 1% more recently (2). Death is usually the result
of complications of medical illness such as pneumonia, sepsis, and arrhythmia.

ALCOHOL-RELATED SEIZURES

ARS are a common cause of new-onset seizures in adults (7,9,72). One study
detected alcohol intoxication in the immediate histories of half the patients seen in
the emergency room (ER) for seizures (/2). ARS can generally be thought of as a
withdrawal phenomenon, occurring after several hours of abstinence. In some cases,
however, the patient may still be intoxicated or have detectable levels of alcohol
when the seizure occurs (9,12,14,15).

The seizures generally occur between 7 and 48 h after cessation of alcohol (9).
Seizures occurring after 72 h are likely to be associated with concurrent drug abuse
or intracranial pathology (/6). About half the patients presenting with an ARS will
have recurrent seizures (usually 2—4) within a vulnerable 6-h period following the
initial ARS (9). Because an ARS almost never occurs during delirium tremens,
seizures occurring after onset of delirium are likely to have an organic cause, even
if the patient has a history of ARS (2).

During the peak incidence of ARS, the EEG is often abnormal, showing sharp
waves, spikes, paroxysmal changes, and a photomyoclonic response (9,10). This
phase is very transient and usually quickly returns to normal. If the EEG is obtained
after peak incidence of ARS but within the first few days of the ARS, the EEG may
show increased [} activity, reduced a activity, or a low-voltage EEG pattern (/7).

Although binge drinking has been shown to cause ARS (/2), the risk of having
an ARS is greatest in alcoholics with a history of detoxification, many years of
alcohol abuse, prior ARS, and a score greater than 15 on the Clinical Institute With-
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drawal Assessment for Alcohol (CIWA-A) scale, a validated scale for the assess-
ment of alcohol withdrawal severity (/8-21). The typical patient is male, between
the age of 30 and 60 yr, and is experiencing a period of abstinence following a
period of chronic intoxication (9).

In patients with a predisposition to seizures, such as idiopathic and posttrau-
matic epilepsy, much shorter periods of intoxication are required to trigger ARS. In
some cases, even a single evening of drinking is sufficient. These seizures are simi-
lar to ARS in patients without epilepsy in that they generally occur after a discrete
period of abstinence, not during the period of intoxication (9).

Although ARS are usually generalized, focal seizures may occur as well. In their
study of 472 adults, Earnest and Yarnell (/) found that focal seizures occurred in
24% of ARS. In this series, a focal lesion was found in only 15% of patients, in
comparison to 47% of nonalcoholic focal seizures. Other authors have also reported
a low prevalence of focal lesions in patients with focal ARS (22). These studies
were performed during the era before computed tomography (CT) scans were rou-
tinely available and, therefore, may have underestimated the frequency of focal
lesions, especially traumatic lesions (12).

It is very difficult to predict which patients will have recurrent seizures (i.e.,
seizures within one alcohol withdrawal episode) during the vulnerable 6-h period
following an ARS. Rathlev et al. (23) conducted a retrospective analysis of the
placebo arms of two prospective randomized trials of drug treatments for the pre-
vention of recurrent ARS. They found that the following clinical characteristics
were not predictors of recurrent seizures within 6 h following an ARS: age, gender,
systolic blood pressure (BP), diastolic BP, temperature, respiratory rate, heart rate,
history of ARS, history of nonalcohol-related seizures, daily ethanol intake, and
duration of alcohol abuse. They did find that patients with an initial alcohol level
greater than 100 mg/dL had a significantly lower risk (0%) for recurrent ARS within
the study period than patients with blood alcohol concentration less than 100 mg/
dL (36%, p < 0.01). The reason for this unexpected finding is a matter of specula-
tion, and it is possible that recurrent seizures would have been observed in some of
these patients if the study period had been extended beyond 6 h. Data from a 48-h
follow-up period, available from only one of the two studies, showed that 14% of
patients developed recurrent seizures after discharge from the hospital, and all but
one of these patients had a serum alcohol level of zero on the first visit. The excep-
tion had a level of 22 mg/dL.

Differential Diagnosis

There are many causes for seizures in the intensive care unit (ICU) (24). One
must not immediately assume that alcohol is the only cause of seizure in the alco-
hol-dependent patient. With the help of CT or magnetic resonance imaging (MRI)
scans in many of their patients, Rathlev et al. (25) conducted a chart review of ER
patients who presented with ARS and found that 54% had identifiable etiologic
factors other than alcohol. In decreasing order of frequency these were past head
trauma (26%), idiopathic epilepsy (16%), cerebrovascular accident (CVA) (6%),
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Table 1
Differential Diagnosis of Alcohol-Related Seizures

Alcohol or sedative drug withdrawal

Noncompliance or inconsistent use of antiepileptic medications

Head trauma (acute or remote)

Idiopathic or cryptogenic epilepsy

Ilicit drug toxicity (cocaine, amphetamines, opioids, phencyclidine, MDMA, etc.)

Medication toxicity (antidepressants, antipsychotics, anticholinergics, antimicrobi-
als, isoniazid, propranolol, opioids, theophylline, lithium, lindane, etc.)

Cerebrovascular disease

Intracranial neoplasm

CNS infection (meningitis, encephalitis, abscess, HIV, neurosyphilis)

Metabolic disorders (hypoglycemia, electrolyte disturbances)

nontraumatic intracranial lesions (4%), and toxic/metabolic causes (3%). Hillbom
reported similar findings in an older study from Finland (/2). Table 1 provides a
list of differential diagnoses to consider in ARS.

Pre-existing epilepsy may be exacerbated by alcohol abuse. Chronic alcoholism
results in enhanced clearance of antiepileptic medications as well as erratic compli-
ance and a lowering of seizure threshold during periods of partial or complete absti-
nence. Repeated episodes of alcohol withdrawal may lead to kindling of seizures
(26,27). Alcohol abusers have an increased risk for epilepsy. However, epileptic
patients overall have a lower prevalence of alcohol abuse, possibly because of warn-
ings from doctors and pharmacists about the increased risk for seizures and medi-
cation toxicity (28).

Noncompliance or irregular use of antiepileptic medications has been shown to
be a common cause of seizures, including SE in alcohol abusers (22,29). It is there-
fore good practice in most cases not to prescribe antiepileptic drugs (AEDs) for
long-term use in alcoholics, even if there is a known seizure focus. This is discussed
in more detail later.

Recreational drug use, as well as the use of certain medications, also has been
associated with seizures and should be considered in the differential diagnosis in ARS.
Alldredge et al. (30) identified 49 seizures induced by illicit drugs in 47 patients
from 1975 to 1987. Cocaine was the most commonly implicated drug (32 cases),
followed by amphetamine (11 cases), heroin (7 cases), and phencyclidine (4 cases).
Most often, there was a single generalized tonic—clonic (GTC) seizure during acute
intoxication, but seven patients had multiple seizures and two entered SE. In more
recent years, 3,4-methylenedioxymethamphetamine (MDMA, “ecstasy”), y-
hydroxy-butyrate (GHB), GHB prodrugs, and ketamine have become popular drugs
of abuse, particularly at “rave” parties. MDMA and ketamine can cause seizures,
whereas it is debated whether GHB and its prodrugs cause true seizures in humans (31).
See Chapter 13 for further information about recreational drug use and seizures.

Iatrogenic seizures from prescribed medication use should also be considered in
alcoholics. An exhaustive list of medications that potentially may cause seizures is
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outside the scope of this chapter, because more complete lists may be found else-
where (see Chapter 13) (32). Some of the medications that should be considered in
the differential diagnosis of seizures in the alcohol abuser are listed in Table 1. Too
rapid of weaning of narcotics and sedative-hypnotics from patients with long-term
(>7 d) ICU care can also result in withdrawal seizures (11,33).

Alcohol abusers are at risk for cerebrovascular structural abnormalities that may
result in epilepsy such as SAH (34), intracerebral hemorrhage (35), and ischemic
stroke (36). Although there are no randomized, controlled trials of alcohol con-
sumption and stroke, Reynolds et al. (37) recently conducted a meta-analysis of
observational studies addressing this topic. They found that moderate alcohol con-
sumption resulted in a reduced risk of ischemic stroke but heavy intake was associ-
ated with an elevated risk of ischemic and hemorrhagic (intracerebral and
subarachnoid) stroke. They looked at habitual but not binge drinking. Other studies
addressing the risk of binge drinking have also found an increased incidence of
ischemic and hemorrhagic stroke (34-36). Several pathophysiologic mechanisms
may contribute to alcohol-related CVAs. Alcohol-induced cerebral vasospasm and
hypertension, erythrocyte and platelet aggregation, as well as changes in fibrinolytic
activity, coagulation, and bleeding time have been implicated (37-39).

Head injury, whether remote or acute, is a common cofactor causing seizures in
the alcoholic patient. In addition, alcohol withdrawal symptoms may mask symp-
toms of head trauma (9,72). Cerebral atrophy frequently seen in chronic alcoholics
predisposes them to intracranial hemorrhage (40). Therefore, one must evaluate the
patient with ARS for signs of cranial trauma.

Alcohol-dependent patients may also be at increased risk for seizures resulting
from concomitant central nervous system (CNS) infections such as meningitis,
abscesses, human immunodeficiency virus (HIV) and acquired immune deficiency
syndrome (AIDS), and neurosyphilis (3,41). Seizures, including SE are common in
patients with HIV. This risk is caused by a direct effect of the virus on the CNS or
by focal lesions such as toxoplasmosis, lymphoma, cryptococcal meningitis, or
infarction (42). Metabolic derangements, such as hypomagnesemia and renal dys-
function, seem to increase the risk of SE in HIV-infected patients (43).

Although metabolic alterations are not common causes of seizures in the alco-
hol-dependent patient, they should be considered and treated. Hypoglycemia may
cause seizures. However, alcohol-associated hypoglycemia is rarely reported in
alcoholics (44). Causes of hypoglycemia in the alcoholic patient include poor nutri-
tion, hypothermia, inhibition of gluconeogenesis, and reduced cortisol levels (3).
Hypomagnesemia can cause seizures but usually only at levels less than 0.8 meq/L
(32). Although chronic alcoholism is a common cause of hypomagnesemia (45), a
randomized, controlled trial of parenteral magnesium showed no significant differ-
ence in withdrawal symptoms, including ARS (46). Profound hypophosphatemia
may also accompany alcohol withdrawal and at levels less than 1 mg/dL. may result
in antiepileptic-resistant generalized seizures (32). Hyponatremia may accompany
alcoholism and should be corrected to levels greater than 120 meq/L (32). Hyper-
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ventilation with associated respiratory alkalosis may also lower seizure threshold
in alcoholics (47). Wernicke’s disease and the Korsakoff amnestic state, which are
encountered almost exclusively in alcoholics in western countries, do not include
seizures in the clinical presentation. However, these conditions may be associated
with autonomic neuropathy and syncopal episodes that may be confused with sei-
zures. In addition, the confusional state that ensues must be differentiated from
postictal confusional states.

Sample Case

A 60-yr-old widow was brought to the ER after being found unresponsive by her
daughter. En route to the ER she had three GTC seizures, each lasting about 30 s. In
the ER, she received intravenous lorazepam and a loading dose of fosphenytoin
before being admitted to the ICU. Phenytoin (PHT) was continued, and lorazepam
was used as needed for withdrawal symptoms.

The patient’s daughter revealed that the older woman had an extensive history
of alcohol abuse, including prior admissions for ARS. The patient would spend
what little money she had on alcohol and cigarettes. It was estimated that the patient
stopped drinking 2-3 d prior to onset of her seizures because she had run out of
funds for buying alcohol. She also had a known arteriovenous malformation (AVM)
in the left frontal operculum and had been prescribed PHT for prior ARS but proved
to be poorly compliant with her medications.

General examination was normal except for sinus tachycardia of 136 beats/min.
Neurologic examination found the patient to be unresponsive to voice and pain but
without focal deficits on coma examination. Data from a complete blood count,
blood chemistries, hepatic panel, arterial blood gas, and urinalysis were obtained
and were significant for an elevated mean corpuscular volume (MCV) (106),
hypokalemia (2.7), hypomagnesemia (1.4), and a urinary tract infection.

The patient had no more seizures during her hospital stay but on the second day
of admission developed intermittent myoclonic jerking of the right upper and lower
extremities. An urgent EEG was obtained and showed no electroencephalographic
correlation to the movements. The EEG did show an absence of o rhythm and the
presence of low-amplitude fast activity throughout the recording (Fig. 1). The myo-
clonic activity was attributed to alcohol withdrawal and urinary tract infection and
responded to valproic acid (VPA) and low-dose clonazepam, as well as treatment
of the infection. An MRI of the brain showed no change in the patient’s AVM. She
had a slow return of her normal mental status over the following few days, with
waxing and waning of confusion and disorientation. Neuropsychological evalua-
tion determined that the patient was nondecisional, and she was discharged in the
care of her daughter.

Alcohol-Related Status Epilepticus

Although patients with ARS rarely enter SE (7,12), alcohol withdrawal is a com-
mon contributing factor in many cases of SE (22,29,48). From 11 to 28% of cases
of SE involve alcohol abuse (22,29,48,49). Indeed, in adult patients with no history



*SIY) JOJ QOUIPIAD MOYS JOU S0P DFH Y} Ing ‘NAY [eIuoi 1Jo] & pey juened oy, "A11anoe isey opmijdure-mof jo aouasaid
pue wyiAy1 eydfe Jo 0ouasqe oy} 9JON “ULIP ISe] Ioy Iojje p —¢ pue SV JO ALIN[J € 10)je p | JI[OYyod[e 9[ewa) p[o-14-09 € Jo DY °T "SI

L X
440x 19534 440, 18i9d NO. ‘H!JOV eueueg, ‘ed ANOL -+
[0S VO 971« 47 GE« dH L. SN3S] [z0:v2:0000l0%:65:L2 SNIS !




Alcohol-Related Seizures in the ICU 245

of seizures, alcohol abuse was the single most common cause of SE in a study by
Lowenstein and Alldredge (49). Alcohol is also occasionally implicated in
nonconvulsive status epilepticus (NCSE) (50). Because about half the cases of
alcohol-related SE are multifactorial, a search for comorbid etiologies is necessary
(22,29). The comorbid conditions to consider in the differential diagnosis of SE in
the chronic alcohol abuser are the same as those for ARS without SE (Table 1).
Among all cases of SE in adults, discontinuation or irregular use of antiepileptics
appears to be the most common etiologic factor (22,49). Because alcoholics usually
have erratic compliance with prescribed medications, antiepileptic withdrawal is a
common comorbid factor in alcohol-related SE (29). Therefore, prescribing
antiepileptic medications for chronic use in alcoholics may be undesirable, even if
there is a seizure focus, unless the patient has proven himself to be compliant (57).

Alldredge and Lowenstein (48) found that the alcohol abuse history of patients
with alcohol-related SE did not differ from the histories of patients experiencing
ARS without SE. The typical patient in each group was male, over age 30 yr, with
many years of heavy drinking (>300 g of ethanol daily). The SE group tended to be
older and had fewer previous ARS. The authors also noted that alcohol-related SE
was often the first presentation of ARS, occurring de novo in 44% of cases. Focal
signs were noticed in 40% of alcohol-related SE cases, but they were not associated
with focal CT scan or EEG findings. A lack of structural abnormalities in many
cases of focal ARS has been reported by other authors (7,22).

Treatment of alcohol-related SE is similar to that of other causes of SE. Detailed
treatment of SE is covered elsewhere in this volume (see Chapter 14). Although
PHT has been shown to be ineffective in preventing recurrent seizures within the
vulnerable 6-h window following a common ARS without SE (52), it has been
shown to be quite effective in treating ARS with SE. Alldredge and Lowenstein
(48) controlled alcohol-related SE in about 67% of patients by using PHT, with or
without diazepam (DZ). This was similar to their 60% response rate using PHT
with or without DZ to treat SE caused by other etiologies (49). Therefore, PHT and
benzodiazepines (BZDs) are part of the standard algorithm for treatment of alco-
hol-related SE (51,53).

Some alcoholics may be taking isoniazid for tuberculosis prophylaxis or treat-
ment. Isoniazid toxicity may cause seizures and status epilepticus by indirectly
depleting y-aminobutyric acid (GABA). Isoniazid binds with pyridoxine, which is
needed in the synthesis of GABA. Seizures caused by isoniazid toxicity are resis-
tant to PHT. If an alcohol-dependent patient who is known to also be taking iso-
niazid is experiencing refractory seizures, intravenous pyridoxine at a dose
equivalent to the ingested isoniazid is given. If the dose of isoniazid is unknown,
5 g of pyridoxine is given (54,55).

The prognosis in alcohol-related SE is generally favorable in comparison to other
causes of SE such as acute structural problems or metabolic disorders (49,56). In
one study (49), 90% of patients with alcohol-related SE had mild or no new neuro-
logic deficits on discharge. However, these patients tend to return to baseline more
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slowly than nonalcoholics, regardless of whether sedating medications were used,
especially if there are abnormalities on CT scan. About 89% of patients in one
study had not returned to baseline consciousness 12 h after termination of alcohol-
related SE (48). In general, a longer duration of SE results in a worse neurologic
outcome (49).

PATHOPHYSIOLOGY OF ARS

The precise pathophysiology of ARS has not been fully elucidated. It is gener-
ally accepted that abstinence or a partial reduction in alcohol intake is a key factor
in the pathogenesis of ARS. Two separate research groups report that about one-
third of visits to the ER for ARS are on Monday. This pattern was not seen in
patients who seize for reasons unrelated to alcohol. These observations support the
assertion that ARS are caused by withdrawal from alcohol, seizures being more
frequent on Monday because of the relative reduced availability and consumption
on Sundays (12,25). Although seizures may occur during intoxication and before
alcohol levels reach zero (9,12,14,15), most authors agree that ARS are primarily a
withdrawal phenomenon (7,9,12,22,25,29,48,49).

Although there is no known receptor for alcohol, it acts as a CNS depressant by
affecting lipids and proteins in the neural membranes. Alcohol potentiates the
postsynaptic effects on the GABA, receptors in the brain, allowing chloride ion
influx, and resulting in a hyperpolarization of the membrane. This reduces the fir-
ing rate of the neuron, resulting in CNS sedation. The action on the excitatory
N-methyl-p-aspartate (NMDA) receptor is just the opposite, causing an inhibitory
effect on this receptor, further sedating the CNS (57). Ethanol also acts on non-
NMDA calcium-involved systems as well as on serotonergic, dopaminergic, nora-
drenergic, opioid, and adenosinergic neural pathways (58,59).

Chronic exposure to alcohol results in downregulation of the GABA , receptors,
causing tolerance to alcohol-induced chloride ion influx (57). On the other hand,
the NMDA receptor undergoes upregulation upon chronic exposure to alcohol (60).
Certain areas of the brain appear to be more sensitive to the effects of chronic alco-
holism (57). The increase in NMDA binding sites has been shown to occur experi-
mentally in the hippocampus of rats (6/). These changes presumably act as a
compensatory mechanism for alcohol’s sedating effect on the CNS. The relative
excess of NMDA receptors and deficiency of GABA receptors in chronic alcohol-
ism may result in enhanced neuroexcitation and reduced neuroinhibition. When the
sedating influence of alcohol is lifted during abstinence, the result may be the onset
of signs and symptoms of alcohol withdrawal, including ARS (60). Because benzo-
diazepines and barbiturates are also potentiating to the GABA , receptor effects,
they have cross-tolerance to alcohol and may alleviate the alcohol withdrawal signs
and symptoms. The hypomagnesemia and zinc deficiency associated with chronic
alcoholism may exacerbate the neurotoxicity that is mediated by NMDA receptor
because both magnesium and zinc are negative modulators of NMDA receptor func-
tion (60). However, magnesium supplementation does not reduce withdrawal sever-
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ity or the likelihood of seizures or delirium (46). The clinical relevance of the
deranged zinc metabolism is uncertain (62).

It is also hypothesized that ethanol withdrawal leads to permanent changes in
the neurons, resulting in a process of kindling in which seizures become more fre-
quent and severe with each subsequent episode of withdrawal (26,27).

Elevated homocysteine levels have been reported in alcoholics and may also
play a role in alcohol withdrawal symptoms (63). Homocysteine may be metabo-
lized into excitatory amino acids. These amino acids, as well as homocysteine itself,
can act as agonists at the NMDA receptor, resulting in increased excitatory postsyn-
aptic potentials (64,65). Therefore, the hyperhomocysteinemia may lead to a rela-
tive excess of excitatory neurotransmitters in comparison to neuroinhibitory
transmitters in the hippocampus (66), resulting in homocysteine-induced ARS.

COMORBID MEDICAL CONDITIONS

It is not the goal of this chapter to provide a comprehensive discussion of the
many complicating medical problems that may occur in a patient during alcohol
withdrawal. However, it is useful to mention some of the more common as well as
dangerous conditions seen in these patients in the ICU. An estimated 71% of detoxi-
fying patients have physical morbidity, primarily hepatic abnormalities, trauma,
and infections (4). Gastrointestinal (GI) disease, anemia, and malnutrition are also
well-known complications (67). Additional drug use is common in alcohol abusers,
particularly BZDs. In one study, more than 41% of alcohol-dependent patients were
abusing other drugs (/6). As mentioned earlier in this chapter, polysubstance abuse
may delay the onset of ARS. Trauma is also common in alcoholism. An estimated
50-60% of trauma patients are chronic alcoholics, and withdrawal may cause signi-
ficant morbidity following trauma or surgery (68). Thiamine deficiency is relatively
common, occurring in 30% of chronic alcoholics, although the Wernicke—
Korsakoff syndrome occurs in only 3—10% (7). Fluid and electrolyte abnormalities
as well as hypoglycemia may also occur in the alcoholic and are discussed else-
where in this chapter. Coma in the alcohol-dependent ICU patient may be caused
by several conditions, including acute alcohol poisoning, concomitant drug over-
dose, head trauma, hepatic failure, ICH, hypoxic encephalopathy, hypoglycemia,
meningitis, hypothermia, alcoholic ketoacidosis, NCSE, and methanol or ethylene
glycol poisoning (6,50).

EVALUATION

When evaluating an alcohol-dependent patient who presents with a seizure, the
physician should search for causes other than alcohol that may have resulted in
seizure activity. In particular, one must be careful not to overlook life-threatening
conditions such as ICH, hypoglycemia, CNS infection, and metabolic derange-
ments. Differential diagnoses to consider are listed in Table 1. The management of
new-onset ARS consists of history, repeated physical examinations, CT scan or
MRI, laboratory testing, and EEG.
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Table 2
Comorbid Medical Conditions in the Alcohol-Dependent Patient

Cardiovascular
Hypertension, hypotension, dilated cardiomyopathy, atrial and ventricular arrhythmias
Gastrointestinal
Pancreatitis, gastritis, esophageal varices, GI bleeding, alcoholic hepatitis, cirrhosis,
liver failure
Neurologic
Wernicke—Korsakoff syndrome, epilepsy, meningitis, head trauma, ischemic or hemor-
rhagic stroke, peripheral neuropathy, cerebellar degeneration
Hematologic
Anemia, leukopenia, thrombocytopenia, coagulopathy
Infectious
Meningitis, pneumonia, cellulitis, spontaneous bacterial peritonitis, HIV
Metabolic
Hypoglycemia, electrolyte disturbances, concurrent drug ingestion or withdrawal,
nutritional deficiencies, alcoholic ketoacidosis, acute alcohol poisoning, methanol
or ethylene glycol poisoning
Miscellaneous
Rhabdomyolysis (resulting from alcohol toxicity, hypokalemia, hypophosphatemia),
trauma, hypothermia, poor wound healing, cancer

(Adapted from refs. 6, 13, and 69.)

If possible, a history should be obtained from the patient, family, friends, or
emergency personnel. Details should include past medical history, any history of
seizures, drinking history including any episodes of delirium tremens, when and
why drinking was stopped, recent or remote serious head trama, medications, and
any medication compliance problems.

Physical examination should include a careful assessment for focal signs, level
of consciousness, head trauma, signs of intracranial hypertension or herniation, and
signs of delirium tremens, as well as a general physical examination to evaluate for
hepatic failure, coagulopathy, needle tracks, and other comorbid conditions
(Table 2). Repeated neurologic examinations may help reveal declining mental sta-
tus or the development of focal signs that would necessitate an urgent CT scan.

The selection of laboratory tests depends on individual indications. The
intensivist should consider obtaining a complete blood count, as well as glucose,
electrolytes, blood urea nitrogen, creatinine, prothrombin time, anticonvulsant lev-
els, calcium, magnesium, phosphorus, serum or urine toxicology, alcohol level,
and blood gas (3). Cervical spine precautions (Aspen or Philadelphia collars) and
films should be considered if there is suspicion of a fall or head injury. A chest
X-ray should be ordered in the patient with fever or pulmonary symptoms or signs.
A lumbar puncture (LP) should be performed after the CT scan if there is any sus-
picion of meningitis. Evaluation for other comorbid conditions seen in the alcoholic
should also be considered, depending on the clinical scenario (Table 2).
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All new-onset ARS patients require an emergent noncontrasted CT scan, regard-
less of whether the seizure was focal or generalized. ARS may be focal or general-
ized, and the focal seizures may or may not be related to underlying focal pathology
(1,12). Earnest et al. (70) found that in patients with a first-time ARS but no other
signs of major intracranial pathology, the CT scan disclosed a clinically significant
intracranial process in 6.2% of patients. Of these CT-positive patients, 44% were
alert, had no focal signs, and no signs of trauma. These authors concluded that
history or signs of minor head trauma, headache, level of consciousness, or minor
focal neurologic signs were not significantly associated with intracranial lesions
(positive CT) when tested statistically. In slight contrast, Feussner et al. (71) stud-
ied the value of CT scan in ARS and concluded that a careful neurologic examina-
tion adequately determines which patients need a prompt CT scan. An emergent CT
scan is not necessary in the patient with a documented history of focal ARS, pro-
vided the prior workup included brain imaging, the seizure had identical presenta-
tion, there are no new focal neurologic findings, there is no indication of recent
head injury, and there is prompt return to baseline (57).

An EEG should also be obtained on all patients with new-onset ARS. It may be
ordered nonurgently, perhaps at follow-up. The aim is to identify patients with an
underlying seizure focus, which may necessitate, for individuals who can be relied
on to be compliant, long-term treatment with antiepileptic medications. An abnor-
mal interictal EEG suggests underlying epilepsy or a symptomatic focus unrelated
to ARS (17). For the patient admitted to the ICU, an EEG may be necessary in the
management of convulsive SE or NCSE, or to help differentiate delirium tremens
from other causes of clouded sensorium (6,9).

TREATMENT

The treatment of single or recurrent ARS is essentially the same as treatment of
the alcohol withdrawal syndrome itself (72). The pharmaceutical management of
alcohol withdrawal requires the use of BZDs, often with the addition of other classes
of medications. Although most of these adjunctive medications neither prevent nor
treat seizures, they help relieve many of the other manifestations of the syndrome.
This combined approach allows lower overall doses of individual medications. The
physician must also keep in mind that alcohol ingestion alters the clearance of
hepatically metabolized medications, including certain antiepileptic medications.
Short-term ingestion causes a reduction in clearance of many drugs while alcohol is
in the body, whereas there is increased clearance of drugs when alcohol is elimi-
nated from the body in a chronic alcoholic. This potential effect on drug metabo-
lism is important in drugs with a narrow therapeutic range such as PHT, and less
important in medications with a wide therapeutic range, such as DZ (7). Comorbid
medical conditions are not infrequent in the alcohol-dependent patient and should
also be considered (Table 2). The decision to admit a patient to the hospital for an
ARS depends on several factors (Table 3). For first-time ARS, the patient should be
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Table 3
Criteria for Hospital Admission

New-onset seizure in the chronic alcohol abuser

Recurrent seizures®

Moderate to severe alcohol withdrawal®

Comorbid illness requiring treatment (infection, arrhythmia, liver failure, dehydra-
tion, etc.)

History of severe alcohol withdrawal

Fever higher than 38.5°C

Wernicke’s encephalopathy

Recent head injury with loss of consciousness”

Concurrent sedative ingestion?

9Relative reasons for ICU admission.
(Adapted from refs. 5/, 72, and 73.)

admitted to facilitate the workup of new-onset seizures. Alcohol-dependent patients
often fail to comply with outpatient follow-up.

Supportive Care

Management of the seizing alcohol-dependent patient involves stabilizing the
patient with attention to airway, breathing, and circulation. A quiet, nonstimulating
environment is ideal, and the use of physical restraint should be kept to a minimum
to help prevent worsening agitation. It may be necessary to intubate the patient in
the ICU and monitor with continuous electrocardiograms (EKGs) and pulse oxim-
etry. An intravenous line should be established and the patient given 100 mg of
thiamine to reverse or prevent the Wernicke syndrome. This should be given prior
to any therapy that involves glucose to prevent further depletion of thiamine with
resultant precipitation of the Wernicke syndrome. Duration of thiamine therapy is
controversial, but some clinicians continue this dose for 3 d (2). Finger-stick glu-
cose levels should be determined and glucose given intravenously if necessary.
However, one should avoid excess glucose unnecessarily, as hyperglycemia may
worsen neurologic injury in cerebral ischemia (74,75). Intravenous glucose therapy
may also cause substantial falls in serum potassium and phosphate levels (62).

The role of magnesium in seizures is controversial (45). It is common practice to
replace the magnesium deficit in chronic alcoholic patients. Magnesium sulfate
given in an intramuscular or intravenous dose of 1 g every 6—12 h for 48 h is one
protocol. Alternatively, magnesium oxide may be given orally in a dose of 250-500
mg four times daily for 48 h, although diarrhea may occur (6). Hypocalcemia, hypo-
kalemia, and hypophosphatemia may be associated with hypomagnesemia; correc-
tion of the magnesium deficit helps in their resolution (45,62). However, as
discussed earlier, magnesium supplementation does not appear to alter withdrawal
symptoms (46). Magnesium administration in patients with renal failure should be
undertaken cautiously.
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Hypokalemia in the alcoholic may be a result of inadequate intake, diarrhea,
vomiting, secondary hyperaldosteronism, magnesium depletion, or shifting of the
potassium into the cells as a result of alkalosis or intravenous glucose therapy. The
serum potassium concentration corresponds poorly to total potassium balance, and
potassium requirements may be massive (62). Hypokalemia has been suggested as
a factor in the genesis of delirium tremens. However, potassium supplementation
alone will not reverse delirium (6).

Patients experiencing alcohol withdrawal may also have hyponatremia as well
as overhydration or dehydration. Each should be gently corrected. The patient’s
need for fluid and electrolytes depends on losses. Without significant GI fluid
losses, one should not assume that the withdrawing patient is dehydrated. How-
ever, patients in severe withdrawal may have extensive fluid replacement needs as
a result of hyperthermia, diaphoresis, and vomiting. If renal function is normal, a
urine specific gravity of 1.025 and a urine sodium concentration of less than 10
meq/L comprise an indication of volume depletion. Daily weights, and orthostatic
BP and pulse, can also help determine fluid status. If serum sodium is normal,
volume deficits are best corrected with 5% dextrose in normal saline. Hyponatre-
mia may result from overhydration from excessive secretion of antidiuretic hor-
mone or from volume contraction from fluid losses, and replacement fluid type
should be selected accordingly. In most cases, normal saline is appropriate treat-
ment instead of fluid restriction because these patients tend to have volume con-
traction. Sodium level should be corrected at least to 120 meq/L, but the rate of
correction is controversial. Central pontine myelinolysis has been reported with
rapid correction (2,4,6,7,32,76).

As mentioned earlier, hypophosphatemia may occur in alcohol abusers and is a
possible cause for seizures (32). Other problems that may occur with very low lev-
els include bone pain, stiffness, weakness, loss of appetite, intention tremors,
rhabdomyolysis, acute hemolysis, acute respiratory failure, and cardiac failure (2,6).
Therapy should be initiated if the serum phosphate concentration is less than 2.5
mg/dL. Supplementation may be by mouth or intravenously, starting at 20—40 mmol
of sodium or potassium phosphate. Caution must be exercised in renal failure, and
phosphate should not be given if renal failure is attributable to rhabdomyolysis
because the damaged muscle will release phosphorus. Other contraindications to
phosphate use are hypercalcemia and hypoparathyroidism (62).

Hypocalcemia in the alcoholic is usually the result of a metabolic disturbance
such as hyperphosphatemia, hypomagnesemia, or some other cause of functional
hypoparathyroidism. Calcium replacement is not recommended except in the treat-
ment of hyperkalemic or hypocalcemic arrhythmias, tetany, hypocalcemic convul-
sions, or magnesium therapy overdose (45,62). The metabolic disturbance causing
the hypocalcemia must be treated (62).

The alcoholic in withdrawal should be evaluated for acid—base derangements
and managed appropriately. Acute alcohol ingestion produces a rise in urinary
excretion of ammonium and titratable acid, but the immediate effects are clinically
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inconsequential. Chronic alcohol abuse produces various acid—base abnormalities
that are secondary effects of alcohol and not directly caused by the alcohol itself.
Respiratory acidosis may result from the respiratory depressant effects of alcohol.
Metabolic acidosis in the alcoholic may be present because of alcoholic ketoacido-
sis or methanol or ethylene glycol poisoning. It may also be the result of bicarbon-
ate loss in the stool owing to lactulose use. Type 1, type 2, or a mixed form of renal
tubular acidosis may also occur if there are protein or phosphate deficiencies or if
cirrhosis develops. Patients often hyperventilate during alcohol withdrawal. This
leads to respiratory alkalosis, hypokalemia, hypomagnesemia, hypophosphatemia,
and compensatory secondary hyperchloremic acidosis. Emesis may lead to meta-
bolic alkalosis (6,62).

If meningitis is suspected, blood cultures should be obtained and empiric antibi-
otics given without delay. If an LP is performed within 1-2 h after the antibiotics
were given, the CSF cultures will remain positive in the majority of patients (77).

Benzodiazepines

The mainstay of treatment of alcohol withdrawal and ARS is the use of BZDs.
Because it is not possible to predict which patients will have recurrent seizures,
BZDs should be administered to all patients presenting with ARS (23,25). These
agents have largely replaced other sedative medications such as chloral hydrate,
paraldehyde, and barbiturates. BZDs act on the GABA receptors and are cross-
tolerant to alcohol, effectively relieving the signs and symptoms of alcohol with-
drawal. They have fewer respiratory and cardiac depressant effects than other CNS
depressants (517). They are widely used in the neurological ICU for their anxiolytic,
amnestic, and anticonvulsive properties and have the potential advantage of
decreasing cerebral metabolism and ICP (78). Several types of BZDs have been
used successfully in alcohol withdrawal. All are effective in controlling signs and
symptoms of alcohol withdrawal, but the longer-acting ones appear to be better at
controlling seizures (80). Although there does not appear to be one BZD with clear
superiority in the treatment of alcohol withdrawal, lorazepam has some advantages
in that it has an intermediate half-life and hepatic metabolism with nonactive meta-
bolites; moreover, it can be administered by mouth, intramuscularly, or intrave-
nously (57). The low lipophilic properties of lorazepam allow it to remain in the
serum longer, providing an anticonvulsant effect of 6—12 h, making it an ideal medi-
cation in the treatment of ARS (79).

The goal of using BZDs is to give enough to keep the patient calm but awake.
One protocol is to use lorazepam in an intravenous dose of 0.5-4.0 mg, depending
on the severity of withdrawal. The dose can be repeated at 15- to 30-min intervals
for patients in severe withdrawal, who should be observed in the ICU (2,51). For
moderate withdrawal, an oral dosing schedule may be used, giving 6-7 mg of
lorazepam a day in three divided doses, tapering to 1-2 mg/d over 4 d (51). Another
approach is to give 5 mg of DZ intravenously every 5 min until the patient is calm
(6). Short-acting midazolam at an infusion rate of 20—75 mg/h has also been used
and may be considered for critically ill patients (57,81,82). Abrupt discontinuation
of BZDs should be avoided to prevent BZD withdrawal seizures.
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Although fixed-schedule dosing of BZDs is safe and effective in the treatment
of alcohol withdrawal, symptom-triggered therapy has been shown to be as effec-
tive, with lower requirements for medication and shorter hospital stays (80). This
calls for the use of a structural assessment scale, such as the revised CIWA-A scale
for monitoring of signs and symptoms. Although symptom-triggered therapy alone
may be adequate to prevent ARS (80), it is still recommended to treat all patients
presenting with an ARS with BZDs as soon as possible to prevent recurrence (73).

If the patient enters delirium tremens, massive amounts of BZDs may be required
in the ICU. Administration of as much DZ as 2640 mg in the first 48 h of treatment
has been reported (83). Trauma patients experiencing withdrawal often require
much larger doses than nontrauma patients to control signs and symptoms of with-
drawal (68). When very large doses of BZDs are used, the patient must be watched
closely for respiratory depression. Likewise, if the patient has high levels of serum
alcohol, the addition of a BZD may result in respiratory depression (73).

Antiepileptic Medications

Carbamazepine (CBZ) has been used successfully to treat mild to moderate alco-
hol withdrawal symptoms and has been used widely in Europe for this purpose
(80,84). Gabapentin may also show some benefit in mild to moderate withdrawal
(85). There are fewer data supporting the use of antiepileptic medications in the
treatment of ARS or delirium (80). A placebo-controlled, double-blinded study by
Hillbom et al. did not find CBZ or VPA to be useful in treating alcohol withdrawal
seizures (86).

Prophylactic antiepileptic treatment with PHT has not been effective in reducing
primary ARS. In arandomized study of 831 patients who were admitted to a detoxi-
fication unit, PHT-treated patients had more seizures (3%) than clorazepate-treated
patients (0.7%) and fewer than placebo-treated patients (6.2%) during the first
96-h period (87). Although PHT has been shown to be effective in alcohol-related
SE (48), it has been shown to be ineffective at preventing recurrent ARS within the
vulnerable 6-h period following the initial ARS (88—90). In addition, intravenous
PHT administration carries the risk of hypotension, arrhythmia, and cardiac arrest,
and chronic oral PHT has several long-term consequences (91). Prescribing
antiepileptic medications for chronic use in an alcoholic may have adverse conse-
quences. Poor compliance, with erratic use of antiepileptic medication, results in an
increase in seizure frequency caused by withdrawal and possibly a kindling effect
(92). In addition, antiepileptic withdrawal is a common cause of SE (22,49). There-
fore, prescribing PHT to a patient with a known seizure focus but erratic compli-
ance should be discouraged (51).

On the other hand, PHT may be used in ARS if a patient with a known seizure
focus is normally compliant and has presented with a subtherapeutic level. A load-
ing dose of PHT may be administered intravenously in such cases. An oral loading
dose of PHT can be given but would not reach a therapeutic level until the vulner-
able 6-h period had passed, so intravenous loading is preferred (51). For epilepsy
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patients who are on antiepileptic medication and abuse alcohol, abstinence or taper-
ing of alcohol intake may result in an increased risk of seizures because of increased
AED metabolism owing to a relative lack of competing substrate (28). Therefore,
AED levels must be monitored when the patient stops drinking.

PHT may also be used to treat suspected trauma-induced seizures in a patient
who is intoxicated or experiencing alcohol withdrawal during the acute phase of
injury (57). Temkin et al. demonstrated that PHT significantly reduced seizures
during the first week following head injury but did not reduce late seizures (93).

Finally, PHT is indicated in alcohol-related SE, as discussed earlier (48).
Fosphenytoin, the intravenous water-soluble phosphate ester of PHT, is safer and
can be used in place of intravenous PHT. Unlike PHT, fosphenytoin may also be
given intramuscularly (97).

Antihypertensive Agents

Antihypertensive medications can be used to treat the hyperadrenergic manifes-
tations of alcohol withdrawal such as hypertension, tachycardia, and tremors.
Clonidine has been shown to be effective in treating mild alcohol withdrawal signs
and symptoms but not ARS (80,94). Clonidine may also alleviate anxiety, diaphore-
sis, and insomnia associated with withdrawal (7,94). 3-Adrenergic blockers such as
propranolol and atenolol may also be considered as adjunctive medications in alco-
hol withdrawal, but their role in ARS is limited because, as with clonidine, they
cannot be expected to treat or prevent seizures. Furthermore, 3-adrenergic blockers
may cause delirium or mask the diagnosis of delirium tremens and have other
contraindications such as hypotension, congestive heart failure, insulin-dependent
diabetes, and asthma or bronchospasm (51,95).

Haloperidol

Haloperidol, which can be given intravenously, intramuscularly, and orally, is a
useful adjunct in patients requiring large doses of BDZs for the treatment of major
alcohol withdrawal or delirium tremens in the ICU. The following very high doses
have been used safely in patients with serious underlying disease: 240 mg of halo-
peridol and 480 mg of lorazepam in 24 h (96). Haloperidol, unlike the phenothiaz-
ines, does not appear to cause seizures in humans (57,80). No randomized studies
of its use in ARS are available. Its use should be limited to an ICU setting because
of the risk for respiratory depression and hypotension. Patients treated with high
intravenous doses of haloperidol need daily EKGs in an ICU to avoid widening of
the QRS complex and the risk of torsades. Magnesium level should be monitored
and kept at the high normal range.

Propofol
Propofol interacts at the GABA-mediated receptor but not through the BZD site
(97). It has been used to control refractory delirium tremens (98) as well as refrac-

tory SE (53). It has been reported to cause seizures in high doses, but instances are
rare and the mechanism is unknown (98).
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Barbiturates

PB is cross-tolerant with alcohol, is an extremely effective anticonvulsant, and
is effective in controlling alcohol withdrawal. However, disadvantages such as
hepatic enzyme induction and risk of respiratory suppression make its use in the
United States uncommon (/3). However, in an ICU setting, PB can be a useful
adjunct to refractory seizures or SE.

Intravenous Alcohol

There are no controlled trials evaluating the use of ethanol in alcohol withdrawal.
It is expensive to prepare, requires frequent monitoring, has a narrow therapeutic
index, and has multiple medical side effects. Routine use cannot be recommended
(7,13).

Alcohol-Related SE

Although PHT is not useful in preventing recurrent ARS, it has been shown to
be useful in treating alcohol-related SE (48). Alcohol-related SE is treated like other
forms of SE (BZDs, PHT, etc.) and generally responds well to standard treatments
(48,49,72,99). See section on alcohol-related status epilepticus for further discus-
sion, and Chapter 14.

Outpatient Treatment

Outpatient treatment of ARS may be considered if the patient meets several cri-
teria. The patient must have a known history of ARS and after a 6-h observation
period must be fully awake and ambulatory, without recurrent seizures or signs of
moderate to severe withdrawal; vital signs and laboratory values must be normal
(73). Other causes of seizure must be ruled out by history, physical examination,
and/or diagnostic tests. Patients with concomitant sedative abuse should be consid-
ered for admission, because withdrawal seizures are delayed in these individuals
(72). Further criteria precluding outpatient treatment are listed in Table 3. During
the observation period, a test dose of 1-2 mg of lorazepam, 10-20 mg of DZ, or 50—
100 mg of chlordiazepoxide can be given orally. The outpatient dosing schedule
depends on the severity of symptoms. One outpatient protocol consists of 1-2 mg
of lorazepam three times a day, tapering over 3—6 d. This is just a guideline, and the
treatment should be individualized (57). Close follow-up should be arranged. Ide-
ally the patient will be discharged home with a close family member or nonalco-
holic friend to help the patient abstain, take the medications properly, eat properly,
and attend follow-up appointments. Admission to a detoxification or rehabilitation
unit should be considered if a safe disposition is not otherwise possible.
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Seizure-Inducing Drugs Used
for the Critically Ill

Rebecca E. Schuman and Panayiotis N. Varelas

SUMMARY

Critically ill patients are subjected to numerous medication effects during their
stay in the intensive care unit (ICU). Some of them have epileptogenic potentials.
The most common pathophysiologic mechanism is through blockade of the
y-aminobutyric acid (GABA) receptor, and the most commonly used family of ICU
drugs, reducing the seizure threshold, is the antibiotics. The exact role of these
medications in inducing a clinical or subclinical seizure, in the context of cerebral
injury or other multiorgan failure, is in many cases unclear. Fortunately, the ability
to prevent seizures in critically ill patients is within our grasp. However, the
intensivist should always seek a medication as the cause of the witnessed seizure
and should consider replacing it with another having less epileptogenic potential.

To minimize seizures, the same cautious measures used to minimize or elimi-
nate any unwanted drug side effect should be followed. Always attempt to start and
keep the patient on the lowest dose of the medication necessary to exert the desired
therapeutic effect. When upward titration in dosage is necessary, increase slowly,
keeping a watchful eye on all laboratory and clinical indicators of success or fail-
ure. Free levels of antiepileptic or other medications must be considered in the
critically ill because of the numerous factors affecting their final action on the tar-
get in the central nervous system. A GABAergic receptor agonist antiepileptic drug
should be used as first-line antidote in most of the cases.
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INTRODUCTION

Seizures occurring in the critically ill patient can be a devastating occurrence.
Our role as clinicians is to differentiate among seizures caused by organic disease,
by the consequences of the offending sickness itself, and by the medication used to
treat the disease or sickness.

Medications, although intended to assist the patient in fighting a particular ill-
ness or disease state, may themselves complicate the clinical picture by creating
hazards of their own. A meta-analysis performed by Lazarou and colleagues found
the incidence of severe adverse drug reactions (ADRs) in hospitalized patients to
be 6.7% between 1966 and 1996 (7). Furthermore, they found ADRs to be the sixth
leading cause of death in 1994, ranking ahead of diabetes and pneumonia (7).
Although seizures caused by medications will not always lead to death, they should
be classified as a major ADR, or a “noxious, unintended, and undesired effect of a
drug, which occurs at doses used in humans for prophylaxis, diagnosis, or therapy”
(2). This definition does not include instances in which overdoses, either inten-
tional or accidental, cause the untoward effect. Obviously the risk of medications
causing an adverse event in overdose situations is extremely elevated, with a hazard
risk exceeding the previously stated 6.7%, and must be avoided at all costs.

The actual rate of occurrence of medication-induced seizures has been difficult
to calculate largely because of the lack of clinical studies involving the subject.
Largely, associations between medications and seizure risk have been based on
clinical assumption and case reports. The Boston Collaborative Drug Surveillance
Program noted that the incidence of drug-induced seizures approximates 0.08% (26
of 32,812 patients) (3). Many medications have been implicated, but the San Fran-
cisco General Hospital review listed the drugs most commonly reported to cause
seizures (as a percent of medication induced witnessed seizures) as follows: psycho-
tropics (35%), isoniazid (20%), bronchodilators (10%), stimulants (10%), and insulin
(10%) (4). Over 75 drugs have been associated with seizure induction, and that list
will continue to grow as more medications are discovered, tested, and released (5,6).

The overall incidence of first seizures occurring in the general population
approximates 0.073-0.086%. Therefore, for a drug to be implicated as the cause of
the seizure, the rate of seizures associated with the administration of that drug must
exceed approx 0.08% (7). Note that this percentage is very close to the incidence
linked to medication administration as reported by the Boston Collaborative group
(3). The dilemma is clear.

The incidence of drug-induced seizures occurring in critical care patients may
be even more difficult to elucidate. Patients in this special subpopulation may be
challenging to assess secondary to an overall depressed state of consciousness or
drug-induced paralysis. Subclinical seizures, which are not visible to the outward
observer and can be referred to as nonconvulsive seizures or status epilepticus (SE)
(if of prolonged duration), may be occurring in these patients.
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Table 1
Patient-Specific Predisposing Factors

Pre-existing neurologic disorder (including, but not limited to,
epilepsy)

Brain trauma

Strong family history of seizure disorder

Organ dysfunction

Acetylator status

(Adapted from ref. 7.)

Most medication-induced seizures occur in patients already possessing a predis-
position to seizure (Table 1). A patient may have a history of seizure or epilepsy
that is not properly communicated to the health care team. He or she may have a
family history of seizure that was unknown not only to the health care team but to
the patient as well.

Patients are not solely responsible for all the risk for medication-induced sei-
zures. Medications themselves carry certain risks that must be considered before
they are used to treat any particular patient (Table 2). There is always a challenge to
evaluate the risk for seizures attributed to drugs and the relative risk among a class
of drugs. Data are derived from various sources, including in vitro techniques on
tissue samples (with intra- and extracellular potential recordings), animal models
of epileptogenicity (seizures induced electrically or through other local or systemic
chemical administration), and small observational human studies (case reports or
case-control studies) (8). The amount of relevance that the prehuman study results have
for the human drug experience is always an issue to be addressed late in this process.

Some medications possess an intrinsic epileptogenicity that could cause seizure
in virtually all patients if given fast enough and in large enough doses. Unfortu-
nately, complete awareness of medications utilized is not always awarded to the
health care team. Prior to hospital admission, the patient may have been medicated,
legally or illegally, with substances that by themselves, or through their withdrawal,
could predispose to neurologic insult.

Through interactions in drug metabolism, an effective overdose of a medication
may be seen at an apparent low or commonly used therapeutic dose. For example,
two widely used antidepressant medications belonging to the selective serotonin
reuptake inhibitor (SSRI) class, fluoxetine and paroxetine, inhibit the liver isoen-
zyme CYP2D6. This enzyme is responsible for the elimination of another class of
antidepressant medications, the tricyclic antidepressants (TCAs). Inhibition of this
metabolism can result in an effective and insidious TCA overdose resulting from a
previously stable and nontoxic dosage of the TCA (8).

Patient Risk Factors Specific to Critical Care

Many patient-related risk factors are particularly encountered in the critical care
setting and are not commonly seen in other areas of medical practice. Acute-onset
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Table 2
Medication-Related Predisposing Factors

Intrinsic epileptogenicity

Metabolic pathway

Ability to permeate blood—brain barrier (lipophilicity, molecular
weight, protein binding affinity, ionization)

Route of administration

Dose needed for intended efficacy

Intrinsic hepatic induction/inhibition

(Adapted from ref. 7.)

seizures in the context of traumatic brain injury, meningitis, anoxic injury, vasculi-
tis, or other neurologic diseases, although not necessarily common, complicate not
only the issue of seizure identification but appropriate medication selection as well.

Other systemic derangements also complicate seizure occurrence and presenta-
tion in critical care. Issues such as multisystem organ dysfunction, sepsis, and alter-
ations of typical volume of distribution resulting from postoperative fluid shifts or
dialysis/continuous venovenous hemofiltration (CVVH) further complicate medi-
cation choice in this unique setting.

Table 3 classifies medications commonly used in the intensive care setting accor-
ding to how much risk of seizures they pose in the critical care patient. Although
not a comprehensive list of all medications known to cause seizures because medi-
cine continues to encounter and report new adverse drug events every day, it may
be a useful tool for the health care providers in the intensive care unit (ICU).

ELECTROLYTE MANAGEMENT

Seizures do not necessarily occur as a result of direct neural tissue receptor bind-
ing or modification induced by a specific medication. Therefore, one must consider
the changes any given medication can make not only to the nervous system itself
but to the body as a whole. Derangements in overall chemical, nutritional, and fluid
homeostasis may increase the epileptogenicity of a specific medication. Many medi-
cations used in everyday medical practice have the potential of inducing a wide
range of electrolyte shifts, although such a discussion is beyond the scope of this
chapter (see Chapter 10).

ENDOCRINE MANAGEMENT

Levothyroxine

Exogenously administered thyroid hormone has been shown to cause increased
seizure frequency in animals and humans (5,/0). This mechanism of induction is
currently not well understood. An in vivo imbalance in thyroid hormone has also
been known to cause seizures. The mechanism by which thyrotoxicosis induces
seizures is also yet to be fully understood (5). Chapter 6 offers further discussion of
this topic.
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Table 3
Incidence of Seizures Caused by Medications Used in Therapeutic Doses
for Appropriate Indications

Common Occasional Rare to never

Meperidine General anesthetics Antidepressants

Phenothiazine antipsychotics ~ f-Lactam antibiotics Anticonvulsants

Clozapine Isoniazid Lidocaine

Flumazenil® Theophylline Narcotics (except
Alkylating agents meperidine)
Butyrophenone antipsychotics Quinolone antibiotics

Antivirals

Cardiac medications

9Only when administered to patients using benzodiazepines or a mixed overdose.
(Adapted from ref. 9.)

TOPICAL ANESTHETICS

Cocaine

Although often thought of as strictly a drug of abuse, cocaine has long been
approved by the US Food and Drug Administration for medical use as a topical
anesthetic. Seizures have been reported in conjunction with this legal use (117).
Toxic effects of the drug are produced through cocaine’s blockage of sodium chan-
nels (72). When cocaine is utilized in supratherapeutic doses, such as those seen in
illegal use, the sleep deprivation induced by its stimulant properties may further
exacerbate the epileptogenicity of the drug (12).

Treatment of the cocaine-induced seizure with antiepileptic drugs (AEDs), which
also have therapeutic action via sodium channel blockade, may actually worsen the
toxic effects of cocaine (72,13). Such antiepileptics, which should be avoided,
include carbamazepine (CBZ), lamotrigine (LTG), and phenytoin (PHT) (13). Ben-
zodiazepines (BDZs), the drugs of choice for treating cocaine-induced seizures,
improve survival in animal models (/3,14). In addition, proper education of the
appropriate dosage and usage of cocaine is necessary to help prevent the unintended
incidence of adverse drug events.

Lidocaine

Although lidocaine-induced seizures are usually associated with doses utilized
for cardiac resuscitation and stabilization, toxic side effects of lidocaine have been
reported when the anesthetic is used for local effects, in which the drug is acciden-
tally injected intravenously. Lidocaine is metabolized in the liver, not through the
cytochrome P450 (CYP450) system common to many drug metabolic pathways but
instead through N-demethylation to monoethylglycinexilide (MEGX), which is
believed to lower the seizure threshold (15). The definitive role of these metabo-
lites with respect to seizure induction remains unclear.
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Serum concentrations of this drug are extremely useful in delineating the
proconvulsant risk apparent in any given patient. Serum concentrations between
0.5 and 5 pg/mL have been shown, in experimental models, to decrease epilepti-
form discharges and secondarily generalized seizures (/5). Lidocaine may possess
anticonvulsant properties at blood levels less than 5 mg/dL, because serum concen-
trations below this level have been observed to abolish cortically induced facilitation
of motorneurons (9,15). These lower doses of lidocaine have in fact been used to
suppress SE in the clinical setting (4). Lidocaine levels greater than 8-9 mg/dL
have been repeatedly associated with an increased incidence of seizures (15).

The mechanism by which lidocaine causes seizures is not completely under-
stood, as is the case with most medications. However, it is thought that increased
lidocaine levels selectively block the body’s own inhibitory mechanisms through
selective blockade of inhibitory cortical synapses and neurons. An overall increase
in relative cortical excitability, culminating in convulsive activity, has been
observed (15).

The lidocaine-induced seizures in experimental animal studies typically start
from the amygdala. Thus, a higher incidence of partial seizures should be expected
with the use of lidocaine in patients predisposed to having partial seizures; how-
ever, this is not true. Seizures are typically short-lived and generalized, ranging, on
average, from a few seconds to 1-2 min (/5). Early clinical indicators of impending
lidocaine toxicity include confusion, slurred speech, nystagmus, and muscle trem-
ors (15). Not all patients have the same risk for developing lidocaine-induced sei-
zures. Patients with a history of renal or hepatic failure, old age, congestive heart
failure, and/or shock appear to be at the highest risk (9). Lidocaine must be used
very cautiously, and serum concentrations must be monitored in these patient popu-
lations. As with cocaine, the treatment of seizures induced by local anesthetics
includes BDZs, barbiturates, and/or propofol (16).

Bupivacaine

Bupivacaine, another local anesthetic, is similar to lidocaine not only in thera-
peutic action, but in epileptogenic activity as well. This drug is more potent than
lidocaine, with possible toxicity at doses as low as 2-3 mg/kg (a lidocaine dose of
5-7 mg/kg would place the patient at a similar level of risk). Although the medica-
tion remains relatively safe when used as anything other than a high dose infusion,
caution for drug selection and monitoring parameters mirror those suggested for
lidocaine (17,18).

PSYCHOTROPICS AND NEUROLEPTICS

Antidepressants and antipsychotics have long been implicated in the induction
of seizures. The San Francisco General study noted that of all witnessed drug-
induced seizures occurring in that hospital, psychotropic medications accounted for
35% (4). The very nature of the medications disposes them to this type of adverse
effect. In fact, the potential exists in these medications for lowering seizure thresh-
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old through their pharmacologic activity on the brain itself and through pharmaco-
kinetic interactions with other medications, namely AEDs, via common hepatic
metabolic pathways (8). Thus, there is a concern for inducing seizures, either when
patients take an overdose of those medications or when epileptic patients, who fre-
quently are also depressed or psychotic, seek help for their mental illness. How-
ever, there are no convincing data that all these medications can lower the seizure
threshold in either the epileptic or nonepileptic brain. Some medications are more
proconvulsant than others, and if the intention is to use them at high doses, they
should be replaced with other more benign drugs.

If a seizure should occur during appropriate therapy with a psychoactive medi-
cation, initial management should be to decrease the dose of medication or switch
to a less epileptogenic alternative, if possible. For seizures occurring in the setting
of an overdose, one must immediately seek to lower the serum concentration of the
offending medication through general measures such as gastric lavage or dialysis.
During this immediate, emergent period, treatment with traditional antiepileptic
medications should be instituted. In the event of the suspicion of a future repeat
occurrence, therapy should once again be altered to accommodate another medica-
tion with more benign consequences of supratherapeutic serum levels.

Drug Interactions

It is reemphasized that medications themselves may not be directly responsible
for proconvulsant activity. Rather, the indirect actions that drugs exert on the meta-
bolism of other medications, increasing or decreasing serum levels, could be the
trigger for an epileptic event. Many psychotropic medications utilize the hepatic
CYP450 enzymatic system for elimination from the body. The inhibition of this
enzyme system, as caused by many of the antidepressant medications, can inad-
vertently increase AED levels, causing toxic AED serum concentrations (8). The
main inhibitors of the enzyme system appear to be the SSRI antidepressants (8).
Blood levels of AEDs should be carefully monitored when concomitant therapy
with an SSRI is undertaken.

Antidepressants

Mood disturbances are not uncommon in patients with epilepsy, especially
depression. Thus, many studies have been conducted in this patient population,
which led to the discovery that some AEDs (valproic acid [VPA], CBZ, etc.) have
antidepressant effect. However, not all depressed epileptic patients can be treated
for both coexisting conditions with a single drug. In such cases, other traditional
antidepressants have been tried, and this contributed vastly to the existing informa-
tion we have regarding the epileptogenic potential of these drugs. Nevertheless, the
intensivist must be very careful to extrapolate these data from the epileptic popula-
tion to the nonepileptic ICU patients when trying to make decisions regarding start-
ing or continuing a psychotropic medication after, for example, a witnessed seizure.
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Table 4

Epileptogenic Risk Stratification of Antidepressants
High risk Intermediate risk Low risk
Bupropion? Bupropion Nefazodone
Maprotoline® Maprotoline SSRI class

Clomipramine Mirtazapine
MAO-I class
“High dose.

(Adapted from refs. 7 and 79.)

Table 4 presents a synopsis of the proconvulsants potentials of the various antide-
pressant drug families.

Tricyclic Antidepressants

Overall, seizures induced by psychotropic drugs are a dose-related phenomenon
(8). For example, in a meta-analysis of 98 studies in 5476 patients conducted by
Peck et al., it was found that seizures occurred in 0.1% patients taking 200 mg/d or
less of imipramine and in 0.63% patients taking more than 200 mg/d (20). The
overall incidence of seizure related to TCA overdose is 8.4% (2,21). Seizures in
such a setting generally occur within an average of 3—6 h postingestion and are
uncommon after 24 h (22,23). There is yet to be a consensus on whether serum
TCA levels elevated above the therapeutic window are predictive for seizures (8).
The incidence of seizures in patients treated with “low-dose” TCAs does not differ
significantly from that of the general population, implying that it is not the medica-
tion per se, but, rather, the brain that is causing the insult (8).

Bupropion

Seizures associated with the use of bupropion also appear to be dose related: an
incidence ranging from 1 to 5.4% has been reported for therapies in which the
patient takes more than 450 mg/d; however, the incidence drops to 0.44% if the
patient is taking 450 mg/d or less (8,24). Seizure induction is thought to be second-
ary to the pharmacologic effect of bupropion, namely, the inhibition of dopamine
reuptake (25). In general, it is felt that seizure risk with bupropion is much higher
than with other forms of antidepressant drug therapy. One article estimates the risk
to be four times greater than treatment with other classes of antidepressants (26).
No direct comparisons regarding seizure occurrence between this agent and other
specific antidepressants have been made (8).

Selective Serotonin Reuptake Inhibitors

Overdoses of the SSRI antidepressants fluoxetine, sertraline, fluvoxamine, and
venlafaxine have also been implicated in the occurrence of seizures (8,9). Based on
analysis of sheer volume of case reports, one could conclude that SSRIs are much
less likely to cause seizures than other antidepressant classes, such as the TCAs.
However, one must consider how long medications have been in clinical practice
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and the associated number of case reports that any given drug may have been gen-
erated.

Although SSRIs are inhibitors of the CYP450 system, they are also substrates,
and thus susceptible to serum level changes as induced by other medications. As
with any other medications, a careful review of drug interactions, especially
regarding routes of elimination, should be examined before such agents are initi-
ated or withdrawn, especially in the medically complex ICU patient.

Monoamine Oxidase Inhibitors

Seizures related to the use of monoamine oxidase inhibitors (MAOIs) develop in
the setting of overdose in the context of hypertensive crises (9). Seizures also occur
in the setting of tyramine ingestion, which can also increase the blood pressure of
patients and thereby increase the possibility of seizure induction (9). In general,
when medications belonging to this class are taken in doses within the recom-
mended range and without external influences, MAOIs remain relatively safe from
a proconvulsant point of view.

Serotonin Syndrome

When taken with other medications that can increase the levels of serotonin in
the brain, such as MAOIs, which inhibit the metabolism of serotonin, SSRIs can
induce a potentially lethal “serotonin syndrome” in which the endogenous sub-
stance builds to a toxic level. Seizures may manifest as part of this syndrome,
whereas other signs such as myoclonus (which can occasionally be misinterpreted
as seizure activity), delirium, and/or autonomic instability may aid in the differen-
tiation and proper diagnosis (27). Although the side effect is relatively rare when
one considers that millions of patients take SSRI antidepressants every day, this
possibility should be borne in mind whenever medications that could potentiate
such an adverse reaction are initiated or added to the regimen.

Antipsychotics

The site of action of antipsychotic medications supported the postulation that all
of them potentially induce seizures. Proconvulsant activity, like that of many medi-
cations thought to induce seizures, can be related to the affinity for the receptor of
y-aminobutyric acid (GABA) (28). Overall, however, these medications are safer
than TCAs regarding potential of seizure induction following an overdose.

Phenothiazines

The phenothiazine class of antipsychotics has the highest potential of causing
seizures (8). They are not commonly used in the ICU for sedation or control of
potentially harmful behavior, but they are occasionally administered for control of
hiccups or for patients already on this regimen before admission to the ICU. This
antipsychotic class causes seizures in up to 3% of patients following overdose (29).
The percentage is lower when these drugs are given within the therapeutic dose
range. In the 1960s, observational studies in nonepileptic psychiatric inpatients
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found a 1.2% seizure incidence in phenothiazine-treated patients vs no seizures in
patients not receiving the drug (30). The aliphatic phenothiazines (e.g., chlorprom-
azine) have been found to induce the highest frequency of seizures in the class,
followed by the piperazine derivatives (e.g., fluphenazine) and the piperidine deri-
vatives (e.g., thioridazine) (9). However, these tendencies toward epileptogenicity
must be regarded with some skepticism, inasmuch as chlorpromazine has been used
much more frequently than medications in the other subclasses of phenothiazines,
potentially inflating the reported seizure incidence (9). Patients on phenothiazine
antipsychotics appear to be particularly susceptible to convulsion within the first
few days of therapy or after sudden dosage increases (30,31). Further intensifying
the seizure potential for the phenothiazine class of medications is the ability of
these medications to actually reduce the circulating levels of phenytoin and pheno-
barbital, placing epileptic patients treated with these AEDs at further risk (9).

Butyrophenones

Medications belonging to the butyrophenone class, such as haloperidol, are felt
to be less likely to cause seizures than those in the phenothiazine class of medica-
tions (8,9,32). Where chlorpromazine could be considered to be “high risk,” espe-
cially in patients with epilepsy or brain injuries, haloperidol has only rarely been
reported to cause seizures following its administration (8,9,719). However, con-
trolled or comparative studies are lacking.

Lithium

A long-used drug for bipolar disorder, lithium has been shown to induce EEG
changes and clinical seizures at both therapeutic and toxic serum levels, as well as
on drug withdrawal (32,33). EEG changes induced by lithium therapy typically
develop early (within 1-2 wk of the onset of therapy) and are reversible with the
elimination of doses (32). Because seizures may occur at therapeutic serum lithium
concentrations, it is imperative that the ICU team treat the clinical presentation in
these patients and not carry false confidence in “normal” lab values.

Because lithium may decrease the seizure threshold, a relative risk factor for the
appearance of seizures during lithium therapy is a pre-existing EEG abnormality or
seizure history (including childhood febrile seizures) (32). Thorough knowledge of
a patient’s medical history once again may prevent an untoward epileptic event. In
addition, because the combination of lithium and CBZ has been implemented in
acute neurotoxicity (lethargy, ataxia, tremor, hyperreflexia), despite therapeutic
concentrations of both drugs, the intensivist should be alerted and should use an
alternative antiepileptic or mood stabilizing agent when these symptoms emerge
(34,35).

Newer Antipsychotics

Newer classes of antipsychotics are not void of their own seizure reports.
Clozapine, the first of the new generation of antipsychotics, has been associated
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Table 5
Epileptogenic Risk Stratification of Antipsychotics
High risk Intermediate risk Low risk
Chlorpromazine? Chlorpromazine®< Fluphenazine
Clozapine®” Clozapine® Haloperidol
Olanzapine Molindone
Quetiapine Pimozide
Thioridazine Risperidone
Trifluoperazine
“High dose.
bMedium dose.
‘Low dose.

(Adapted from refs. 7 and 79).

with an overall incidence of seizures approaching 2.9% (36). However, this inci-
dence does appear to be dose-dependent with the rate of occurrence increasing to
approx 4.5% when doses approach 600-900 mg/d, but decreasing to approx 1%
with doses less than 300 mg/d (8). Currently, it appears that the newest
antipsychotics, such as olanzapine, could be considered safe, but the relative lack
of clinical experience with these compounds could prove this assumption false in
the years to come (8,/9). Table 5 sets forth the relative epileptogenic risk of com-
mon antipsychotics.

Treatment

Therapeutic AED treatment, if deemed necessary in the course of antipsychotic
therapy, should be tailored to the patient, as already mentioned. It may be benefi-
cial to select an AED with known mood-stabilizing effects, such as CBZ or VPA, to
achieve greater therapeutic efficacy (28,37).

In summary, current data are insufficient to permit definitive stratification of
any psychotropic medications based on seizure risk other than the highest risk
(clozapine) and the apparent lowest risk (MAOISs) (8). The psychotropic medica-
tions will likely alternate locations in Tables 3—6 as more clinical experience with
the individual agents is gained. Until then, the intensivist concerned about the sei-
zure potential should maintain a conservative approach, balancing risk and benefit
in the individual ICU patient.

ANTIEPILEPTIC AGENTS

Paradoxical Epileptogenicity

The concept of AEDs inducing seizures remains controversial. The difficulty in
assigning culpability to the medications lies in the disease system they are meant to
treat. Seizure disorders are, in and of themselves, usually infrequent and unpredict-
able, with wild swings between periods of relative seizure control success and fail-
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ure. However, there is mounting evidence that toxic levels of the AEDs may pre-
cipitate seizures (31).

Confounding situations may occur when the AED prescribed is incorrect for the
presenting seizure disorder (37). For example, PHT and CBZ may increase the fre-
quency of primary generalized seizures, and especially absence seizures, when
incorrectly prescribed for patients with that particular seizure disorder (9,38). Sec-
ond, the application of an antiepileptic medication to treat the most obvious, out-
ward seizure may unmask a second epilepsy syndrome, thus creating an apparent
increase in seizures when in fact the second seizure had been present all along (31).
Third, with AED overdose, a neurotoxicity syndrome has been described, includ-
ing seizure exacerbation, coma, and encephalopathy. This has been well defined
with PHT, CBZ, and VPA (39). With all the foregoing controversy taken in con-
text, the following AEDs are the most frequently reported paradoxical inducers of
seizures.

Benzodiazepines

In patients suffering from the uncommon but devastating Lennox—Gaestaut syn-
drome, rare induction of tonic seizures, occasionally climaxing in tonic status, has
been reported from the use of BDZs to quell the primary seizures. The future use of
BDZs in these patients should be avoided (40). Nevertheless, BDZs are extremely
effective antiepileptics, exerting pharmacologic action through binding at the BDZ
receptor site located on the GABA receptor, and achieving a seizure termination
rate in up to 90% of patients with generalized seizures (40). In addition, these are a
very efficient medication class for use against most drug-induced seizures seen in
the ICU.

Phenytoin

PHT is the AED implicated most often as a cause of AED-induced seizures,
especially when present in supratherapeutic serum concentrations. The most com-
mon reasons for iatrogenic PHT intoxication, according to one retrospective study,
were increases in daily PHT dosage and intravenous PHT loading for patients with
subtherapeutic PHT concentrations (31).

The unique pharmacokinetic properties of PHT must be blamed for the rela-
tively high number of case reports of seizures occurring with this medication. PHT
does not maintain typical linear kinetics; that is, a dose increase of 50% will not
achieve a 50% increase in the drug serum concentration. Instead, as the dose of
PHT is increased, the metabolic pathway becomes saturated and unable to achieve
a rate of removal equal to that achieved at the lower dose, resulting in an exponen-
tial increase in the drug’s serum concentrations relative to the dose increase (zero-
order kinetics). For this reason, therapeutic drug levels must be carefully monitored
when a patient is initiated on PHT therapy, when any dose adjustments are made, or
when any medications are added to the patient’s drug regimen that could poten-
tially interfere with metabolic pathway of the PHT.
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E?fbel; ?)n Present AED Plasma Levels With Addition of New AEDs
Present AED

Added AED PHT PB CBZ VPA LVT BDZs LTG
Phenytoin (PHT) — e ! I < < !
Phenobarbital (PB) 1 then |, — - I e ! !
Carbamazepine (CBZ) < < — I - i !
Valproic acid (VPA) L/ 1 </ — - 1 1
Levitiracetam (LVT) < < < < — P <
Benzodiazepines (BDZs) | - - < < — -
Lamotrigine (LTG) - < b - - - _

¢ Increases free PHT levels.
b Increases active epoxide metabolite.
(Adapted from refs. 7, 41, and 42.)

Withdrawal or Addition of AEDs

An increase in seizures associated with withdrawal of an AED is expected by the
decrease of seizure control resulting from the falling AED serum level. One must
be watchful not only for the obvious actual removal of the medication but also for
the more insidious effective removal of the AED through the addition or withdrawal
of an interacting medication. It appears that the rate of withdrawal of the AED
influences the patient’s susceptibility to the subsequent onset of seizures. When the
drug is quickly discontinued, patients appear to exhibit an increase in
postwithdrawal seizures in comparison to the cohort of patients for whom a gradual
decrease in AED dose, leading to eventual discontinuation, was employed (31).

Just as the addition or deletion of medications must be carefully monitored to
prevent AED toxicity, vigilance must also be maintained with respect to lowering
therapeutic AED levels by new pharmacologic therapies, a very common situation
in the ICU. The addition of an enzyme-inducing medication may speed the catabo-
lism of an AED, causing an effective AED withdrawal when, in fact, the AED dose
has remained constant. The addition of a second or third AED may have this prop-
erty and can cause this effect on the first AED’s level. Table 6 presents common
interactions among AEDs.

Finally, one must consider the protein binding of several ICU drugs. Many AEDs
are heavily protein-bound, and free serum drug is the active moiety. Not uncom-
monly, ICU patients have low serum albumin and protein levels, leading to higher
or even toxic levels of free AED; this may pass unnoticed if no specific check is
made. In addition, competition for protein binding between the various highly
bound ICU medications (AEDs or others) may lead to higher than expected active
free levels of individual drugs accounting for signs of toxicity. Therefore, it is
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Table 7
Relative Protein-Binding Affinities for Commonly Used ICU Drugs and AEDs
Drug Amount bound (%)
ICU drugs
Amiodarone 96
Digoxin 20-30
Nitroglycerin 60
Atracurium 82
Vecuronium 60-90
Propofol >95
AEDs
Phenytoin 95
Valproic acid 90
Carbamazepine 75-90
Phenobarbital 20-45
Lamotrigine 55
Felbamate 25
Oxcarbazepine (MHD) 38
Topiramate 15
Zonisamide 40
Tiagabine 95
Levitiracetam <10
Vigabatrin —
Gabapentin —

(Adapted from refs. /7 and 43.)

imperative in critical care that the clinician or pharmacist measure both total and
free levels of drugs whenever possible. Table 7 illustrates the wide variety of pro-
tein binding that may occur with several common medications and emphasizes the
need to look at more discrete pharmacologic interactions in these medically com-
plex patients.

CENTRAL NERVOUS SYSTEM STIMULANTS

Psychostimulants such as caffeine, amphetamines, methylphenidate, and
modafinil are gaining increasing popularity in the treatment of diseases such as
attention deficit—hyperactivity disorder (ADHD), narcolepsy, and obesity (44).

Because of their diffuse action within the central nervous system (CNS), one
would imagine the risk for seizures induced by this class of medications to be high.
However, studies have shown that the relative epileptogenicity of these medica-
tions is quite low (45). There are no data available regarding the seizure risk with
their anecdotal use in ICU comatose patients.

Although caffeine is certainly the most widely used medication in this class,
methylphenidate remains the most widely prescribed for the aforementioned dis-
ease states. Overall, this stimulant has proven to be quite safe regarding seizure
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induction. In fact, methylphenidate has actually been shown to decrease the inci-
dence of seizure in patients with acute brain trauma (46). When this stimulant is
used in epileptic patients well controlled on AEDs, there is very minimal risk of
seizure exacerbation or prolongation (47). This is supported by the interaction
occurring where the addition of methylphenidate may increase the serum concen-
trations of some AEDs, including PB and primidone (45). Again, the importance of
careful monitoring of serum concentrations of medications with the addition or
removal of any medical therapy cannot be understated.

For patients without a history of seizures, if the luxury of a pretreatment electro-
encephalogram (EEG) is available, it may prove beneficial in determining a
patient’s potential risk for developing seizures while on stimulant therapy. In one
study of pediatric patients started on stimulants for ADHD, the risk for seizure in
patients with a normal EEG prior to therapy was 0.6%, whereas for patients pre-
senting with epileptiform abnormalities on the EEG prior to the beginning of
therapy the risk was 10% (p < 0.003). In both groups, the seizures occurred during
treatment with methylphenidate, except for one patient with history of seizures,
who had one event after discontinuing the drug (47).

Modafinil is an alerting agent approved for the treatment of narcolepsy in adults.
It has been also used in children with excessive daytime somnolence. In a small
case series of children with these disorders, exacerbation of seizures and psychotic
symptoms was reported with modafinil therapy in 2 of 13 children (48).

ANTIASTHMATIC MEDICATIONS
Theophyllinel Aminophylline

Theophylline and its intravenously injectable prodrug aminophylline have been
frequently implicated as a cause of seizures in the ICU. A patient’s seizure history
is a very important factor when one is assessing the proconvulsant risk in patients
treated with this drug because the majority of patients having seizures with theo-
phylline have had a history of seizure (31). Generalized seizures are noted as occur-
ring in 33% and secondarily generalized in 30% of treated patients. Almost half of
patients have three or more seizures, and SE occurs in 29%, usually without perma-
nent neurologic sequelae (3/). The mechanism by which theophylline causes sei-
zure is not completely understood, but it is thought to involve adenosine receptors
and the inhibition of phosphodiesterase (8,9,31).

Measuring serum levels of theophylline in the setting of drug-induced seizure is
useful but appears to have most value in the setting of an acute overdose (8). Serum
levels greater than 21 mg/dL are commonly associated with drug-induced seizures,
and in one study seizures were seen in two out of three of the patients reaching this
serum level (37). However, the usefulness of level measurement in the setting of a
chronic overdosage has been questioned (§). Furthermore, although theophylline
blood levels may tell the intensivist the likelihood that a patient will have a first
seizure, they tend not to correlate with the number of seizures a patient may develop

(4).
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Concomitant use of fluroquinolone antibiotics such as ciprofloxacin, gati-
floxacin, and moxifloxacin has been associated with an increased risk of seizures
over that associated with each medication individually. The addition of the
quinolone can cause an increase in theophylline serum concentrations, through inhi-
bition of theophylline catabolism, leading to theophylline-associated seizures
(6,49). The interaction between these two medications does not end here: theophyl-
line has also been shown to increase the antagonism of the GABA, receptor
achieved by the fluroquinolones, thus increasing the epileptogenicity of the antibi-
otic (49).

Another characteristic of theophylline-induced seizures is their resistance to con-
ventional antiepileptic treatment, leading to a life-threatening situation. AEDs typi-
cally used in the treatment of seizures are rarely effective in controlling
theophylline-induced seizures (9). Dialysis therapy is often necessary to help the
body clear the drug and thus end the seizure. Hemodialysis is commonly employed
for detoxification in chronic toxicity where levels reach 60 pg/mL or in acute
ingestions where levels may reach 100 pg/mL (9). Midazolam has also been
reported to be effective against refractory seizures caused by theophylline toxicity
(50).

ANALGESICS
Meperidine

Although meperidine itself is not known to cause seizures, the toxic metabolite
of the analgesic, normeperidine is a well-known proconvulsant. Normeperidine is
formed through the metabolism of meperidine via N-demethylation in the liver (57).
With an elimination half-life nearly five times as long as that of the parent com-
pound (1540 h vs 3-6 h), the toxic metabolite can quickly accumulate to high
levels (51,52). This accumulation theoretically occurs most quickly in patients tak-
ing oral meperidine, because extensive first-pass metabolism converts the drug to
its metabolites before a therapeutic effect is established, thus creating the need for
a larger dose of the parent compound to reach the same level of analgesia, and
thereby an increase in normeperidine (9,57). A similar risk occurs in patients
requiring rapidly escalating doses because of tolerance, as seen in patients with
acute pain syndromes such as pain from malignancy or sickle cell disease (51).
Accumulation also occurs promptly in patients with renal failure, because
normeperidine is eliminated through the kidneys (51).

Normeperidine-induced seizures often begin after the onset of other clinical
markers heralding the impending neurologic sequelae. Overexcitability or delirium,
tremors, and myoclonus often arise prior to the onset of the, usually generalized
tonic—clonic (GTC) seizures (51).

Treatment of this type of seizure should include supportive measures and, of
course, the withdrawal of meperidine therapy. Naloxone should be avoided in these
patients if at all possible, because its use will not only reverse any analgesia the
patient received from the parent compound but may also exacerbate the seizures by
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negating any possible antiepileptic activity the parent drug, meperidine, may be
exerting (9,51). Furthermore, treatment with traditional AEDs should be avoided
because they have been shown to accelerate the conversion of meperidine to
normeperidine, potentially worsening the seizures (52).

Return of baseline neurologic function should not be anticipated until a few days
after the cessation of meperidine therapy, because the removal of the compound is
essential for recovery. Given that the normeperidine elimination half-life ranges
from 15 to 40 h, improvement could be expected in 3—5 d but may take longer
depending on the level of the assaulting metabolite (57).

Fentanyl

Although fentanyl is considered a generally safe analgesic medication that is
frequently used in the ICU, this injectable opioid has been noted to induce seizures
in patients when a high dose are used. Doses ranging from 17.7 to 35.7 ug/kg were
documented to produce epileptiform EEG patterns on the nonepileptic hemisphere
of patients with complex partial epilepsy (53).

Tramadol

Tramadol, a relatively new analgesic agent possessing pharmacologic action at
the [-opioid receptor, as well as reuptake inhibition of neurotransmitters such as
serotonin and norepinephrine, has been linked to increased risk of seizure activity.
Case reports of seizure activity seem to be linked to supratherapeutic doses of the
medication, and recent studies out of the United Kingdom refute the notion that
recommended doses of tramadol used in the general population places an unneces-
sary seizure burden on patients (54-56). However, the risk for seizures may be
elevated in patients taking certain classes of antidepressants (TCAs or SSRIs),
because of extensive inhibition of neurotransmitter systems, and careful monitor-
ing of these patients is often necessary.

Opioid Withdrawal

One-third of ICU patients in a study by Wijdicks and Sharbrough had seizures
attributable to opioid withdrawal (27,57). Seizures in this population of patients
appear to occur, on average, 2—4 d after a sudden withdrawal (8,27). Gradual taper-
ing of narcotics is recommended as a way to avoid this unwanted consequence.

ANTIBIOTIC AGENTS

Antibiotic-induced seizures are seen most frequently in the critical care area of
medical practice, as the result of overdose, coadministered medications, or specific
patient characteristics. The ICU patients also tend to have the most difficult-to-treat
infections, requiring the most frequent or high dosing of antibiotics as a means to
eliminate increasingly resistant organisms. In addition, when a seizure occurs in an
infected or septic patient, additional workup must be ordered to exclude CNS infec-
tion before the convulsions can be definitively attributed to medications, because
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Table 8
Antibiotic-Induced Seizures
Patient characteristics increasing Pharmacologic attributes increasing

overall risk of antibiotic-induced seizures overall risk of antibiotic-induced seizures
Age <7 mo or >70 yr Route of administration
Renal insufficiency Class of antibiotic chosen
Pre-existing CNS disease, including High dose

but not limited to seizure disorders Coadministered drugs: theophylline,
Cardiopulmonary bypass other antibiotics, probenecid, cilastatin,
Sepsis and nonsteroidal anti-inflammatory
Endocarditis analgesics

CNS infection to be treated with antibiotic

(Adapted from ref. 49.)

medications usually remain low in the differential diagnosis for most ICU physi-
cians. Table 8 lists the characteristics of patients and antibiotics that create a high-
risk environment for the development of antibiotic-induced seizures.

p-Lactams

Many of the (3-lactam antibiotic derivatives are known to cause seizures. Table 9
expresses the potential for seizure attributable to antibiotics commonly used in the
ICU.

Penicillins

B-Lactams, and particularly the penicillins, have been the most frequently impli-
cated antibiotics in the induction of seizures. One of the best-known chemical
inducers of seizure, penicillin has been used as means to produce seizures in animal
models. Its intrinsic epileptogenicity is such that if given intravenously in high
enough doses, or if applied directly to the brain surface, it can virtually always
produce a seizure (59,60). Obviously not all patients receiving penicillin, even in
high doses, will have seizures, but certain factors can dramatically increase their
risk (Table 10).

Penicillin is known to induce seizures through antagonism of GABA activity,
which leads to an overall increase in the excitability of the cortex. Specific mecha-
nisms include an apparent prevention of the binding of GABA to the GABA,
receptor, as well as prevention of the opening of chloride channels associated with
GABA, leading to decreased hyperpolarization of the cell membrane (9,60,61).
Most seizures related to the administration of penicillin occur within 12-72 h of
initiation of therapy (49,60,62). Seizures tend to be of the GTC type and are often
associated with myoclonus, encephalopathy, or coma (49,60,63).

In a series of 46 patients with penicillin-induced neurotoxicity, 31 patients had
myoclonic seizures (ocular twitching, jerks in all muscle groups), 26 had GTC sei-
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Table 9
Potency of Antibiotics to Induce Seizure After Instillation of 0.1 pmol into the
Ventricles of the Rat Brain

Antibiotic Risk for seizures

Imipenem—Cilastatin Seizures common
Cefazolin

Benzylpenicillin

Ceftezole

Aztreonam

Cefamandole

Azlocillin

Cefuroxime

Piperacillin

Cefonicid Seizures uncommon

(Adapted from refs. 49 and 58.)

zures, and 18 patients became comatose. Eleven patients died during the acute neu-
rotoxic phase, and four patients expired later in the course. Among survivors who
underwent cessation or reduction of the therapeutic dose, improvement was docu-
mented within 12-72 h (63).

The instigating effect of the penicillin brain toxicity is also attributable to a
decrease in active transport out of the CNS when coadministered with some anes-
thetics, thiopental included. This could lead to an accumulation in the CNS at a
higher concentration than in the blood (49). The decreased departure of the drug
from the CNS is achieved in much the same way penicillin excretion of the kidney
is inhibited with coadministration of probenecid, which could also inadvertently
lead to seizures through an increase in serum concentration and thus an elevation in
the CNS concentration (49).

Neurotoxicity has not been shown to correlate to cerebrospinal fluid (CSF) or
serum concentrations of the antibiotic. Brain tissue concentration may be a better
indicator (49). Patients with an impaired blood—brain barrier, such as those with
CNS infectious disease processes, may also be at increased risk secondary to subse-
quently elevated brain concentrations of penicillin (49). This mechanism has been
postulated in two ICU patient populations treated with high-dose penicillins: those
who undergo cardiac bypass (with microembolization of the brain with clots, air, or
fat during the procedure) and those with bacterial endocarditis or septicemia. How-
ever, convulsions in the latter population have been observed only if there is coex-
isting renal failure. Interestingly, the incidence of seizures has not been found to
correlate with the administered dose of penicillin in patients with meningitis, and in
an animal model, benzylpenicillin neurotoxicity was not increased with Escheri-
chia coli meningitis (64,65).
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Table 10
Patient Risk Factors for Seizure Secondary to Penicillin Administration

Intrathecal administration > intravenous > po

Renal failure: most important patient-related risk factor (allows for quick accumulation of
penicillin by impaired glomerular filtration rate and decreased clearance of the drug;
increased brain penetration resulting from the lower plasma protein associated with ure-
mia may also contribute to increased toxicity)

Low-protein state: decreases the available plasma protein binding pool for penicillin

Neonates: low protein state reduces penicillin protein binding pool, and underdeveloped
glomerular filtration may lead to decreased elimination of penicillin

Elderly: low plasma protein binding pool and decreased glomerular filtration

(Adapted from refs. 6 and 49.)

Cephalosporins

Seizures associated with cephalosporin antibiotics, another class of the 3-lactam
antibiotics, resemble seizures associated with penicillin administration (9). In
animal models, seizures occur with relative frequency when high-dose cephalospor-
ins are administered, but this has not been reproduced in clinical practice (9). In
large daily doses, cefazolin, one of the first-generation cephalosporins, appears to
be the most epileptogenic of the class. This is relative, of course; the following
doses have been reported as necessary to induce seizure: 50 mg of intraventricular
cefazolin or 20 g of intravenous cefazolin per 24 h, yet these amounts are much
larger than the typically utilized dose in the ICU (49). Renal failure remains a major
patient-related risk factor; doses of cefazolin must be adjusted downward, based on
the patient’s estimated creatinine clearance (49).

Carbapenems

Yet another subclass of B-lactam antibiotics known to cause seizures is the
carbapenems. The postulated mechanism of seizure induction is once again via
binding to the GABA 4 receptor. Binding affinity for this receptor increases as the
antibiotic side chain becomes more basic (60,66). Imipenem and panipenem are
very basic; meropenem is much less basic, creating less concern for seizure induc-
tion with its use (66).

Because imipenem is used in the United States solely as a combination product
with cilastatin, one must consider whether the epileptogenicity of imipenem is mag-
nified by the presence of a second seizure-inducing medication. Cilastatin by itself
does not appear to be neurotoxic (66). In fact, neither is the metabolite of the
carbapenem antibiotics; rather, it is the parent drug itself that is proconvulsant.
Therefore, cilastatin would increase the seizure risk only in the same manner that
probenecid could increase the risk of seizures in a patient receiving penicillin. Its
objective is the same: to increase the serum concentrations of the parent imipenem
molecule by decreasing the drug’s excretion by the kidney. Cilastatin may also
decrease the clearance of imipenem from the CSF, thus leading to drug concentra-
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tions in the CSF exceeding those in the blood (4). Drug accumulation is obviously
accelerated in patients with renal impairment or in those receiving high-dose regi-
mens with a short dosing interval.

Except for renal insufficiency, other ICU patient populations at risk are those
with pre-existing stroke, epilepsy, brain abscess, and bacterial meningitis (67,68).
Overall, the imipenem-—cilastatin risk for seizures ranges between 0.2 and 6% (66).
Clinically, these seizures can be generalized or focal, and they occur within 3-7 d
of the initiation of treatment, although they can occur as early as 36 h. The average
daily dose of imipenem—cilastatin in patients who experienced seizures ranged
between 13 mg/kg and 4 g of imipenem (68,69).

Patients whose medical course is complicated by hydrocephalus show a marked
decrease in the elimination rate of meropenem from the CSF in comparison to that
from the serum (66). Therefore, it appears that there may be an accumulation of the
drug in the CSF, which would predispose them to an increased risk of seizure.

Treatment of B-lactam-induced seizures includes discontinuation of the antibi-
otic and administration of an AED that enhances GABA-ergic activity, such as
BDZs or barbiturates. PHT and other sodium channel blockers probably should be
avoided (70).

Fluroquinolones

The fluroquinolone antibiotics induce seizure through a mechanism similar to
that of the f-lactams, that is, through direct antagonism of the GABA molecule
binding to the GABA, receptor (60,71). Receptor binding affinity is likely
secondary to the similarities between the chemical structures of GABA and the
antibiotics (60,72). Overall incidence of seizure is rare except in cases of overdose
or in patients predisposed to seizures. The estimated incidence of this antibiotic-
induced seizures is 1%, at most. Typically, these seizures occur later than with
penicillins (generally after more than 7 d of therapy) and consist of tonic—clonic
spasms, easily controlled with the same AEDs used for the p-lactams (49,60).

Concomitant dosing with other medications can also dramatically increase the
proconvulsant activity of the antibiotics. Coadministration of fluroquinolones and
nonsteroidal anti-inflammatory drugs (NSAIDs) may elevate the risk of seizure
over that seen when the antibiotic is used alone (60). Enoxacin (a fluroquinolone)
in combination with fenbufen (a propionic acid derivative) has led to several
reported seizure cases in Japan. GABAergic antagonism was potentiated by biphe-
nyl acetic acid (BPAA), an active metabolite of fenbufen (73).

Fluroquinolones can also cause drug interactions, increasing the toxicity of other
medications and thus manifesting seizures as a side effect of the latter, as noted
earlier in the discussion of theophylline-induced seizures.

Isoniazid

Isoniazid (INH), although not a common antibiotic in the ICU, remains one of
the most common causes of drug-induced seizures; the risk for seizures is esti-
mated at 1-3% of treated patients. Almost all seizures emerging as a result of
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therapy with INH occur secondary to drug overdose, be it intentional or accidental
(60). However, one must remember that because of recent years’ resurgence of
tuberculosis, more patients are treated with the drug. Some populations, specifi-
cally Native Americans, may be at higher risk because of concomitant higher rates
of suicide attempts and tuberculosis.

Proconvulsant activity is mediated by the competition between INH and pyri-
doxine for the enzyme pyridoxine kinase, which mediates the transformation of
pyridoxine to pyridoxal phosphate. Pyridoxal phosphate is an essential cofactor in
the production of GABA. Therefore, INH therapy results in an inhibition of GABA
synthesis and thereby a decrease of the cortical circuit’s inhibitory mechanisms
(8,49,60). Also, INH directly inhibits glutamic acid decarboxylase to further
decrease GABA synthesis (49). Renal failure and a patient’s own, intrinsic “slow-
acetylator status” may predispose a patient to INH toxicity, although acetylator
status has not been fully elucidated as a potential hazard (49,60,74). The onset of
seizures, in the presence of an INH overdose, usually begins within hours of inges-
tion. SE is relatively common and is frequently refractory to standard AED treat-
ment (60).

INH remains less likely than other antibiotics to cause seizures in the hospital or
the ICU: most cases of INH-induced seizure result from acute, accidental, or inten-
tional overdose (49). Damaging neurologic sequelae have resulted from exposures
as low as 20 mg/kg (49). This is striking because the recommended dosage for
children requiring therapy runs from 10 to 15 mg/kg (49). Clear understanding of
dosage regimens must be carefully communicated, not only to the health care team,
but also to patients or parents of patients on INH.

Signs heralding neurotoxicity include nausea and vomiting, slurred speech, diz-
ziness, and encephalopathy. Neurotoxicity itself may originate as hyper- or
hyporeflexia, leading to focal or GTC seizures (49). These seizures usually begin
within 1-3 h of the overdose ingestion (9). Elevated anion gap metabolic acidosis
with a high serum lactate level does not help identify the problem in the differential
diagnosis if it is found after a prolonged seizure. Without a seizure, or after a brief
one, a significant anion gap should alert the intensivist to such a possibility. INH
levels have been shown to correlate with the likelihood of impending neurotoxic-
ity, although turnaround time for laboratory reporting may hinder the practical
application of these levels to guide treatment (49). Again, the best defense against
ISH-induced neurotoxicity is a thorough medical history.

Although INH may not be seen exceedingly often in the ICU, patients who have
overdosed on INH should be immediately admitted to an ICU because of the high
mortality: 8.3-20% of patients may die of the overdose if not emergently treated.
Thus, the intensivist must be familiar with the specific management of these sei-
zures (75).

INH-induced seizures are unlikely to respond to the typical AEDs used to curtail
seizures (9). Instead, patients should be immediately treated with intravenous pyri-
doxine to overcome the therapeutic effect of INH and thereby protect against sei-
zure development. The dose of pyridoxine given depends on the amount of INH
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ingested: one gram of pyridoxine for every gram of INH taken (8,49). When the
exact offending dose of INH cannot be determined, treatment should begin with 5 g
of intravenous pyridoxine (8,49). This dose may be repeated at 5- to 20-min inter-
vals until control of seizures has been obtained (9,49).

Metronidazole

The mechanism of action by which metronidazole induces epileptogenicity is
largely unknown (49). It is known that seizures seem to develop approx 7-10 d
after the initiation of high-dose therapy (5-6 g/d) in susceptible patients (49).
Patients witnessed to have seizures on metronidazole therapy were also afflicted
with, mainly, metastatic cancers (metronidazole was used a radiation sensitizer)
and were also treated with other medications with known proconvulsant actions
(e.g., phenothiazines, cefamandole, ciprofloxacin, theophylline) (49). Based on
these rare human reports and some limited evidence from animal experiments, met-
ronidazole use should be considered to be safe if not used in high doses or in com-
bination with other epileptogenic drugs.

Overview of Therapy

As a general statement, with the exception of INH, the effective treatment of
antibiotic-induced seizures is best achieved by the administration of barbiturates,
BDZs, or propofol. The mechanism of seizure abatement by these AEDs most
closely counteracts the mechanism of seizure induction by the antibiotics (49). PHT
has not shown the same success, in clinical experience or animal seizure models, as
the AEDs just mentioned because it does not possess pharmacologic action at the
GABA receptor site (49). Chapter 14 provides further details.

ANTIVIRALS
Foscarnet

Foscarnet is used as a first-line treatment of patients with cytomegalovirus
(CMYV). Because of its frequent use in immunocompromised patients, however, the
epileptogenicity of the medication may appear to be elevated. Nevertheless, con-
vincing studies of this adverse event are lacking. Risk factors for foscarnet-related
seizures include the presence of toxoplasmosis with CNS involvement and a
decrease in creatinine clearance (76). Without the presence of these risk factors
and in the absence of any electrolyte abnormalities, there have been no reported
seizures in the foscarnet-treated population (76).

Acyclovir

Neurologic sequelae (vomiting, hallucinations, and confusion or coma) as a
result of acyclovir dosing have been reported in the literature, although mostly
through case reports. Seizures are rare (77-79).

Often, this comes as a consequence of intravenous administration, but it has also
been found to occur in patients receiving oral therapy. Although patients with pre-
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existing renal dysfunction, the elderly, or patients with overdose may be most sus-
ceptible to adverse neurological events (78), seizures cannot be entirely attributed
to the drug, but instead to the primary CNS insult by herpes simplex virus or vari-
cella zoster virus. Nevertheless, acyclovir neurotoxicity is distinguished from viral
encephalitis by its sudden onset, absence of fever or headache, lack of focal neuro-
logic findings, and normal CSF (79). Discontinuation of the drug and hemodialysis
should be considered if neurotoxicity leading to seizures from this drug is sus-
pected.

Gancyclovir

Gancyclovir is also a drug used in the treatment of CMV infection. In one case
report of a patient diagnosed with AIDS, gancyclovir administration was associ-
ated with seizures after the first month of administration, which worsened with
increasing dosing; the seizures did not respond to PHT administration and stopped
when gancyclovir was discontinued (81,82).

Antiretrovirals

The incidence of seizures occurring in patients infected with HIV and AIDS is
higher than in the general population (83,84). The question yet to be definitively
answered is whether this elevated seizure risk is secondary to the disease progres-
sion itself, complicated by the many medications required to prolong life, espe-
cially in advanced disease, or is it a manifestation of the antiviral medications
required for the prevention of this progression?

One Spanish study attempting to answer this question followed 550 patients for
1 yr and monitored their seizure incidence. Seventeen patients, or 3% of the study
population, had new-onset seizures over the study year, and only one patient
(0.018%) had a seizure attributed to the toxic effects of an antiretroviral agent
(zidovudine) when taken in overdose with sulfonamides (83). Eight patients (1.4%)
had seizures attributable to medications mentioned earlier in this chapter (foscarnet,
cephalosporins, imipenem, cocaine, heroin, Medazepam withdrawal, and oral sulfana-
mides). Although the epileptogenic effects of zidovudine are well-accepted, one must
look at the entire therapeutic picture before assigning neurotoxicity to a particular
drug (83). Because of the inherent difficulty of assigning cause and effect to these
seizures, it is prudent to begin AED therapy in HIV/AIDS patients after the initial
seizure (84).

Selection of AED agent is crucial in this population because there are many drug
interactions and disease interactions. VPA, for example, can increase viral repro-
duction of both the HIV virus in addition to CMV, whereas PHT, CBZ, and PB may
increase the metabolism of protease inhibitors via the CYP450 system (84). More
information on these interactions can be found in Chapter 9.
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IMMUNOMODULATORS

Seizure etiology in the posttransplant patient population may be the most diffi-
cult to assess, given the level of medical complexity of these patients. Metabolic
abnormalities, including nonketotic hyperosmolar hyperglycemia, weakened
immune systems, polypharmacy, and potential coagulopathies all pose as possible
instigators of neurologic toxicity. Before the intensivist attributes seizures to a
metabolic or drug cause, an extensive workup to exclude infectious agents invad-
ing the CNS should be completed.

Cyclosporine

Seizures induced by cyclosporine (CSA) have been reported in liver and, less
commonly, renal transplant patients. Patients with the highest risk for seizure dur-
ing CSA therapy include those on simultaneous high-dose steroids and those with
hypertension, hypomagnesemia, and/or hypoalbuminemia (85). Aluminum over-
load may be another predisposing factor for CSA-treated renal transplant patients
(86). A postulated cause of CSA toxicity is the medication-induced capillary leak
syndrome, which occurs as a direct insult of the drug on endothelial cells (60,85).

Seizures most often occur when CSA is started within the first postoperative
week or when doses are aggressively increased (37). In a study of 630 liver trans-
plant patients, Wijdicks et al. reported 28 (4%) patients developing seizures. CSA
was implicated in 11 and tacrolimus (FK506) in 6 of them. All patients were ini-
tially treated with AEDs (87).

Negative neurologic sequelae, including seizures, have especially been noted
when CSA therapy is combined with high-dose methylprednisolone in liver trans-
plant patients (60,86). Of all age groups, children seem to be at the highest risk for
CSA toxicity, and levels of the drug should be monitored most vigilantly (60,85).
Other immunosuppressing agents used after organ transplantation and increasing
the risk for seizures include FK506 and muromonab-CD3 (OKT3). In renal trans-
plant patients, OKT3 caused seizures in 6% (8 of 122) of cases, all with
nonfunctioning grafts resulting from tubular necrosis (88).

Effects of AEDs on Immunomodulation

PHT and PB induce the hepatic enzymes responsible for the metabolism of glu-
cocorticoids. For that reason, it is recommended that the dose of the steroid be
empirically increased 25-30% in patients who require concomitant therapy (60,85).
Similar effects occur with the induction of CSA’s metabolic pathway by phenytoin,
phenobarbital, and carbamazepine (60,85). Careful monitoring of CSA blood lev-
els is imperative in the patient who must be maintained on one of these AEDs. VPA
is one AED that has failed to show any impact on the metabolism of CSA (60,85).
For that reason, it may be recommended as a possible therapeutic option, although
its use should be avoided in patients younger than age 2 yr who have undergone
liver transplantation because it has had reported deleterious effects on the liver
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itself (60,85). Newer AEDs, which are nonhepatic enzyme inducers, like
gabapentin, oxcarbazepine, or levetiracetam may also be considered to control sei-
zures. Chapter 7 provides more information.

CHEMOTHERAPEUTIC AGENTS

Alkylating agents, such as chlorambucil and busulfan, are known to be epilepto-
genic (9). Overmedication with these agents appears to increase the risk; thus, con-
servative dosing in patients with a predisposition to seizures is warranted (9). It
appears that children are more susceptible to the neurotoxic effects of chlorambucil
than adults, putting them at higher risk of seizures (9). In one study, seizures
occurred in 15% of patients within 2—4 d of receiving high-dose busulfan treatment
for nonleukemic malignancies. Pretreatment with intravenous clonazepam may pre-
vent seizures in high-risk patients (89). L-Asparaginase is another such alkylating
agent. Its use has been associated with cerebral hemorrhage and infarction, predis-
posing patients to seizures (87).

OTHER COMMON ICU DRUGS

Flumazenil also presents as a seizure-inducing agent, in part secondary to its
pharmaceutical action as a BDZ antagonist that binds directly to the GABA-associated
BDZ receptors (60). Neurotoxic effects are not necessarily related to an epileptoge-
nic potential of flumazenil itself; instead the cause may be the acute BDZ with-
drawal it induces (9). Risk factors for seizure precipitations include chronic
parenteral BDZ use and a mixed overdose with other drugs, especially TCAs (9).

Baclofen is acommon agent used to treat spasticity of spinal or cerebral origin in
neurology ICU patients. It is administered either orally or intrathecally (through a
pump). Baclofen is a GABAg receptor agonist (a metabotropic receptor, acting
through G protein coupling). These receptors are located in both the pre- and
postsynaptic membranes of either excitatory or inhibitory neurons. Both tissue and
animal studies have shown that baclofen can promote epileptogenesis through inhi-
bition of either presynaptic or postsynaptic inhibitory neurons (90).

Clinical studies support seizure or even induction of SE from overdosing or acute
withdrawal from baclofen therapy, administered either orally or intrathecally (97—
93). In a recent retrospective study of children with cerebral palsy treated with
baclofen, no child older than 10 yr developed seizures. In the group younger than
10 yr, 14% of children without a history of epilepsy developed new-onset seizures
1-2.5 mo after the initiation of therapy with oral baclofen or increase in the dose
(94).
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Critical Care Seizures Related
to Illicit Drugs and Toxins

Andreas R. Luft

SUMMARY

Seizures caused by ingestion of drugs and toxins require specific treatment aim-
ing to terminate epileptiform activity and to eliminate the toxin. Withdrawal from
regularly ingested drugs can also be accompanied by seizures requiring admission
to an intensive care unit. This chapter discusses diagnostic and therapeutic particu-
lars of seizures induced by illicit drugs of abuse, environmental toxins, and heavy
metals.

Key Words: Illicit drugs; opiates; sedatives; stimulants; solvents; toxins;
heavy metals; lead; mercury; tin; seizures.

INTRODUCTION

A variety of drugs and toxins cause seizures and status epilepticus (SE) requir-
ing admission to the intensive care unit (ICU). If intoxication is suspected, identifi-
cation of the causative agent is mandatory because specific therapies aimed at toxin
elimination need to be initiated in parallel with anticonvulsant treatment and sup-
portive measures. Seizures may also occur as a result of withdrawal of recreational
drugs while a patient is in the ICU for other reasons. Seizures then complicate the
course of illness and may interfere with treatment of the primary disease. Timely
identification of the seizure’s origin and of the drug or the toxin involved is manda-
tory. Companion symptoms (e.g., delirium), the patient’s history, and drug screens
in blood and urine must be taken into consideration.

From: Current Clinical Neurology: Seizures in Critical Care:
A Guide to Diagnosis and Therapeutics
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ILLICIT DRUGS

Chronic use, overdose (intoxication), and withdrawal are potential causes of sei-
zures in illicit drugs users. A retrospective analysis identified 49 cases of recre-
ational drug-induced seizures admitted to the San Francisco General Hospital
between 1975 and 1987. Whereas the great majority had a single focal or general-
ized seizure, seven patients had multiple convulsions and two developed SE requir-
ing ICU admission (/). Identified drugs were cocaine (32 cases), amphetamine (11
cases), heroin (7 cases), and phencyclidine (4 cases). All except one patient had
complete recovery. This analysis demonstrates that ICU admission for recreational-
drug-induced seizures is infrequent. Routine screening for recreational drugs in
patients admitted to the hospital because of a seizure has a low yield and should be
considered only if a patient’s history raises suspicion for drug abuse (2). However,
if illicit drugs are suspected and seizure activity is prolonged, ICU care is necessary
because management of drug-related seizures may be extremely difficult (espe-
cially in cases of cocaine abuse).

Opiates

Opiates act on regions of the brain called opiate receptors, which are able to bind
morphine. They include synthetic compounds (e.g., fentanyl) as well as natural
substances, both endogenous (e.g., endorphin) and exogenous (e.g., morphine, a
constituent of the milky extract of opium poppy, Papaver somniferum) or synthetic
compounds. Opiates produce psychological and physical dependence. Heroin
(diacetylmorphine, a lipophilic morphine analog with faster passage through the
blood—brain barrier) is the most commonly used recreational opiate leading to abuse
and addiction. Intoxication, usually caused by intravenous administration of an
overdose, presents with coma, respiratory depression, pinpoint but reactive pupils,
and vomiting. Seizures are expectedly uncommon, owing to the inhibitory actions
of opiates on the brain: opiate receptors (I, 9, k) inhibit the adenylate cyclase and
close Ca®* channels via G protein-mediated pathways and thereby reduce neuronal
excitability. Nevertheless, seizures have been reported in 2% of heroin-overdosed
patients (3) and may be attributed to heroin itself (4) or to adulterants. Inadvertent
intrathecal application of morphine led to seizure in one reported case (5).

Because seizures related to opiates themselves are uncommon, other causes
should be explored. These can be direct toxic effects of adulterant drugs or the
result of diseases frequently observed in the addicted population (stroke, infection,
neoplasms, metabolic derangement). Adulterant drugs should be sought in labora-
tory analysis (6). Acute opiate intoxication can be treated with the antagonist nalox-
one (2 mg intravenously, repeated as needed up to 20 mg). No specific
recommendations exist for the use of anticonvulsants.

In contrast to acute overdose, chronic heroin abuse is an independent risk factor
for seizures with an adjusted odds ratio of 2.8 (p < 0.05) that was increased to 3.6
when concomitant brain pathology was present (7). Seizures sometimes accom-
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pany opiate withdrawal, which in adults typically presents with flulike symptoms.
A study by Wijdicks and Sharbrough evaluating patients with new-onset seizures
admitted to the medical or surgical ICU at the Mayo Clinic identified sudden with-
drawal of narcotics as a cause of tonic—clonic seizures (quoted in ref. §). Among all
admissions with first-ever seizure of identifiable cause, patients in opioid with-
drawal constituted the largest group. However, they represented only a small frac-
tion of all ICU admissions during the 10-yr study period (0.066%). Therefore,
opioid withdrawal seizure remains a rare cause of ICU admission. General with-
drawal symptoms are usually well-handled with methadone (20 mg once or twice
daily). Withdrawal in the neonate who was exposed to opiates taken by the mother
is more severe and more frequently associated with seizures. The treatment of this
condition, the so-called neonatal abstinence syndrome, should be based on substi-
tution of opiates. If sedatives are required, phenobarbital should be preferred to
diazepam (DZ) (9).

Sedatives and Hypnotics

Benzodiazepines (BDZs), barbiturates, and other sedative agents (e.g., glute-
thimide, methaqualone) are used for recreational purposes. Especially barbiturates
have an addictive potential of psychological and physical dependence between that
of stimulants (see next section) and opiates. BDZs with a lower abusive potential
than barbituates may also lead to withdrawal symptoms. However, seizures, are not
as common as with barbiturates. In a study in which patients were withdrawn from
therapeutic doses of BDZs taken for several months, withdrawal seizures were not
reported (/0). Because BDZs and barbiturates are powerful antiepileptics, seizures
have not been observed with overdose—mostly administered for suicidal purpose.
However, flumazenil used as a BDZ antidote has reportedly led to partial seizures
(11) and fatal SE (12).

Withdrawal from BDZs and barbiturates may be complicated by seizures along
with delirium tremens (in many aspects similar to alcohol withdrawal) and often
requires ICU care. Seizure susceptibility is explained in part by the downregulation
of y-aminobutyric acid (GABA) receptors by long-term use of these sedatives
(13,14). Additionally, a role of the glutamatergic system is suspected because
reduced seizure susceptibility was observed after BDZ-dependent mice were treated
with an N-methyl-p-aspartate (NMDA) antagonist (15).

Seizures are observed in 3% of patients going through BDZ withdrawal (16).
They typically occur within 1-10 d of stopping the drug, depending on the specific
agent’s half-life and the dose ingested (/7). For example, with short-acting barbitu-
rates like secobarbital, pentobarbital, or amobarbital, seizures are expected within
the first 2-3 d after abrupt withdrawal of the drug and, as with alcohol, are followed
occasionally by delirium tremens. Withdrawal from long-term use of pentobarbital
is associated with seizures in 10% of subjects taking 600 mg/d and in 75% taking
900 mg. With lower daily doses of 400 mg, electroencephalographic (EEG) changes
consistent with epileptiform discharges can be found in up to one-third of patients
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(18). Sedative withdrawal seizures should be treated with titrated doses of BDZ or
barbiturate (determination of a “stabilization dose,” usually 200 mg of pentobar-
bital every 6 h, followed by gradual tapering over 2-3 wk). Most other anti-
convulsants are ineffective.

Other sedatives, such as chloral hydrate and meprobamate, can also cause sei-
zures during withdrawal. In contrast, glutethimide (/9) and pentazocine/tripelen-
namine (Ts and blues) can produce seizures on ingestion (20).

Stimulants

Psychostimulants are amphetamines, ephedrine, 4-methylaminorex and meth-
ylphenidate (Ritalin). These agents release monoamines at the synaptic nerve ter-
minals. Clinical use of amphetamines is established for treatment of narcolepsy,
hyperactivity in children, and the control of obesity. Amphetamines are widely used
and thus easy to procure. After cannabis, amphetamines are therefore the most com-
mon drugs of abuse. Use of methylenedioxymethamphetamine (MDMA,
“ecstasy*‘), an amphetamine with stimulant and hallucinogenic properties, has qua-
drupled over the past decade (2/). Another psychostimulant with properties similar
to those of MDMA is cocaine. In contrast to amphetamines, cocaine blocks the
reuptake of monoamines at synaptic nerve endings.

Seizures can occur with psychostimulant overdose and also after intentional
administration of high doses. Reported frequencies of cocaine-induced seizures
vary between 1 and 40% (22). In one study women were more likely to present with
seizures than men (18% vs 6%) (23). Seizures occur with amphetamines, especially
MDMA, even at intentional doses (24), but are less frequent than with cocaine (7).
Frequent acute adverse reactions of MDMA are hypothermia and hyponatremia
(25). An association exists between the use of MDMA or cocaine and acute cata-
strophic neurovascular events, such as subarachnoid hemorrhage and stroke. These
events can produce seizures on their own (26,27). These seizures are commonly
focal, whereas the typical cocaine-induced seizure is generalized. Therefore, brain
imaging studies should be considered in stimulant users with focal seizures. Con-
vulsions induced by cocaine are usually of short duration and occur immediately or
within a few hours. MDMA produces a secondary clonic phase after the initial ictal
event (28). Rarely SE develops, requiring ICU care. Complex partial SE (i.e.,
nonconvulsive SE) has been reported with alkaloid “crack” cocaine abuse (smoked)
in a patient who presented with bizarre behavior thought to be “cocaine psychosis”
(8). Seizures during stimulant withdrawal have not been reported.

Responsiveness to treatment depends on the drug: methamphetamine seizures
respond to DZ and valproate but are refractory to phenytoin (PHT). PHT is more
effective for cocaine-induced seizures. However, rare SE after cocaine but also
after MDMA is notoriously refractory to conventional treatment and requires ICU
management (23,29-31). 4-Methylaminorex-related seizures can be treated with
the calcium channel blocker flunarizine (28).
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Solvents

Solvents include hydrocarbons, ketones, esters, and ethers and are commonly
ingested by inhalation of glues, cleaning fluids, paint thinners, or anesthetics.
Addictive effects resemble those of ethanol. Chronic abuse can lead to focal neuro-
logical deficits (e.g., cranial nerve palsies, internuclear ophthalmoplegia, periph-
eral neuropathy) (32) and demyelination in the central nervous system (CNS) (33).
Severe intoxication or oral administration can be accompanied by seizures (34,35).
Seizures may be partial or generalized (36,37). Chronic solvent exposure may also
lead to temporal lobe epilepsy, as demonstrated by a case of occupational intoxica-
tion (38). In this case seizures were fully controlled after exposure to cyclohex-
anone and isopropanol was stopped.

Hallucinogens

Marijuana is the illicit drug most frequently used for recreational purposes. It is
derived from the hemp plant Cannabis sativa. Its major hallucinogenic ingredient
is A9-tetrahydrocannabinol (THC). THC acts via a specific receptor (CB1)
expressed widely throughout the brain; certain brain lipids (anandamides) are endo-
genous activators of CB1 and operate as retrograde synaptic transmitters (39). Can-
nabinoids have anticonvulsant properties (7,40), which are described as being
similar to those of PHT (4/) despite different mechanisms of action (42).
Proconvulsant activity was also reported for THC in a rat model (43); this discrep-
ancy is likely related to species and the model of seizure induction. Cannabis with-
drawal can produce a mild withdrawal syndrome consisting of anxiety, nausea,
increased body temperature, and tremors. Seizures are not part of this syndrome.

Other natural (mescaline, psilocybin) and synthetic hallucinogens (lysergic acid
diethylamide [LSD]) are not considered to be epileptogenic. However, one case of
grand mal seizure after an LSD overdose has been reported (44).

Phencyclidine (“angel dust®), a hallucinogenic anesthetic, has anticonvulsant
properties (45). However, intoxication can lead to a severe clinical syndrome char-
acterized by agitation, violence, psychosis, and catatonia, which can be compli-
cated by rhabdomyolysis, hyperthermia, and seizures (46). Fatal SE has been
reported in this setting (47).

EPILEPTOGENIC ENVIRONMENTAL TOXINS
Marine Toxins

Among various toxins produced by marine animals or plants, domoic acid (DA)
and ciguatera toxins are most relevant in view of epileptogenicity. DA is a potent
excitotoxin that is produced by algae (e.g., Nitzschia pungens). Humans are intoxi-
cated via the food chain by eating mussels containing the poison. DA is an analog
of kainic acid and activates NMDA glutamate receptors (48). Administered to rats,
DA produces seizures resulting from unspecific neuronal activation throughout
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many brain areas. Excitotoxic brain damage ensues within certain brain regions,
with the hippocampus and cerebellum being more vulnerable than others (49).

An epidemic DA intoxication was first identified in Canada in late 1987 (50).
After eating poisoned mussels, 107 patients developed acute gastrointestinal (GI)
symptoms (76%), incapacitating headache (43%), and loss of short-term memory
(25%). Twelve patients (11%) required intensive care because of seizures, coma,
and respiratory or circulatory problems. One-fourth of those patients died. Hippoc-
ampal and amygdaloid damage was the leading neuropathological finding (517).
Hippocampal damage, also demonstrated in survivors by reduced glucose uptake in
positron emission tomography (PET) imaging (51), is likely responsible for per-
sisting seizure activity until 4 mo after intoxication and for delayed-onset temporal
lobe epilepsy after one year (52). Acute DA-induced seizure activity was resistant
to PHT but controlled by DZ and phenobarbital (517).

Although less epileptogenic, ciguatera fish intoxication is the most common
nonbacterial marine food poisoning syndrome in humans. Ciguatoxins are heat-
stable polyether toxins that act by increasing the permeability of excitable mem-
branes to sodium ions (53). Produced by the benthic (bottom-dwelling)
dinoflagellate Gambierdiscus toxicus, they enter the food chain to humans via car-
nivore fish (mackerel, barracuda). Ciguatera is endemic in tropical countries but
has been observed in North America and Europe, where the diagnosis is often
missed or the condition is wrongly diagnosed as multiple sclerosis (54). This con-
fusion stems from the typical ciguatera symptomatology, namely paraesthesias,
especially of thermo- and nociception with hot—cold inversion, occurring several
hours after ingestion. Paraesthesias usually begin periorally and then spread cen-
trifugally. Mild cerebellar signs may be present. Complete restitution is common
(55) but can take as long as several months, and in some cases symptoms persist.
Severe intoxication can lead to coma, flaccid paralysis, respiratory paralysis, and
generalized tonic—clonic (GTC) seizures (53,56,57). Deaths have been reported
(58). Confirmation of diagnosis can be achieved by detecting the toxin in human
blood from available bioassays (55,59). Treatment with iv mannitol (10 mL/kg of
20% solution infused slowly over 30—-45 min) after initial fluid replacement reduces
Schwann cell edema and was reported to completely reverse symptoms in up to
60% of patients (53,60). However, in a double-blind randomized study of mannitol
vs normal saline treatment over 24 h, mannitol was not found to be superior and had
more side effects (10). Additional supportive therapy may be necessary.

Mushroom and Plant Toxins

The most poisonous mushrooms, those of the Amanita species, produce a vari-
ety of toxins (amatoxins) (61 ). Amanita phalloides contains the cytotoxic amanitin,
which can lead to acute hepatic and renal failure within days of ingestion (62).
Seizures can occur as part of fulminant hepatic failure (FHF) and are likely related
to ammonia toxicity, which increases synaptic glutamate release (63). Besides anti-
convulsant and supportive therapy, specific treatments for A. phalloides poisoning
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include gastric decontamination, oral-activated charcoal and lactulose, high doses
of penicillin, ceftazidime, thioctic acid, or silibinin, and combined hemodialysis
and hemoperfusion (64,65). Positive effects of acetylcysteine were also reported
(66). BDZs, as the first line drug for agitation and seizures, have been used in the
past.

Other Amanita species, especially, A. pantherina and A. muscaria, as well as
Psilocybe, Inocybe, and Clitocybe produce neurotoxins (67). Examples of these
toxins are ibotenic acid, stizolobic acid, and muscimol. Intoxication occurs most
commonly in children (unintentional ingestion) and produces a distinctive syn-
drome consisting of alternating phases of drowsiness, agitation plus hallucinations,
and seizures occurring within 2-3 h of ingestion (68). In a study of nine cases of A.
pantherina or A. muscarina poisoning, seizures were observed in four patients (69).
All seizures were controlled by standard anticonvulsant agents. In contrast to A.
phalloides poisoning, intoxication from neurotoxic Amanita species is usually time
limited and followed by complete recovery. However, mushroom identification
should be sought, because syndromes differ in their course and treatment. Identifi-
cation may be achieved from the remains of a meal (70).

Besides mushrooms, ingestion of certain plants can induce seizures. Water hem-
lock or other members of the Cicuta genus and their toxin, cicutoxin, are mostly
involved. Water hemlock grows along rivers in North America. Intoxication con-
veys an overall mortality rate of 70% (71). Typical symptomatology includes nau-
sea followed by loss of consciousness and generalized seizures. In one report a
patient was successfully treated with hemodialysis and hemoperfusion, forced diu-
resis, and artificial ventilation (72). Other toxic plants that can sometimes induce
seizures (with severe intoxication) include members of the belladonna alkaloid fam-
ily (jimsonweed, nightshade), azalea, and Christmas rose (73).

Besides direct toxicity, plant ingestion can lead to intoxication by insecticides or
herbicides. Amitraz is a widely used insecticide that often leads to intoxication in
children. Symptoms, which include loss of consciousness, vomiting, hypotension,
hypothermia, and generalized seizures, evolve within 2 h of ingestion (74,75). BDZ
treatment is effective against convulsions (74). The outcome is usually good.

Carbon Monoxide

Carbon monoxide (CO) is a colorless, odorless gas that is contained in exhaust
fumes of motor vehicles, smoke from fires, and fumes of faulty heating systems.
Intoxication results from acute inhalation or from chronic exposure to low concen-
trations. Seizures can occur with either acute or chronic poisoning. CO has a higher
affinity for hemoglobin (forming carboxyhemoglobin [COHb]) than oxygen. It
therefore competitively removes oxygen from hemoglobin, thereby producing tis-
sue hypoxia. The brain is the organ most vulnerable to hypoxia, which leads to
neurological symptoms ranging from dizziness to coma. CO intoxication is more
common during the winter when heating systems are being used. Because initial
symptoms are nonspecific, the diagnosis is often missed unless direct spectroscopic
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measurement of the whole-blood COHb level is performed. In a prospective study,
COHD levels were measured in 753 unselected patients admitted to a hospital’s
emergency department. Those with clinically suspected diagnosis of CO intoxica-
tion were excluded. Two patients from the entire cohort (0.3%) and 1 of 20 (5%)
admitted with seizures had COHb levels of greater than 10% (76). In several case
reports, mild (10-20% COHbD) to moderate (20-40% COHb) CO poisoning pre-
sented as an isolated focal or generalized seizure (77-79). Other symptoms of mild
to moderate poisoning included headache (90%), dizziness (82%), visual distur-
bances, and fatigue (80). The classic cherry-red discoloration of the skin (color of
COHDb) is mostly seen with severe intoxication (40-60% COHDb), which also leads
to coma, generalized convulsions, and respiratory impairment. Global brain swell-
ing and signs of hypoxia (hypodensities in white matter or basal ganglia) are seen
on computed tomography. In one report the EEG was characterized by lateralized
sharp waves and a focal electrographic seizure discharge within hours of the CO
exposure associated with coma and focal motor seizures (8/). Long-term sequelae
of severe intoxication range from memory deficits or extrapyramidal disorders to
persistent vegetative state (82).

The therapy of choice for acute CO intoxication is hyperbaric oxygen therapy
(83), which significantly reduces late sequelae (84). Oxygen itself has neurotoxic
properties; especially, when applied under high pressure, oxygen can induce sei-
zures. 